
Technoeconomic Feasibility of Hydrogen Production from Waste
Tires with the Control of CO2 Emissions
Ali A. Al-Qadri, Usama Ahmed,* Abdul Gani Abdul Jameel, Umer Zahid, Nabeel Ahmad,
Muhammad Shahbaz, and Medhat A. Nemitallah

Cite This: ACS Omega 2022, 7, 48075−48086 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The worldwide demand for energy is increasing significantly, and the landfill disposal of waste tires and their
stockpiles contributes to huge environmental impacts. Thermochemical recycling of waste tires to produce energy and fuels is an
attractive option for reducing waste with the added benefit of meeting energy needs. Hydrogen is a clean fuel that could be produced
via the gasification of waste tires followed by syngas processing. In this study, two process models were developed to evaluate the
hydrogen production potential from waste tires. Case 1 involves three main processes: the steam gasification of waste tires, water gas
shift, and acid gas removal to produce hydrogen. On the other hand, case 2 represents the integration of the waste tire gasification
system with the natural gas reforming unit, where the energy from the gasifier-derived syngas can provide sufficient heat to the steam
methane reforming (SMR) unit. Both models were also analyzed in terms of syngas compositions, H2 production rate, H2 purity,
overall process efficiency, CO2 emissions, and H2 production cost. The results revealed that case 2 produced syngas with a 55%
higher heating value, 28% higher H2 production, 7% higher H2 purity, and 26% lower CO2 emissions as compared to case 1. The
results showed that case 2 offers 10.4% higher process efficiency and 28.5% lower H2 production costs as compared to case 1.
Additionally, the second case has 26% lower CO2-specific emissions than the first, which significantly enhances the process
performance in terms of environmental aspects. Overall, the case 2 design has been found to be more efficient and cost-effective
compared to the base case design.

1. INTRODUCTION
According to the European Tyre Recycling Association
(ETRA) report, the total amount of scrap tires worldwide is
7 million tons; however, North America and Japan alone
produce around 2.5 and 1.0 million tons of scrap tires
respectively.1 This amount represents 2% of the total solid
waste. The waste tires produced per capita is approximately 1:1
in the developed world, resulting in 1 billion waste tires
annually.2 Additionally, the annual estimated waste tire supply
is 177,124 tons.3 Moreover, there are presently 4 billion scrap
tires in stockpiles and landfills.4 Those scrap tires are either
dumped in landfills or burned.5,6 The landfilling of waste tires
attributes to environmental problems such as accidental fires
and contamination of waterways.7−9 In addition to that,

burning scrap tires contributes to air pollution and land
pollution.10

The other issues with waste tires include the high
production rate, low recycling proportion, and being very
hard to degrade.11,12 To reduce the environmental impact
caused by waste tires, it is highly important to dispose of them
properly.13 On the other hand, waste tires are considered a
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carbon-rich product and could be a promising energy
resource.14 Waste tires have higher heating values and lower
ash content than many biomasses and carbonaceous feed-
stocks.15 There are several technologies for recycling scrap tires
such as mechanical, thermochemical, and chemical recycling.
However, the most promising technology is the thermochem-
ical conversion of waste tires into valuable chemicals and
products.16,17 The thermochemical process consists mainly of
pyrolysis, thermal liquefaction, combustion, and gasification.
The combustion of scrap tires produces particulate matter,
dioxins, and polycyclic aromatic pollutants; therefore, thermal
liquefaction, pyrolysis, and gasification are considered more
environmentally friendly techniques.18 Gasification is a well-
known process for gaseous products, whereas thermal
liquefaction and pyrolysis processes are mostly used for liquid
and solid products. Gasification is a high-temperature process
in which steam, air, oxygen, or CO2 is added as a gasification
agent to convert the carbonaceous materials to produce a low
molecular weight gas reserve with the potential to yield more
valuable chemicals.19

Classical gasification or pyrolysis of the waste tires results in
a high amount of carbon dioxide, which negatively impacts the
environment.20 Global warming contributes to climate change,
which severely affects the global ecosystem.21 Therefore, CO2
capture in this process should be highly considered. CO2
capture technologies are divided into three main categories,
which are physical absorption, chemical absorption, and
physical adsorption, with membrane, biological, and cryogenic
methods.22−24 Each method has its pros and cons. Physical
absorption is considered a mature and well-established
technology. Although it requires intensive regeneration energy
and high operating cost, it offers high CO2 removal, and it has
a high capacity at low pressure.25 To efficiently capture the
CO2 from the produced syngas, the methanol absorption
method is a superb technology as an acid gas removal (AGR)
unit.26

Gasification of waste tires has been performed using
different modes of gasification. For instance, air gasification
is relatively cheap; however, it produces a lower H2/CO ratio.
High-purity oxygen gasification produces syngas with a higher
H2/CO ratio; however, it is expensive due to the dedicated
separation process. Steam gasification requires more energy,
but it yields a higher H2/CO ratio.

27−29 Several studies have
been performed on the thermochemical processing of scrap
tires. For instance, Raman et al.30 performed the gasification of
waste tires in a pilot-scale fluidized bed reactor using steam and
air as gasifying agents. The results showed that increasing the
temperature from 627 to 787 °C increased the product gas
yield from 0.21 to 0.76 Nm3 kg−1 of tires, reduced the LHV
from 39.6 to 22.2 MJ Nm−3, increased the gas yield from 20 to
52%, and decreased the tar yield from 51 to 17%. Leung and
Wang,31 also studied the temperature impact of 350 to 900 °C
on the CO2 gasification (fluidized bed) with an equivalence
ratio range (ER) of 0.07−0.42 with three particle sizes of 0.4,
0.9, and 2.1 mm. It is reported that as the temperature
increased, the amount of volatiles also increased. Increasing the
temperature also promoted the oxidation of char and enhanced
the cracking of tar, thereby resulting in more hydrogen
production. Portofino et al.,32 performed a study on scrap tires
using a continuous bench scale reactor in a temperature range
of 850−1000 °C via steam gasification. The increase in
temperature resulted in increased syngas production, higher H2
yield, and lower methane and char yield. Generally, it has been

observed that the increase in the temperature attributes to
more gas yield with higher hydrogen contents with the
suppression of tar and char concentrations. The obtained
syngas could be used to produce several fuels and
chemicals.33,34

Air and steam are the two most commonly used gasification
agents, and several studies have been conducted on the
gasification of scrap tires utilizing these gasification agents to
analyze their impact on the final product and the overall
process. Xiao et al.35 studied the impact of equivalence ratio
(ER) on the gas yield using air as a gasification agent. The
study showed that ER was linearly proportional to gas yield.
With an increase in the ER, the LHV and carbon black were
decreased. Another study performed by Karatas et al.36 on a
bubbling fluidized bed using air as a gasification agent showed
that the CO2 concentration in the gas yield decreased with the
raise in ER. Similarly, Sańchez et al.37 performed the air and
steam gasification of waste tires and reported that the optimal
steam/tire ratio of 0.5 to achieve an ER ratio of 4.0. Similarly,
Elbaba and Williams38 studied the production of H2 from
waste tires by combining pyrolysis and steam gasification. Ni/
Al2O3 was used as a catalyst to facilitate steam gasification. The
study showed that the increase in temperature from 600 to 900
°C increased the gas yield. The hydrogen concentration in the
produced gases was also increased to up to 60%. The same
group investigated the same process by utilizing nickel/
dolomite as a catalyst39 under the reaction temperature of 800
°C. It was found that the gas yield was improved by 18.8 wt %,
and the production of H2 was doubled. Another study on the
production of hydrogen from waste tires using a combined
process of pyrolysis and gasification was conducted by Elbaba
et al.40 The experiments were performed at 500 °C. The steam
pyrolysis-gasification catalyst used in the study was Ni−Mg−Al
(1:1:1). The results showed that the utilization of the catalyst
in the process enhanced the production of H2 by 4.75 wt %.
The study also showed that coke deposition on the catalyst was
18.4 wt %. Deactivation of the nickel-based catalyst
significantly impacts the process stability; therefore, thermal
gasification was considered more stable and feasible. A more
recent study was conducted by Nanda et al.41 on the
conversion of waste tires to hydrogen-rich gas via subcritical
and supercritical water gasification. It showed the impact of
three main variables, including the reaction temperature (325−
625 °C), feed concentration (5−20 wt %), and residence time
(15−60 min), on H2 gas yield. The optimal results were
obtained at process conditions of 625 °C, 5 wt %, and 60 min,
resulting in a higher gas yield of 34 mmol/g, H2 yield of 14.4
mmol/g, and carbon gasification efficiency of 42.6%. The study
also showed that the hydrothermal approach is one of the most
feasible techniques for the production of H2 from scrap tires.
From the abovementioned discussion, it can be concluded that
H2 production using steam tire gasification is less documented,
especially for CO2 emission control. In addition, the
technoeconomic evaluation of H2 production from tire
gasification has not been documented, which is esteemed
importance for judging its commercial value. This study aims
to produce high-purity H2 from waste tires, controlling CO2
emissions along with technoeconomic evaluation. For this
purpose, a process simulation model for steam tire gasification
was developed as a base case using Aspen Plus V12. In the
second case, the steam methane-reforming model was
combined with the steam gasification model. The integration
of the tire gasification process with the steam methane
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reforming process to produce H2 makes this process novel
compared to other reported studies. Moreover, the technical
and economic analyses of performance for the base and
integrated designs were a part of the novelty of this work. The
current study has been divided into four major sections. The
first section describes the modeling approach and design
methodology. The second section discusses the process models
along with the validation of different units. The third section
focuses on energy analysis and CO2-specific emissions. The
final and fourth sections represent the economic analysis and
the conclusion section, respectively. This study would be
helpful for further research as well as for commercial
enterprises working toward the commercialization of this
technology.

2. SYSTEM AND ANALYSIS FRAMEWORK
2.1. Modeling and Simulation Approach. In this study,

Aspen Plus V12 has been used to develop a simulation-based
process model, which is high-performance software used for
gas processing and petrochemical production. Peng Roberson
(PR) was selected as an effective property package as it can
accurately predict syngas production and processing in a wide
range of temperatures and pressures.42 Furthermore, it also has
been used in many other studies reporting the gasification and
reforming systems.43−47Table 1 shows the ultimate and
approximate analysis of scrap tires and natural gas feed
compositions.
To specify the waste tire heating value; the HCOALGEN

module was selected in the simulation software. The
operational conditions and appropriate assumptions of the
main units were set based on some previous studies48,49 and

are summarized in Table 2. The operating temperature and
pressure in the RGibbs reactor were specified as 900 °C and

1.0 atm, respectively. The steam-to-tire ratio was selected in
order to achieve the required syngas compositions as given in
the experimental study.32 Tire is a nonconventional
component that was converted into conventional elements
using proximate and ultimate analysis in a yield reactor by
employing the calculator block or yield distribution.
The use of steam as a gasification agent enhanced the H2/

CO ratio. The utilization of oxygen as a gasification agent
could also enhance the H2/CO; however, the technology is
very expensive, and thus, steam was preferred over the other
gasification agents. The syngas from the gasification unit was
then quenched to 250 °C prior to feeding to REquil reactors
attached in the series to carry out the WGS reactions, which
ultimately increased the H2 production.

50 Some of the
reactions occurring in the gasification and WGS units are
given in Table 3. The SMR process was also simulated in two

steps (RStoic and RGibbs). The reforming reactions were set
in the RStoic reactor which also incorporates the hydro-
cracking of heavier hydrocarbons. The RGibbs reactor for the
SMR process was maintained at 900 °C and 1.0 bar. The
steam-to-natural gas mass ratio was tuned at 1.6:1 to get
maximum methane conversion. For the reforming unit, the
nickel-based catalyst was assumed as it is a well-established
catalyst and ensures high activity and low cost.51 The
operational temperature range of WGS is 160−400 °C. To
purify the H2 from CO2 and COS, the syngas was treated in

Table 1. Tire and Natural Gas Composition

waste tire composition

component percentage

Proximate Analysis (wt %)
moisture 0
ash 6.8
volatile matter 67.7
fixed carbon 25.5
total 100
sulfur 1.8
LHV (MJ/kg) 33.96

Ultimate Analysis (wt %)
carbon 77.3
hydrogen 6.2
nitrogen 0.6
chlorine 0
sulfur 1.8
ash 6.8
oxygen 7.3
total 100

Natural Gas Composition
CH4 0.939
C2H6 0.032
C3H8 0.007
C4H10 0.004
CO2 0.01
N2 0.008
total 1
LHV (MJ/kg) 47.76

Table 2. Design Assumptions Taken for Case 1 and Case 2

equipment aspen model assumption

tire flow rate RYield/RGibbs plastics = 150 kg/h,steam/tire = 2:1;
temperature = 1000 °C;P = 1 bar

prereformer RStoic reactor heavier hydrocarbon hydrocracking
reformer RGibbs reactor temperature = 900 °C,pressure = 1 bar,

steam/NG = 1.6:1.0;nickel-based
catalyst, waste tires/NG = 1.79 in
(mass basis)

water gas
shift
(WGS)

REquil reactor two equal reactors, steam/CO = 2.0:1
(molar basis)

AGR RadFrac and
flash drums

rectisol process; temperature = −34 °C,
P = 1 bar, CO2removal = 99%; H2S
removal = 10 ppm

Table 3. Chemical Reactions Involved in the Process

gasification reactor

C(s) + H2O ↔ CO + H2 ΔH = + 131 MJ/kmol
C(s) + CO2 ↔ 2CO ΔH = +172 MJ/kmol
C(s) + 2H2 ↔ CH4 ΔH = −74.8 MJ/kmol
CO + H2O ↔ CO2 + H2 ΔH = −41.2 MJ/kmol
CH4 + H2O ↔ CO + 3H2 to ΔH = +206 MJ/kmol

steam methane reforming reactor

3C2H6 + H2O → 5CH4 + CO ΔH = +3.6460 MJ/kmol
3C3H8 + 2H2O → 7CH4 + 2CO ΔH = +16.607 MJ/kmol
3C4H10 + 3H2O → 9CH4 + 3CO ΔH = +41.116 MJ/kmol
CH4 + 2O2 → CO2 + 2H2O ΔH = −802.54 MJ/kmol
CH4 + H2O → CO + 3H2 ΔH = +206.12 MJ/kmol

water gas shift reactor

CO + H2O ↔ H2 + CO2 ΔH = −41 MJ/kmol
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the AGR unit, which reduces the COS concentration in the
syngas up to 100 ppm and CO2 up to 99%.

52

2.2. Development and Validation of Case Studies.
2.2.1. Case 1 (Base Case). To promote H2 production from
waste tires, three main steps are involved. First, the tires were
decomposed and gasified using steam to produce syngas. The
syngas was then quenched to sustain the WGS reactions, where
steam to feed ratio was maintained at 0.96:1 to maximize the
H2 production. The main products from the WGS unit were
H2 and CO2. Therefore, AGR was developed to capture the
most of CO2. Figure 1 represents the process flow diagram for
case 1. RYield, RGibbs, and REquil were used for
decomposition, gasification, and WGS reactions, respectively.
The validation of the model was mainly done based on

syngas production in the gasification unit. The model-
predicted results were compared with an experimental study
for the conversion of tires to syngas conducted by Portofino et
al.,32 and the results were in close agreement in terms of the
H2/CO ratio, as presented in Figure 2. Portofino et al.32

studied steam gasification of waste tires. Their study was
mainly focused on the effect of temperature on the product
yield and compositions. The investigated temperature range
was between 850 and 1000 °C at atmospheric pressure. To
validate the simulation study with Portofino et al.’s study, the
same ultimate and approximate analysis were used with the
same gasification temperature (1000 °C) and pressure (1 bar)

conditions. The results from the experimental study and this
study were in good agreement. Hence, the results of
gasification were considered for further applications by
integrating the existing waste tire gasification with steam
methane reforming to produce pure H2.

2.2.2. Case 2 (Alternative Case). The alternative case was
configured to enhance the overall H2 production rate by
integrating case 1 with an additional reforming unit. The high-
temperature stream from the steam gasification unit was
integrated with the SMR feed stream to provide the necessary
heat for the reforming process. The heat integration process
was performed such that no additional heat was required in the
reforming unit. The process flow diagram for case 2 is
represented in Figure 3. The SMR process design was deduced
and validated by Hamid et al. (2020).52 The SMR pressure was
set to be the atmospheric pressure.53−55 The steam methane
reforming was performed in two steps in Aspen Plus using
RStoic and RGibbs reactor modules, where the reactions are
given in Table 3. Moreover, the syngas from the SMR process
was compared to Ghoneim et al.56 in terms of the H2/CO2
ratio, where the relative difference was not high. Moreover,
Mundhwa and Thurgood57 conducted an experimental SMR
study at atmospheric pressure with a steam-to-methane ratio of
1.5. At the temperature of 900 °C, the reported H2/CO ratio
was around 3.5:1.0. The H2/CO ratio in this model for SMR
was found to be 3.75:1.0 with similar operational conditions
(the steam to methane ratio was selected as 1.6). The syngas
generated from the gasification and SMR unit was mixed and
introduced to the WGS unit to maximize H2 production.
Syngas from the WGS unit was then sent to the AGR unit to
remove H2S and CO2 up to the acceptable range.

2.3. Performance and Technical Analysis Relations.
To analyze the results and precisely compare the two
developed models, the following formulas were used. The
lower heating values (LHV) and the higher heating value
(HHV) for the syngas were calculated based on the molar
composition of CO and H2.

58,59

= + +i
k
jjj y

{
zzz y y yLHV

MJ
m

12.636 10.798 35.88Syngas 3 CO H CH2 4

(1a)

Figure 1. Hydrogen production from waste tires (case 1).

Figure 2. Validation of the waste tire gasification model.
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= · + ·

+ ·

y y

y

HHV HHV HHV

HHV

Syngas CO CO% H H %

CH CH %

2 2

4 4 (1b)

where yCO is the molar composition of CO, yH2
is the mole

fraction of H2, and yCH4
is the mole fraction of methane. The

coefficients in the equations are the corresponding heating
values for the components CO, H2, and CH4, respectively.
H2 production per feed (H2 yield in wt %) is one of the

important parameters indicating the conversion of feedstock to
H2 production, as given in eq 2. This equation represents the
H2 production rate normalized with the feedstock mass flow
rate to have a fair comparison between the two designed cases
since case 2 involves two feedstocks (natural gas and waste
plastics).

= ×
( )

( )
H yield (wt %)

Produced H

Total feed
100%2

2
kg
h

kg
h (2)

Equation 3 was used to calculate the H2 thermal energy
based on the H2 heating value and its production rate. This is a
unit conversion formula to find the produced thermal energy
by H2.

= ×

=

i
k
jjjjj

y
{
zzzzz

i
k
jjjj

y
{
zzzzH thermal energy LHV

kJ
kg

produced H
kg
h

;

LHV 100.539
MJ
kg

2 H 2

H

2

2 (3)

The total energy consumed (kW) was calculated using eq 4.
It was based on calculating the total consumed hot utilities and
cold utilities after heat integration. The hot utilities were the
ones needed to heat up some streams such as heating the waste
tires and water to a specific temperature. Similarly, the cold
utilities were required to cool the stream using water,
sometimes refrigerants, as in the Rectisol process for gas
removal.

= +

Total consumed energy (kW)

hot utility (kW) cold utility (kW) (4)

To evaluate the CO2-specific emissions, eq 5 was used.
60

The estimation of CO2 was very essential as it indicates
environmental quality control. The CO2-specific emissions
were calculated as a molar ratio between the uncaptured CO2
emissions per H2 production rate.

=
( )

( )
CO specific emissions

Uncaptured CO

H production
2

2
kmol

h

2
kmol

h (5)

One of the important process performance parameters
includes the process efficiency, which was defined using eq 6 as
a ratio between produced thermal energy of H2 over the total
consumed energy in the process.60

=
+

×

Process efficiency ( )

H thermal energy (kW)
feedstock thermal energy (kW) energy consumed (kW)

100%

net

2

(6)

The economic analysis was performed based on previously
conducted economic studies on gasification and H2 production
systems using similar technologies.61,62 Chemical engineering
plant cost index (CEPCI) is an essential parameter that
incorporates inflation, and it can be used to estimate the cost
of equipment with different capacities. Thus, the new cost
formula represents the previous cost multiplied by the CEPCI
ratio and the new capacity to the old one with a power “x” as
represented in eq 7. The estimation approach used was the
order of magnitude.

= × ×
i
k
jjjjjj

y
{
zzzzzzCost Cost

Capacity

Capacity
CEPCI
CEPCI

x

new old
New

Old

New

Old (7)

The exponent “x” was assumed to be 0.6 to keep the
consistent analysis.60 To evaluate the operating cost, the total
manufacturing cost was calculated as a sum of maintenance,
labor, administrative, overhead, and support costs. Donald E.
Garrett’s book63 reference was used for calculating the labor
cost and utility costs.

Figure 3. Hydrogen production from waste tire gasification and reforming (case 2).
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The labor cost was evaluated using eqs 8 and 9.

= + +
Total fixed manufact cost

maintenance labor admin, support & overhead 

costs (8)

= +N N(6.29 0.23 )OL np
0.5

(9)

NOL is the number of operators per shift, and Nnp is
nonparticulate processing steps.
The TIC (total investment per ton of produced H2) was

evaluated using eq 10, which considered both the CAPEX and
the H2 production rate.

=TIC per ton of H
total investment cost
hydrogen generation2

(10)

Levelized H2 production cost also has been evaluated for 30
years in this study, which was presented using eq 11.61 It
indicates the H2 production cost from the evaluated process.

=
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Hydrogen cost
kg

hydrogen life cost ( )
hydrogen life production flow rate (kg) (11)

The NPV and PVR are the net present value and the present
value ratio respectively. NPV was calculated based on eq 12,
whereas PVR was calculated based on eq 13. NPV represents
the difference between the present value of cash inflows and
the present value of cash outflows over a period of time.
Additionally, PVR represents the economic assessment of the
project(s), and it can be determined as net present value
divided by net negative cash flow at i, where i is the discount
rate, and t is the number of required periods.

=
+ i

NPV
cash flow
(1 )

initial investmentt (12)

= +
Present value ratio

total discounted capital NPV
total discounted capital

(13)

3. RESULTS AND DISCUSSION
This section reports the results and discussion of the energy
and economic analysis of both models (i.e., case 1 and case 2).
The main parameters in energy and economic analysis are the
process’s overall efficiency and hydrogen production cost.
Additionally, the CO2-specific emissions were determined for
both the developed models. Furthermore, the specifications of
the streams were presented to show the syngas composition
along with some important parameters such as H2/CO in the
syngas. Case 2 was developed to utilize the energy in the
reforming unit available from the steam gasification unit. The
result showed that case 2 was found to be more energy efficient
and economically feasible than case 1.

3.1. Process Performance Analysis and H2 Production
Rates. The waste tire flow rate was set to 75 kg/h for both
case 1 and case 2. Case 1 used the steam gasification technique
to convert the waste tire into H2, whereas case 2 integrated
both steam gasification and reforming processes in a single
process to increase H2 production. The steam-to-tire ratio was
selected to be 2.0. The steam and tire were mixed in the
reactor to produce syngas at 1000 °C and 1.0 bar. The outlet
stream composition from the steam gasification contains a high
amount of steam and H2, whereas a low amount of CO and
CO2 were present in the gasification outlet for both cases. It
was due to the high-temperature steam gasification that shifted
the equilibrium of the endothermic reaction toward the
forward direction. The excess steam used in the gasification
unit was also partly utilized in the water gas shift unit to react
with the CO for maximizing the H2 content. The H2/CO ratio
from the steam gasification unit was obtained as high as 3.76.
Table 4 shows the operational conditions for each unit and the
stream compositions at the outlet of each unit. With the
addition of the SMR unit in case 2, the syngas flow rate in the
process was increased, which also increased the H2
concentration in the syngas at the outlet of the syngas mixer.
The natural gas flow rate to SMR was selected in a way that

balances the energy coming from the steam gasification unit.
The produced syngas from SMR has a H2/CO ratio of 3.3:1.0.
On the other hand, in case 2, the syngas produced from steam
gasification and SMR was mixed after the heat integration and
introduced in the WGS unit. The results showed that the H2
concentration in the syngas in case 2 was higher than that in

Table 4. Flow rates and Stream Compositions at the Outlet of Units

plastics steam to gasifier gasifier reformer
cooling and syngas

mixing WGS unit AGR unit

case 1 and 2 case 1 and 2 case 1 and 2 case 2 case 1 case 2 case 1 case 2 case 1 case 2

T (°C) 300 300 1000 900 220 185 11 10 25 25
P (bar) 1.013 1.013 1 1 1 1 1 1 1 1
mass flow (kg/h) 75 150 225 109 225 334 149.25 578.81 22.39 44.86
mole fraction
H2 0.309 0.683 0.309 0.483 0.581 0.746 0.881 0.952
CO 0.082 0.206 0.082 0.140 0.000 0.000 0.000 0.001
CO2 0.136 0.020 0.136 0.082 0.325 0.216 0.004 0.003
H2O 1 0.416 0.089 0.416 0.263 0.010 0.001 0.000
CH4 0.048 0.001 0.048 0.026 0.072 0.031 0.106 0.039
N2 0.000 0.002 0.000 0.001 0.000 0.001 0.001 0.001
COS 0.003 0.003 0.001 0.004 0.001 0.000 0.000
C2H4 0.002 0.002 0.001 0.004 0.001 0.004 0.001
C2H6 0.002 0.002 0.001 0.004 0.002 0.004 0.001
molar H2/CO 3.756 3.316 3.756 3.454
molar H2/CO2 2.266 2.266 5.873 1.790 3.446
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case 1. It is due to the fact that more H2 was generated from
the SMR process followed by more conversion of CO to H2 in
the WGS section. Furthermore, it was noticed that the H2
purity in case 1 was lower than that in case 2 by 7.14%, which
was due to the addition of the reforming section.
Some of the technical parameters used in this study to

compare both cases are shown in Table 5. The produced

syngas specifications from both cases were compared in terms
of the H2/CO ratio, stoichiometric number (SN), gross
heating value (HHV), and lower heating value (LHV). The SN
was higher in case 2 as compared to case 1 due to the higher
H2 content in case 2. Likewise, the GHV and LHV were also
found to be higher in case 2 than in case 1 by 55.4 and 59.7%,
respectively. The energy analysis was performed to analyze the
overall process efficiency for both cases. The hot and cold
utilities were also determined for both cases. It was noticed
that case 2 required more utilities as compared to case 1 due to
an increased flow rate of syngas throughout the process, which
was a result of additional syngas obtained from the reforming
unit. Due to the higher production of syngas in case 2, the H2
content was significantly increased, which improved the overall
process performance of case 2. The results showed that case 1
and case 2 offer an overall process efficiency of 30.35 and
40.75%, respectively which indicates that case 2 offers 10.4%
higher efficiency as compared to case 1.

3.2. Syngas Composition and Overall Process
Performance. One of the key parameters in determining
the efficiency of the steam gasification model is the syngas
composition. Figure 4 illustrates the syngas composition at the
exit point of the syngas mixer. In case 1, a syngas mixer was not

required, as the syngas directly enters the WGS unit from the
gasification unit. For case 2, syngas from the gasification unit
and the reforming unit was mixed, and the composition of
syngas was considered at the outlet of the syngas mixer prior to
entering the WGS unit. Figure 4 shows that H2 and CO
concentrations were higher in case 2 as compared to case 1.
Moreover, the CO2 content in case 1 was higher than that in
case 2. The results showed that case 2 is more effective in
producing H2 because of the proficiency of SMR in producing
H2. Therefore, the syngas heating value in case 2 was also
higher than that in case 1. In both cases, the steam was partially
utilized to convert the CO in the syngas to CO2 and H2 in the
WGS unit, whereas the balanced or required steam was
supplied from an external source.
Process efficiency also indicates the efficiency of the process

design in terms of energy consumption.64 It is a ratio between
the produced thermal energy of H2 and the consumed energy
as utilities, and feed thermal energy. Figure 5 shows the process

efficiency, H2/CO, and SN (stoichiometric number) for case 1
and case 2. The H2/CO ratio comes out to be higher in case 1
compared to case 2 because the tire gasification produces less
amount of CO and a higher amount of CO2. In case 2, SMR
has been integrated with the gasification model, which
produces more H2 and CO produced compared to case 1.
Therefore, the SN indicator has been used to analyze the
results as a combination of H2, CO, and CO2 content together.
The results showed that the SN number for case 2 is higher
than case 1, as shown in Figure 5. The process efficiency in
case 2 and case 1 has been found to be 40.7 and 30.4%,
respectively, which indicates the competence of case 2 over the
classical one in terms of energy analysis.

3.3. CO2 Specific Emissions. Another important param-
eter in comparing and investigating the efficiency of case 2 with
the base case is to determine the CO2-specific emissions. It is
defined as the ratio between the produced CO2 over the main
product flow rate, which was H2 in this case.

65Figure 6 shows
the CO2-specific emissions and H2-normalized production over
the tire feedstock. The results showed that the CO2-specific
emissions have been reduced in case 2 by 26% in comparison
to case 1 because the net production of H2 in case 2 is higher
due to additional hydrogen production from the SMR process.
In addition, case 1 and case 2 produce CO2 with a mole
fraction of 13.2 and 2.0%, respectively, at the outlet of the
cooling and syngas mixing section. Hence, case 2 was more

Table 5. Energy Analysis

characteristic/model type case 1 case 2

H2/CO 3.76 3.45
SN 0.79 1.80
hydrogen per feedstock (HPF) (mass %) 29.85 38.34
produced hydrogen purity (mole %) 88.09 95.23
syngas gross heating value GHV (MJ/m3) 5.17 8.04
syngas net heating value LHV (MJ/m3) 4.38 6.99
feedstock thermal energy (kWth) 707.50 1257.36
hydrogen thermal energy (kWth) 490.41 1165.17
min hot utilities required (kWth) 469.54 902.51
min cold utilities required (kWth) 438.77 699.67
total energy required after heat integration (kWth) 908.31 1602.18
process efficiency (%) 30.35 40.75

Figure 4. Syngas composition for case 1 and case 2.

Figure 5. Comparison of process efficiency, H2/CO, and SN for case
1 and case 2.
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promising than case 1 in terms of reducing greenhouse gas
emissions. The H2 production rate per feed rate (HPF) was
also higher in case 2 by 28.4% as compared to case 1.

4. ECONOMIC ANALYSIS
The economic analysis is important to analyze the cost-
effectiveness of the models. The capital cost was obtained

based on order-of-magnitude cost analysis.66 The information
was taken from previous studies and compared with the
developed models in terms of cost and capacities as per the eq
6.61,62 The economic analysis requires certain assumptions
which have been summarized in Table 6.48 The plant life was
assumed to be 30 years considering the exponent factor (x) to
be 0.6. The construction time of the plant was considered as 3
years. The stream factor for the plant operation was taken as
0.95 with three shifts a day. The taxation and discount rates
were selected to be 15 and 8%, respectively. The land and
salvage were taken as 10% of the fixed capital cost, and the
working capital was also considered as 10% of the fixed capital

cost. The offsite unit and utilities were assumed to be 25% of
the equipment and installation cost. The contingency and
permitting costs were selected to be 15 and 5% of the
equipment and installation costs, respectively.

4.1. Estimation of CAPEX and OPEX. Capital expendi-
ture (CAPEX) is affected by several variables such as plant
capacity, raw materials, process efficiency, and operational
time.67,68 It includes mainly the plant facilities and equipment.
The power law equation has been used in this study to

Figure 6. Comparison of CO2-specific emissions and H2 production
for case 1 and case 2.

Table 6. Assumptions for Economic Analysis

economic assumptions60−62

waste plastics available free of charge
natural gas (€/GJ) 5
cooling water price €/ton 0.01
waste disposal (€/ton) 10
plant construction time (year) 3
plant life (years) 30
maintenance 3.5% of OPEX
discount rate 0.08
administration 30% labor cost
Labor cost €/person 45,000
offsite unit and utilities 25% of the equipment cost
stream factor 0.95
daily number of shifts 3
land and salvage (MM€) 10% of FCI
working capital (MM€) 10% of FCI
taxation rate (%) 15
ratio of recycling methanol solvent 0.005
price of methanol (€/ton) 400
price of boiling water 2017 M€/ton 2.03
X 0.60
CEPCI (2021) 620

Table 7. Capital Expenditure for Case 1 and Case 2

equipment case 1 [Euro (103)] case 2 [Euro (103)]

reformer cost 0.000 128.077
acid gas removal unit 707.535 1181.966
syngas processing unit 415.572 496.165
solid handling facility 439.242 439.242
gasification cost 19.897 19.897
equipment and installation cost 1582.246 2265.346
offsite unit and utilities 395.562 566.337
contingency cost 237.337 339.802
permitting 79.112 113.267
total investment cost 2294.257 3284.752
TIC per ton of H2M€/ton 102.468 73.222

Table 8. Operational Expenditure for Case 1 and Case 2

cost sector/designed case
case 1

[Euro (103)/Year]
case 2

[Euro (103)/Year]

maintenance cost (2% of
equipment and installed cost)

31.645 45.307

labor cost 344.713 350.740
administrative, support, and
overhead cost

103.414 105.222

total fixed manufacturing cost 479.772 501.269
natural gas 0.000 16.527
WGS catalyst 10.664 12.919
reforming catalyst 0.000 0.499
solvent 201.323 595.851
waste disposal 5.301 5.310
utility costs 263.895 422.297
total OPEX/year 960.955 1554.672
total OPEX/ton H2 5.157 4.164
revenue (M€/year) 2.170 4.347
NPV 7.074 18.139
PVR 3.815 6.167

Figure 7. Hydrogen production cost for case 1 and case 2.
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estimate the cost of each chemical unit based on the Chemical
engineering plant cost index (CEPCI), as shown in eq 7. Table
7 shows the capital expenditure summary based on estimating
the capital cost for each unit. The CAPEX calculated for case 1
and case 2 was 2.29 M€ and 3.28 M€, respectively. The
required cost for case 2 was found to be higher than case 1
because of the higher plant capacity and an additional SMR
assembly. After performing the CAPEX analysis, the total
investment cost (TIC) over the H2 production rate in tons per
year was estimated.69 The TIC per unit H2 production was
calculated to be 102.468 M€ and 73.222 M€ for case 1 and
case 2 respectively. The results showed that case 2 was found
to be the most cost-effective design as compared to case 1.
Operational expenditures involve two main components

which are the fixed and variable OPEX.70 The fixed OPEX
includes the labor, maintenance, and administrative costs,
whereas the variable OPEX contains the fuel, catalyst, waste
disposal, utilities, and water boiler costs. Table 8 represents the
summary of operational expenditures for case 1 and case 2.
The maintenance cost was regarded as 2% of the fixed
investment cost (FIC). The general expenses (i.e., admin-
istrative, support, and overhead costs) were assumed to be 30%
of the labor cost. The total fixed manufacturing cost was taken
as the sum of maintenance, labor, and general expenses costs.
The total OPEX per year for case 1 and case 2 were 0.970 M

€/year and 1.555 M€/year, respectively. Case 2 showed a
0.594 M€ higher expense as compared to case 1. While
calculating the operational expenditures per unit H2
production rate, case 1 was found to be costlier as compared
to case 2 by 19%. Similarly, net present value (NPV) and
present value ratio (PVR) indicators were considered in the
analysis to compare both developed designs. The NPV
calculated for case 1 and case 2 was 7.047 M€/year and
18.139 M€/year respectively. On the other hand, PVR
estimated for case 1 and case 2 was 3.815 M€/year and
6.167 M€/year, respectively. Comparing the NPC and PVR
indicators, case 2 was found to be better with a higher rate of
return on investment.

4.2. Cash Flow and Hydrogen Cost Analysis. The
theme of this section is to demonstrate the cash flow diagram
and the H2 production cost. Figure 7 shows the H2 production
cost in €/kg and the total investment in terms of the cost
required per unit fuel production rate in million-€/ton of H2. It
can be seen from the results that both cases represent the
competitive costs of H2 production. The cash flow diagram
represents the income and expenses over the lifetime of the
project.71 The visualization of the cash flow diagram can help
in determining the feasibility and cost-effectiveness of the
process.
The cash flow diagrams for both cases are shown in Figure 8.

It can be seen from the cash flow diagram that, the payback
period for case 1 and case 2 was approximately 7 and 5 years,
respectively. With the higher NPV, PVR, and shorter payback
time, case 2 was found to be the better option as compared to
case 1. The H2 production cost was also compared with the
literature72 with different feedstocks including natural gas,
biomass, heavy oil, and coal. The comparison with the
literature would help in performing the comparative analysis
for various H2 production systems available, as represented in
Table 9. The table shows that producing the H2 from waste
tires is feasible and competitive with the other conventional
feedstocks including biomass, coal, heavy oil, and electrolysis
of water. The levelized H2 production cost from case 1 and
case 2 compete with the existing technologies, and the cost is
comparable with the production cost from SMR.

Figure 8. Cash flow diagram for case 1 and case 2.

Table 9. Hydrogen Costs for Case 1 and Case 2 Compared with the Literature

feedstock method possible pollutants HCR
hydrogen yield
(wt %) η (%)

hydrogen cost
(€/kg) ref.

biomass Gasification dust, biomass ash, fly ash/char, and gaseous
emission

0.6−1 50−70 8.07 73

Coal gasification (TEXACO) sulfur dioxide, nitrogen oxides, mercury
compounds, and carbon dioxide

>0.5 ≥50 7.34 73

heavy oil partial oxidation ash, as well as considerable volumes of SOx and
NOx

6.61 73

natural gas SMR emissions of GHG gases >2 35−51 3.67 73
water solar and photovoltaic

electrolysis
>70 11.38 73

underground
coal

oxygen/steam gasification groundwater pollution 8.40 74

plastic waste steam gasification GHG emissions, slag (a form of solid waste), fly
ash

1.86 50 64.24 3.68 49

plastic waste steam gasification
integrated with SMR

GHG Emissions, slag (a form of solid waste), fly
ash

2.23 52.8 68.37 2.58 49

waste tires steam gasification GHG emissions, H2S from pyro-gas 3.76 29.85 30.35 5.57 this
study

waste tires steam gasification
integrated with SMR

GHG emissions, H2S from pyro-has 3.45 38.34 40.70 4.46 this
study
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A more convenient way to compare the hydrogen cost from
several types of feedstocks is to consider the feedstock and the
thermochemical approach to producing hydrogen. Table 9
represents the summary for comparing this study with several
previous studies in producing hydrogen.

5. CONCLUSIONS
The study presents the technical and economic assessment of
producing H2 from waste tires. Two process models were
developed in Aspen Plus, where the base case (case 1) was the
classical case involving steam gasification, water gas shift
(WGS), and acid gas removal (AGR) to produce H2 from
waste tires. On the other hand, in case 2, aa steam gasification
unit was integrated with an additional SMR unit (with case 1)
to generate a new model (case 2) for improving the net H2
production rate while improving the overall process perform-
ance. The results revealed that the produced syngas from the
case 2 model has a 60% higher LHV than that from case 1.
Moreover, the normalized H2 production per unit of the
feedstock was 28% higher in case 2 as compared to that in case
1. The CO2-specific emissions were reduced in case 2 by 26%
as compared to case 1. The energy analysis showed that the
overall process efficiency for case 2 was 10.5% higher than that
for case 1. The economic analysis revealed that the total
investment cost required for a ton of hydrogen (TIC/ton of
H2) in case 2 was found to be 28.5% lower than that in case 1.
In terms of process economics, the levelized cost of H2
production in case 1 and case 2 was 5.57 €/kg and 4.46
€/kg, respectively. The integrated design between SMR and
tire gasification enhances the process efficiency and consid-
erably reduces the H2 production cost. From the comparative
analysis in terms of process performance and economics, case 2
outperforms case 1. However, in case 2, performance and
economic viability highly depend on the performance of the
steam methane reforming process and the prices of natural gas.
Also, the integration of gasification and natural gas reforming
technologies could be challenging, and prototyping is required
to see the operational feasibility.

■ AUTHOR INFORMATION
Corresponding Author

Usama Ahmed − Department of Chemical Engineering, King
Fahd University of Petroleum and Minerals, Dhahran 31261,
Saudi Arabia; Interdisciplinary Research Center for
Hydrogen and Energy Storage, King Fahd University of
Petroleum & Minerals, Dhahran 31261, Saudi Arabia;
orcid.org/0000-0001-7199-600X;

Email: usama.ahmed@kfupm.edu.sa

Authors
Ali A. Al-Qadri − Department of Chemical Engineering, King
Fahd University of Petroleum and Minerals, Dhahran 31261,
Saudi Arabia

Abdul Gani Abdul Jameel − Department of Chemical
Engineering, King Fahd University of Petroleum and
Minerals, Dhahran 31261, Saudi Arabia; Center for Refining
& Advanced Chemicals, King Fahd University of Petroleum
and Minerals, Dhahran 31261, Saudi Arabia; SDAIA-
KFUPM Joint Research Center for Artificial Intelligence
(JRC-AI), KFUPM, Dhahran 31261, Saudi Arabia;
orcid.org/0000-0003-2219-4814

Umer Zahid − Department of Chemical Engineering, King
Fahd University of Petroleum and Minerals, Dhahran 31261,

Saudi Arabia; Interdisciplinary Research Center for
Membranes & Water Security, King Fahd University of
Petroleum and Minerals, Dhahran 31261, Saudi Arabia;
orcid.org/0000-0002-9141-1408

Nabeel Ahmad − Center for Refining & Advanced Chemicals,
King Fahd University of Petroleum and Minerals, Dhahran
31261, Saudi Arabia

Muhammad Shahbaz − College of Science and Engineering,
Qatar Foundation, Hamad Bin Khalifa University, Doha
34110, Qatar

Medhat A. Nemitallah − Interdisciplinary Research Center for
Hydrogen and Energy Storage, King Fahd University of
Petroleum & Minerals, Dhahran 31261, Saudi Arabia;
Researcher at K.A. CARE Energy Research & Innovation
Center at Dhahran, Dhahran 31261, Saudi Arabia; SDAIA-
KFUPM Joint Research Center for Artificial Intelligence
(JRC-AI), KFUPM, Dhahran 31261, Saudi Arabia;
orcid.org/0000-0001-9075-2844

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c06036

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to acknowledge the support provided
by the Deanship of Research Oversight and Coordination
(DROC) at the King Fahd University of Petroleum and
Minerals (KFUPM) for funding this work through project no.
DF201017.

■ NOMENCLATURE
ETRA European Tyre Recycling Association
LHV lower heating value
HHV higher heating value
HCR hydrogen to carbon monoxide
HPF hydrogen production per feed
ηnet (Etta) the overall process efficiency
COS carbonyl sulfide
GHG greenhouse gases
WGS water gas shift
AGS acid gas removal
CAPEX capital expenditures
OPEX operational expenditures
NPV net present value
PVR present value ratio
CEPCI chemical engineering plant cost index
TIC total capital investment
ER equivalence ratio
ETRA European Tyre Recycling Association
PR Peng Roberson
SN stoichiometric number
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