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Abstract: To reduce dependence on fossil fuels, cope with the growing energy demand,
and reduce greenhouse gas emissions, this paper innovatively designs a novel integrated
energy system integrating anaerobic digestion of animal manure, fuel cell technology, gas
turbine, and tire pyrolysis. The system maximizes the energy potential of biogas while syn-
ergistically treating waste tires, improving waste management’s flexibility, efficiency, and
economic viability through multiple outputs such as electricity and by-products, subsystem
synergies, equipment sharing, and economies of scale. Thermodynamic performance and
economic feasibility are analyzed using Aspen Plus V14 simulation modeling, ensuring the
system’s technical and economic viability. In this study, the simulation model of the system
is established, and the techno-economic benefits of the system are analyzed. The simulation
results show that the net electric power output of the system is 444.79 kW. Combined with
the contribution of pyrolysis products, the system’s total efficiency reaches 70.88%. In only
4.79 years, the initial investment can be recovered, and in its 25-year service life, the system
has realized a profit of 2,939,130 USD. The system realizes the energy and quality matching
between different thermal processes through indirect collaborative treatment of different
solid wastes, improves the conversion efficiency of biogas energy, co-treats waste tires, and
reduces environmental pollution.

Keywords: waste-to-energy; waste tire pyrolysis; solid oxide fuel cell; integrated energy
system; technical and economic analysis

1. Introduction
The rapid development of China’s economy has led to a significant increase in solid

waste, drawing growing attention from the government to the environmental issue of
“waste encircling cities”. Standard waste management methods include source reduction,
reuse, landfill disposal, and waste-to-energy conversion [1]. Among these, waste-to-energy
enables the resourceful utilization of waste and reduces reliance on fossil fuels, making
it a focal point of interest. Three primary ways to improve this process are to enhance
working fluid parameters, minimize heat loss from exhaust steam, and integrate other
thermal processes. Integrating other thermal processes involves complementing solid waste
with other energy sources and achieving energy-quality matching across various thermal
systems. This approach maximizes solid waste’s energy potential while improving waste
management’s flexibility, efficiency, and economic viability through diverse outputs such
as electricity, heat, by-products, subsystem synergies, equipment sharing, and economies
of scale.
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To reduce dependence on fossil fuels, cope with the growing energy demand, and
reduce greenhouse gas emissions, research scholars have begun to pay attention to renew-
able energy sources. Among them, solar and wind energy have obvious shortcomings
such as regional limitations, dependence on weather, and unpredictability of power supply.
Therefore, many researchers advocate promoting biogas generated from biomass through
anaerobic digestion (AD). It has many uses, such as heating and power generation, being
used as automobile fuel, and being mixed into a natural gas supply network. Among them,
the main ways of power generation are fuel cells, gas turbines, and internal combustion en-
gines [2]. By adopting the above method, on the one hand, the waste will not be discharged
into the environment, and the harmless treatment is realized; on the other hand, biogas as
fuel realizes resource utilization.

Solid oxide fuel cells (SOFCs) have attracted much attention since their invention.
As an electrochemical device, SOFCs have the ability to directly convert chemical energy
into power. They are universal to all kinds of components and impurities in gas, which
makes the equipment superior in performance. And the heat energy and chemical energy
generated after the fuel reaction can be recycled by other thermal processes, thus improving
conversion efficiency. Many studies have explored different methods of combining biogas
with fuel cells. Soleimanpour et al. [3] proposed a cogeneration cycle based on solid oxide
fuel cells and found that dry-reforming deposits less carbon because of higher operating
temperatures. Ran et al. [4] designed a novel biogas-fueled SOFC hybrid system assisted
with solar energy to help improve thermodynamic performance and reduce emissions.
Illathukandy et al. [5] investigated the influence of hydrogen chloride traces in biogas on
direct internal reforming in SOFCs to find out the safe operation conditions when biogas is
employed as a fuel. Ishaq et al. [6] proposed a novel design to treat the organic fraction
of municipal solid waste to generate electricity using SOFCs, with a minimum payback
period of 5 years when considering an electricity price of 130 USD/MWh. Although the
above studies have explored the combination of biogas and fuel cells to some extent, they
all used biogas as a single fuel without considering the possibility of synergistic treatment
with other fuels. The products are relatively single, which would be expected further to
exploit the potential of biogas conversion into energy if the diversity of products can be
fully utilized.

In 2017, the USA produced about 4 million tons of discarded tires, with only 18%
used, resulting in the accumulation of tires in the American inventory. Rubber components
are water-resistant and wear-resistant, which will degrade slowly for centuries, leading to
serious environmental degradation. The organic content of waste tires is over 90%, which is
a valuable biomass fuel. Although incineration and power generation can make use of tires
as resources, they also release a lot of harmful gases such as volatile organic compounds
and dioxins, causing serious environmental problems. In contrast, pyrolysis technology
is classified as an advanced energy recovery technology, which helps to convert waste
tires into fuel, and the products can be used for refining and establishing a new process
cycle. Zhou et al. [7] analyzed the influence of low-temperature pyrolysis pretreatment
on the co-combustion performance of coal and waste polyvinyl chloride/tire and found
that the activation energy of coal is greatly decreased after the addition of waste polyvinyl
chloride/tire. Lv et al. [8] proposed fast co-pyrolysis of Naomaohu coal with waste tires
under negative pressure, and found that co-pyrolysis under negative pressure could inhibit
the molten state of waste tires and decrease the secondary reaction of the volatiles. In these
studies, the treatment of tires is at the level of co-combustion or co-pyrolysis. It does not
consider the separate reactions of different raw materials through the deep coupling of
different thermodynamic processes to improve the system’s efficiency.
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To reduce reliance on fossil fuels while addressing the critical environmental challenge
of “waste encirclement” faced by China, this study proposes an innovative polygeneration
system that integrates fuel cells, gas turbines, tire pyrolysis, and waste heat recovery sub-
systems to enhance power output and co-process tires. In this novel system, purified biogas
produced through anaerobic digestion and air is first compressed and preheated, then
directed to the SOFC for electricity generation. Some of the exhaust gas from the anode is
recirculated to increase hydrogen content and boost power output. The remaining stream is
incinerated in the combustion chamber together with the cathode exhaust and tire pyrolysis
gas. The flue gas enters the gas turbine (GT), generating electricity. The flue gas undergoes
waste heat recovery processes, including preheating fuel and oxidant and supplying heat to
the pyrolysis subsystem. The new system design produces valuable pyrolysis by-products
and significantly enhances power output. The entire process efficiently, safely, cleanly, and
economically harnesses biogas while co-processing tires. Thermodynamic performance
and economic feasibility are analyzed using Aspen Plus V14 simulation modeling, ensuring
the system’s technical and economic viability. The contribution of this paper is as follows:

(1) The system developed in this paper can produce pyrolytic oil, pyrolytic carbon, and
electricity at the same time. According to the characteristics of raw materials, animal
manure, and waste tires are digested and pyrolyzed, respectively, to realize the indirect
synergistic treatment of different solid wastes.

(2) Biogas is first sent to SOFC-GT for power generation with hot exhaust gas used to pre-
heat biogas and air and provide energy for the tire pyrolysis subsystem. The system
can produce rich pyrolysis products and improve the power output. The complemen-
tary subsystems, equipment sharing, and scale effect bring certain benefits, which
greatly improve the utilization efficiency of biogas and provide rich economic returns.

(3) The system maximizes the energy potential of biogas while synergistically treating
waste tires, improving waste management’s flexibility, efficiency, and economic viabil-
ity through multiple outputs such as electricity and by-products, subsystem synergies,
equipment sharing, and economies of scale. It helps to reduce dependence on fossil
fuels while addressing the serious environmental challenge of “garbage surrounding
the city” that China is facing.

In this study, each subsystem is first modeled and validated by Aspen Plus V14 to
ensure the reliability of the results. Then, the parameters are input into the integrated
energy system. For the simulation results of the whole system, the technical and economic
feasibility of the novel integrated energy system is analyzed in terms of energy, exergy, and
economy, respectively.

2. System Structure and Theoretical Methods
As shown in Figure 1, the clean biogas produced by anaerobic digestion is firstly

compressed and preheated, then sent to the anode of the SOFC to generate electricity. At
the same time, the air is delivered to the cathode. Some of the exhaust gas from the anode
is recirculated to increase the hydrogen content. In contrast, the other gas is mixed with
the cathode exhaust gas in a combustion chamber and burned with pyrolysis gas from tire
pyrolysis. After complete combustion, the flue gas enters the gas turbine for power output.
Then, it undergoes a series of waste heat utilization processes, including preheating the
biogas and air to provide heat for the pyrolysis subsystem. The tire pyrolysis subsystem
is selected to operate at 400 ◦C to convert waste tires into carbon black, pyrolysis gas,
and pyrolysis oil to match the system. Specifically, the pyrolysis reactor outlet products
enter a cyclone separator, where the carbon black is separated from the bottom, and the
volatiles pass sequentially through a heat exchanger and a distillation column, where they
are separated. The gas, called pyrolysis gas, is pressurized in the fuel compressor and sent
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to the combustion chamber for incineration to provide power for the gas turbine to perform
the work. The liquid phase, known as pyrolysis oil, is sold to improve the economics of
the system. The whole system is efficient, safe, clean, and economical, and it gradually
develops and utilizes biogas and resource utilization of waste tires, which achieves high
energy efficiency and can be a feasible solution for waste management.
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2.1. System Structure

The proposed system is simulated using the commercial software Aspen Plus V14,
operated by Aspen Technology, Inc., located in Bedford, MA, USA. It is highly respected for
its rigorous thermodynamic analysis procedures and physical property database. Figure 2
shows the simulation model of the system, which is divided into three pieces: the SOFC-GT,
tire pyrolysis, and waste heat recovery subsystems. Since there are no specialized SOFC
and pyrolysis models in Aspen Plus V14, there is a need to develop accurate models of
these two processes.
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Figure 2. Simulation model’s intrinsic structure of the proposed system.

Some basic modeling assumptions are used to simplify the modeling and analysis.

(a) The system maintains a thermodynamic equilibrium condition;
(b) The modules are zero-dimensional and maintain a uniform temperature;
(c) The ambient temperature and pressure are always 25.0 ◦C and 101.325 kPa;
(d) Air comprises of 21% O2 and 79% N2;
(e) Changes in kinetic and potential energy are neglected;
(f) Heat loss, mass loss, and pressure drop are neglected.

2.2. Theoretical Methods
2.2.1. Solid Oxide Fuel Cells

When modeling SOFCs, Aspen Plus V14 cannot fully account for ionic crossings
and electron migration in the reaction. Therefore, “Fortran” programming languages and
“Design-spec” functions must be imported to help build a complete SOFC model, and the
calculation hierarchy of the model is shown in Figure 3. The simulation model of SOFCs is
shown in Figure 4.
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Specifically, the clean biogas is combined with circulating anode gas. The resulting
mixture enters a pre-reformer, with the required steam/carbon (S/C) ratio determining
the quantity of circulating gas. Considering internal reforming could form carbon and a
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large temperature gradient due to the endothermic nature, an adiabatic pre-reformer is
included in the SOFC to convert the high hydrocarbons and a small amount of methane in
the gas mixture to reduce the fuel gas temperature. The pre-reformer is used to reduce the
temperature of the fuel gases. The pre-reformer is used to reduce the temperature of the fuel
gases. The reactions occurring in the pre-reformer are shown in the following equations.

CnH2n+2 + nH2O ↔ (2n + 1)H2 + nCO2 (1)

CO + H2O ↔ CO2 + H2 (2)

A “Heater” module (named “COOLER”) is chosen to simulate the temperature drop
due to the reaction’s need for heat. It is worth noting that “Design-spec” estimates the
operating temperature of the reformer so that the net heat load (Q2) before the reformer is
equal to zero.

Although CO and CH4 in pre-converted fuels can be oxidized directly without a
catalyst in SOFC at 1000 ◦C, it is not as favorable as the water–gas shift reaction. Assuming
that only H2 (the more easily oxidized fuel) reacts electrochemically is standard practice in
systems analysis. Transferring CO and CH4 to H2 and then reacting it both simplifies the
analysis and accurately predicts the electrochemical behavior of the SOFC. Equations (3)–(5)
are considered in the SOFC cell stack. In the system simulation, only part of the air flows
into the “RGibbs” module to indicate the migration of oxygen ions. This process uses
Equations (6)–(8) to calculate the quantity of required oxygen (nO2,required) to achieve the
target values for the fuel utilization factor (Uf) and the fuel equivalent hydrogen molar
flow rate (nH2,equivalent).

H2 + 0.5O2 → H2O (3)

CH4 + H2O ↔ CO + 3H2 (4)

CO + H2O ↔ CO2 + H2 (5)

nO2,required = 0.5 × Uf × nH2,equivalent (6)

Uf = nH2,consumed/nH2,equivalent (7)

nH2,equivalent =

(
nH2 + nCO + 4 × nCH4

+7 × nC2H6 + 10 × nC3H8

)
(8)

where nH2 , nCO, nCH4 , nC2H6 , and nC3H8 are the molar flow rates of hydrogen, carbon
monoxide, methane, ethane, and propane in the fuel (mol/s), respectively.

Assuming that the electrochemical reaction takes place at “ANODE”, the heat released
by the process is then sent to the anode to heat the air via the heat flow Q3. The heat
flow (Q3) is calculated by the “Design-spec” calculator to keep the cathode and anode
outlet temperatures equal. The additional airflow absorbs the heat of the battery pack and
stabilizes the cell temperature at 910 ◦C. Therefore, with a heat loss of 2%, the required air
mass flow rate can be calculated and satisfies the following equation.

Q4 − V × I − (0.02 × Q4) = 0 (9)

where Q4 is the net heat load of the “ANODE” module.
The SOFC current (I, A) and current density (ic, mA/cm2) can be estimated sequen-

tially by the following equations [9].

I =

(
(nH2 + nCO + nCH4 + 7 × nC2H6

+10 × nC3H8)× 2 × F × Uf

)
(10)
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ic =
nH2 × Ne × F

NA
(11)

where F is Faraday’s constant (C/mol), here take 96,485 C/mol; Ne and N are the number
of electrons converted in the process and all electrons, respectively; and A is the active
surface area of a cell (cm2).

The SOFC actual voltage (VSOFC, mV) is calculated based on a reference operating
condition using the following formula [10].

VSOFC =
(
Vref + ∆Vp + ∆VT + ∆Vanode + ∆Vcathode

)
(12)

Vref =

 0.72988 + 2.00014 × 10−4 × ic
−9.668 × 10−7 × i2c
+2.626 × 10−10 × i3c

 (13)

∆Vp = 76 × log(pSOFC/pref) (14)

∆VT = 0.008 × (TSOFC − Tref)× ic (15)

∆Vanode = 172 × log

[
pH2 /pH2O(

pH2 /pH2O
)

ref

]
(16)

∆Vcathode = 92 × log

[
pO2(

pO2

)
ref

]
(17)

where Vref is the reference voltage (mV) [10]; ∆VP, ∆VT, ∆Vanode, and ∆Vcathode are the
effects of fuel cell operating pressure, operating temperature, fuel composition, and oxi-
dant composition on the actual voltage (mV), respectively; pSOFC and TSOFC are the actual
operating pressure (kPa) and the temperature (K), respectively; pref is the reference pres-
sure of the system (100 kPa); Tref is the reference temperature (1273.15 K); pH2 /pH2O and
(pH2 /pH2O)ref are the actual and the reference hydrogen and steam (0.15 kPa), respectively;
pO2 is the average partial pressure of oxygen in the cathode (16.4 kPa); and (pO2)ref is the
reference average partial pressure of oxygen in the cathode (here 16.4 kPa).

2.2.2. Tire Pyrolysis

Another challenge in the modeling process is the pyrolysis system. Reference [11] de-
veloped a kinetic model to improve the model’s accuracy and determined the parameters for
each reaction. As shown in Figure 2, the pyrolysis reaction consists of the “RYield” (named
“DECOMPOS”) and the “RPlug” (named “KINETIC”) modules. The tire, considered non-
conventional, is converted into conventional elemental components in “DECOMPOS”, with
the specific yield determined by the “Fortran” calculator. In the plug-flow reactor, pyrolysis
reactions are simulated using reaction equations and parameters from reference [11]. The
hot flue gas from the No. 2 heat exchanger heats the pyrolysis reactor. The non-vapor
components of the pyrolysis product are in the “Flash2” module (named “VESSLE1”). The
carbon and solid metals are separated in the “SSplit” module (named “HYCYC”). The
gas stream products are cooled in the “HeatX” module (named “Heat Exchanger 5”) to
30 ◦C. The “Sep” module (named “VESSLE2”) further separates the gas stream into oil and
pyrolysis gas.

3. Technical and Economic Evaluation Model
3.1. Energy Evaluation Model

At steady state, the energy balance for each component of the proposed system is as
follows [12]:

Q + Pout = Pin + ∑ minhin − ∑ mouthout (18)
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where Q is heat rate; Pin and Pout are power consumed and power output, respectively;
min and mout are input mass rate and output mass rate, respectively; and hin and hout are
specific enthalpies of the input medium and output medium, respectively.

The SOFC has an internal direct current-alternating current converter to convert the
direct current (DC) power generated by the system into alternating current (AC) power,
and the final output power of the SOFC (PSOFC, kW) is calculated through Equation (19).

PSOFC = I × VSOFC × ηDC−AC (19)

where ηDC−AC is the conversion efficiency of the DC-AC converter (92%) [13].
Considering the system plant power consumption (Paux, kW) as in Equation (20), the

net electrical power of the system (Ptot, kW) can be obtained as in Equation (21).

Paux = PAB +
2

∑
i=1

PFCi (20)

Ptot = PSOFC + PGT − Paux (21)

where PAB is the electrical energy consumed by the air compressor (kW); PFCi is the electrical
energy consumed by the fuel compressor (kW); and PGT is the power generated by the gas
turbine (kW).

The net program energy efficiency (ηtot,en) is calculated from Equation (22).

ηtot,en =
Ptot + Enoil + Enchar

mbio × LHVbio + mtire × LHVtire
(22)

where Enoil is the fuel energy of the product pyrolysis oil (kW); Enchar is the fuel energy of
the product carbon black (kW); mtire is the feed rate of waste tires (kg/s); and LHVtire is the
low-level calorific value of waste tires (kJ/kg).

3.2. Exergy Evaluation Model

According to the second law of thermodynamics, exergy is the maximum capacity
of the system to perform the work after reaching the ambient state. Exergy analysis can
help optimize the target system in this paper by assessing the energy loss more accurately
than energy analysis. Therefore, the proposed integrated energy system is analyzed for
exergy analysis.

The exergy of solid fuels with complex composition (Exsf, kW) can be calculated as in
Equation (23) [14].

Exsf =

 msf × LHVsf × (1.0064+
0.1519 × ωH/ωC + 0.0616×
ωO/ωC + 0.0429 × ωN/ωC)

 (23)

where msf is the feed rate of the solid fuel (kg/s); LHVsf is the lower heating value (LHV)
of the solid fuel (kJ/kg); ωH is the hydrogen content of the solid fuel (%); ωO is the oxygen
content of the solid fuel (%); ωN is the nitrogen content of the solid fuel (%); and ωC is the
carbon content of the solid fuel (%).

The exergy of material flow (Exms, kW) can be calculated according to Equation (24) [15]:

Exms = Exph
ms + Exch

ms (24)

where Ems,ph is the physical energy of the material flow strand (kW); and Ems,ch is the
chemical energy of the material flow strand (kW).
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In general, the hydronium balance of components, subsystems, or the system as a
whole in a multi-generation system under steady-state conditions can be determined by
Equation (25) [16]:

∑ Exin + ∑ Pin = ∑ Exout + ∑ Pout + ∑ Exd (25)

where ∑ Exin is the total input power of the object (kW); ∑ Exout is the total output power
of the object (kW); ∑ Pin is the total input electric power of the object (kW); ∑ Pout is the
total output electric power of the object (kW); and ∑ Exd is the loss of the object (kW).

The exergy efficiency (ηex,tot) is shown in Equation (26):

ηex,tot =
Ptot + Exoil + Exchar

Exbio + Extire
(26)

where Exoil is the output of pyrolysis oil (kW); Exchar is the output of carbon black (kW);
Exbio is the input of clean biogas (kW); and Extire is the input of waste tires (kW).

3.3. Economic Evaluation Model

As shown in Equations (27) and (28), the dynamic payback period (DPP, years) and
net present value (NPV, USD) are further used as economic measures of the integrated
energy system.

DPP

∑
y=0

Cy

(1 + idis)
y − In = 0 (27)

NPV =
k

∑
y=0

Cy

(1 + idis)
y − In (28)

where y is the number of years in the life cycle of the item; Cy is the net cash flow in years
(USD); In is the initial investment cost of the item (USD); idis is the discount rate (%); and k
is the life cycle of the item (years).

4. Simulation Analysis
4.1. Parameters of Proposed System
4.1.1. Parameters of Waste Heat Recovery Subsystem

Table 1 shows the composition of animal manure treated in cattle farms and used as
feedstock for anaerobic digestion. The anaerobic digestion plant introduced is designed
according to references [17–19] and consists of a digester, cleaning equipment, and storage
tanks with the design parameters shown in Table 2. The total volume of the digester is
3460 m3, of which 90% is used for reaction. In addition, a 140 m3 storage tank is created to
regulate the feed rate of clean biogas during digestion.

Table 1. Composition of animal waste (as-received basis, % wt) [19].

Item Value

Proximate analysis

Mar 45.04
Far 55.04
Var 60.30
Aar 19.15

Ultimate analysis

Car 40.73
Har 5.17
Oar 31.47
Nar 2.87
Sar 0.61
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Table 2. Design parameters of an AD system [17–19].

Item Unit Value

Feedstock

Feed rate kg/s 2.52
Percentage of animal waste % wt 18.53

Total solid % wt 10.00
Density kg/m3 1040.00

Temperature ◦C 55.00

Digester

Overall volume m3 3460
Volume for gas m3 346

Volume for reactions m3 3114
Average retention time day 15

Volume of storage tank m3 140

The average characteristics of untreated biogas from digesters are presented in Table 3.
A purification unit is used to eliminate harmful gases such as hydrogen sulfide, which
considerably reduces the moisture content of the biogas. At a flow rate of 0.04 kg/s,
the proportion of methane in the purified biogas amounts to 60%, while the LHV is
17.69 MJ/kg.

Table 3. Parameters of the raw and clean biogas.

Item Unit Value

Raw biogas

Feed rate kg/s 0.09

Composition
(% vol)

Moisture % 11.12
CH4 % 50.60
CO2 % 36.17

Hydrogen % 0.40
Hydrogen sulfide % 0.87

Ammonia % 0.80

Lower heating value MJ/kg 15.39

Clean biogas

Flow rate kg/s 0.04

Composition
(% vol)

Methane % 58.32
CO2 % 41.68

Lower heating value MJ/kg 17.69

4.1.2. Parameters of SOFC-GT Subsystem

The primary data of the SOFC-GT subsystem are presented in Table 4. Biogas pre-
heated to 630 ◦C with air in the waste heat recovery system is sent to the SOFC after
compressing the pressure to 3 atm to adapt the SOFC to the operating conditions.
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Table 4. Basic parameters for the SOFC-GT subsystem [10,20,21].

Item Unit Item

SOFC

Inlet temperature ◦C 630.00
Operating temperature ◦C 910.00

Operating pressure bar 3.04
Active surface area cm2 834.20

Number of cells / 3456
Uf % 85.00

S/C ration / 2.50
DC-AC inverter efficiency % 92.00

ic mA/cm2 204.82
Cell voltage V 0.68

Afterburner efficiency % 99.00

GT
Isentropic efficiency % 80.00

Mechanical efficiency % 98.00

4.1.3. Parameters of Tire Pyrolysis Subsystem

Table 5 shows the composition of the waste tires. Waste tires with a feed rate of
150 kg/h are sent into a pyrolysis reactor, where pyrolysis reactions are carried out accord-
ing to predetermined kinetics to form carbon, gas, oil, and compounds. The simulation
conditions and results are listed in Table 6.

Table 5. Composition of the waste tire (as received basis, % wt) [11].

Item Value

Proximate analysis

Mar 1.50
Far 30.00
Var 55.00
Aar 13.50

Ultimate analysis

Car 73.88
Har 6.90
Oar 2.46
Nar 0.30
Sar 1.48

LHV (MJ/kg) 30.28

Table 6. Basic parameters and results for the tire pyrolysis reaction.

Item Unit Value

Simulation
condition

Feed rate kg/h 150.00
Operating temperature ◦C 400.00

Operating pressure bar 1.01

Pyrolysis products

Char kg/h 27.41

Metal kg/h 20.25

Gas kg/h 1.68

Oil kg/h 94.80

4.2. Energy Analysis

Table 7 and Figure 5 detail the energy analysis results in this paper. The feedstock
for the polygeneration system is derived from biogas and waste tires, and to ensure that
the heat supply within the system can be complementary, the feed rates for biogas and
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tires are 0.04 kg/s and 150 kg/h, respectively. The products of the polygeneration system
consist of electricity and pyrolysis products, of which the electricity output is relatively
small, totaling 508.45 kW, of which 369.59 kW is SOFC and 138.86 kW is GT. Meanwhile,
tire pyrolysis produces chemical products with a fuel energy of 961.60 kW. The energy
conversion efficiency of the polygeneration system can reach 70.88%.

Table 7. Energy performance of the integrated energy system.

Item Unit Value

Gross power output
SOFC kW 369.59

GT kW 138.86
Sum kW 508.45

Pyrolysis product output
Oil kW 727.32

Char kW 234.28
Sum kW 961.60

Auxiliary consumption

Fuel compressor 1 (FC1) kW 5.54
FC2 kW 0.21

Air blower (AB) kW 57.91
Sum kW 63.66

Gross energy output kW 1470.05
Net power output kW 444.79
Net energy output kW 1406.39

Net energy efficiency % 70.88
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Figure 5. Energy flow diagram of the integrated energy system.

As shown in Table 8, related studies show that the biogas energy efficiency is about
27% to 45% by utilizing biogas for power generation through GT, ICE, and combined cycles.
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However, the energy conversion efficiency is significantly improved to 70.88% due to the
current configuration of the MCS application.

Table 8. Comparison of the current study and previous biogas-based energy systems.

System Energy Conversion Efficiency Reference

Gas Turbine 27.00~31.00% [22]
Internal combustion engine (ICE) 35.00% [23]

GT or ICE and ORC 33.10~35.90% [24]
GT and ORC 39.99~41.83% [25]

ICE and steam Rankine cycle 43.81~44.95% [26]
Current scheme 70.88% /

4.3. Exergy Analysis

The system is analyzed by the second law of thermodynamics, and the results are
shown in Table 9; the total exergy loss of the system is 593.91 kW, with an efficiency of
69.88%. Figure 6 shows the new design’s power loss rate of different components. After an
exergy analysis of all the components, it can be found that the pyrolysis reactor, SOFC, and
CC contribute 87.64% of the total energy loss. The pyrolysis reaction contributed 59.67% of
the total energy loss caused by the multiple chemical reactions. The SOFC is the second
largest component contributing to the energy loss. This part of the loss is mainly caused by
the chemical dystrophic changes in the anode. The CC involves temperature difference,
mixing, and combustion, which leads to about 9.63% of the energy loss in the combustion
chamber. In addition, Figure 6 shows the heat exchanger’s energy loss separately.

Table 9. Exergy analysis results of the integrated energy system.

Item kW Ratio

Exergy input of biogas 757.88 37.00%
Exergy input of waste tire 1290.51 63.00%
Exergy output (electricity) 444.79 21.71%

Exergy output (pyrolysis product) 986.62 48.17%
Total Exergy output 1431.42 69.88%

Exergy loss

SOFC-GT
subsystem

FC1 0.72 0.04%
FC2 0.03 0.00%
AB 1.50 0.07%

SOFC 108.90 5.32%
Combustion chamber (CC) 57.17 2.79%

GT 14.77 0.72%

Tire pyrolysis
subsystem

Pyrolysis reactor 354.39 17.30%
Cyclone 0.00 0.00%

Heat exchanger 5 (HX5) 11.16 0.54%
Distillation column 0.00 0.00%

Waste heat
recovery system

HX1 7.44 0.36%
HX2 29.94 1.17%
HX3 7.18 0.35%
HX4 6.70 0.33%

Exhaust gas 23.07 1.12%

Total Exergy loss 593.91 28.99%
Total Exergy efficiency 69.88%
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4.4. Sensitivity Analysis

For a given system that indirectly co-processes multiple fuels, system performance can
be improved by varying the fuel ratios. However, everything is predicated on ensuring that
the energy interactions between the different processes can be mutually satisfied. Therefore,
we performed a sensitivity analysis to analyze the trend of the overall system performance
with different fuel ratios while ensuring that the biogas heat can meet the heat demand
of all processes. The feed rate of the biogas and the operating parameters of the entire
energy system are kept constant. In contrast, the tire feed rate is continuously increased
during the analysis. The results are shown in Figure 7. The pyrolysis oil and carbon
black outputs of the polytunnel system continued to increase as the ratio of biogas to tires
gradually increased from 1:0.5 to 1:1. Pyrolysis oil increased from 358.28 kW to 727.32 kW,
and carbon black increased from 106.61 kW to 234.28 kW. However, the system power
consumption and production are both less, and the amount of pyrolysis gas is less than
that of biogas. The power consumed and produced remains the same with the same biogas
feedstock. Although pyrolysis gas production is changing, it has less impact on overall
power production and consumption. In total, the power generated by the system will
increase from 506.66 kW to 508.45 kW, while the plant’s power consumption will increase
from 63.55 kW to 63.66 kW. Under the joint influence of the raw material input and output,
the efficiency of the system will gradually increase from 68.37% to 70.88%; therefore, under
the condition of ensuring that the system is self-sufficient in terms of energy, the increase in
the tire feeding rate can improve the total energy efficiency of the system.

4.5. Economic Analysis

The basic assumptions for the economic feasibility analysis of the system are shown
in Table 10. The total cost of the new design consists mainly of the initial equipment
investment and maintenance and operation costs, with the latter including non-fuel costs
during the economic period, such as costs of staffing, consumable operating materials
(worn parts), and repair. As shown in Table 11, the purchase cost of each type of equipment
is estimated using the function calculation method and the proportional deflation method,
and Table 12 shows the specific investment cost of each component.
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Table 10. Assumptions for the economic evaluation.

Item Unit Value

Operating time [27] h/year 7200

Project lifetime [27] Construction period year 2
Economic period year 23

Discount rate [28] / 10%
Maintenance & operating cost [27] / 10%

Waste tire cost [29] USD/t 50.00
Tipping fee [27] USD/t 10.39

Feed-in tariff [30] USD/MWh 96.51
Oil selling price [31] USD/t 370.00

Char selling price [31] USD/t 70.00

The results of the economic analysis are shown in Table 13. The new design’s first
significant source of profit is electricity, which brings in 309,070 USD/year. The pyrolysis
income per year from oil and charcoal is 252,550 USD and 133,810 USD, respectively.
Considering the cost of waste tires, the proposed system can recover its investment cost in
4.79 years, with an NPV of 2,939,130 USD.
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Table 11. Estimation methods of the investment costs.

Cost Function Method

Component Function Illustration reference

SOFC
Cell stacks ASOFC × NSOFC × (2.96 × TSOFC − 1907)

ASOFC represents the active surface
area of SOFC; NSOFC represents the

number of SOFC cells; TSOFC
represents the SOFC operating

temperature.
[32]

Auxiliary 0.1 × ZSOFC ZSOFC represents the stack cost.

Inverter 105 ×
(

WSOFC,DC
500

)0.7 WSOFC,DC represents the output
power of SOFC.

CC 46.08×moxidant

0.995− Pout
Pin

× e(
18

1000 Tout−26.4)+1

moxidant represents the mass flow
rate of oxidant; Tout represents the
outlet temperature of combustion
chamber; Pout represents the outlet
pressure of combustion chamber;
Pin represents the inlet pressure of

combustion chamber.

[6]

GT 1318.5 × WGT − 98.328 × InWGT
WGT represents the power output

of GT. [33]

Digester 350, 000 × ( VDIG
21,000 )

0.75 VDIG represents the volume
of digester. [34]

Cleaning equipment 141 × e3 × (
.

Vbiogas
1956 )

0.6
.

Vbiogas represents the volumetric
flow rate of biogas.

[35]

Storage tank 48.904 × Vtank
Vtank represents the volume of

storage tank. [36]

FC1,2 91, 562 ×
(

WCM
455

)0.67 WCM represents the power
consumed by compressor. [37]

HX1,2,3,4 130 ×
(

AHXi
0.093

)0.78 AHXi represents the heat exchange
area of heat exchanger. [32]

Scaling up method

Component Basic cost (USD) Basic scale Scale unit Scaling factor reference

Pyrolysis reactor 244,300 30.00 TPD 0.56

[38]
Cyclone 11,700 30.00 TPD 0.60

HX5 87,300 30.00 TPD 0.60
Distillation column 97,300 30.00 TPD 0.60

Table 12. Investment costs of the components in the integrated energy system.

Item Cost (×103 USD)

Tire pyrolysis
subsystem

Pyrolysis reactor 66.77
Distillation column 24.24

HX5 21.75
Cyclone 2.91

Sum 115.67

SOFC-GT
subsystem

SOFC 559.40
GT 182.60
CC 5.90

Sum 747.90

Waste heat recovery
subsystem

FC and AB 28.74
HX1, 2, 3, 4 28.23

Sum 56.97

Anaerobic digestion process 125.29

Sum 1045.83
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Table 13. Economic analysis results.

Item Unit Value

Waste tire consumption rate t/year 1080.00
Animal waste consumption rate t/year 12,121.91

Production of electricity MWh/year 3202.51
Production of pyrolysis oil t/year 682.56

Production of pyrolysis char t/year 197.35
Maintenance and operating cost USD/year 104,580

Waste tire cost USD/year 54,000
Income from animal waste

management USD/year 125,950

Income from electricity sale USD/year 309,070
Income from oil sale USD/year 252,550

Income from char sale USD/year 13,810
DPP year 4.79
NPV USD 2,939,132

4.6. Discussion

To reduce reliance on fossil fuels while addressing the critical environmental challenge
of “waste encirclement” faced by China, this study proposes an innovative polygeneration
system to enhance biogas power generation and co-process waste tires.

In some existing studies, biogas is used as a single-fuel hybrid system, which has
relatively high system efficiency because of equipment sharing and complementary subsys-
tems. Still, the system’s output is also relatively single, mainly used for power generation,
heating, etc., which does not fully utilize the advantages of the coupled system. The other
category is through the co-combustion or co-pyrolysis of tires and other fuels; optimizing
the process of combustion or pyrolysis, the overall efficiency of the system is not significant,
and direct co-combustion and co-pyrolysis reduces the possibility of mutual coupling
of systems.

In contrast, the advantages of this system make up for the above shortcomings. Ac-
cording to the nature of different fuels, separate treatment and indirect synergies play a full
role in the advantages of the coupled system. Separate treatment according to the fuel’s
characteristics ensures the system’s safety. The entire process maximizes the energy poten-
tial of biogas while synergistically treating waste tires, improving waste management’s
flexibility, efficiency, and economic viability through multiple outputs such as electricity
and by-products, subsystem synergies, equipment sharing, and economies of scale.

5. Conclusions
In this paper, a novel integrated energy system is designed and simulated to enhance

biogas energy conversion efficiency and synergistically treat waste tires. The system’s
biogas generated from anaerobic digestion is sent to the SOFC-GT subsystem for power
generation, with the exhaust preheating the fuel and oxidant and providing energy for the
pyrolysis reaction. The above processes provide abundant pyrolysis products and improve
power generation. Therefore, the energy conversion efficiency is improved, and tires are
synergistically treated. In this paper, the performance is comprehensively studied from the
technical and economic perspectives, and several essential conclusions are drawn.

(1) With the same feedstock, biogas, and waste tires can generate a total energy output
of 1406.39 kW with a high energy conversion efficiency of 70.88%. Among them,
the SOFC subsystem achieves a power generation efficiency of 51.16%, which is an
outstanding contribution to the efficiency of the whole system. Thermodynamically,
the proposed system is feasible and efficient.
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(2) The exergy efficiency reaches 69.88%. The pyrolysis reactor, SOFC, and combustion
chamber contribute to the irreversibility at most, accounting for 59.67%, 18.34%,
and 9.63%, respectively. The other components in the proposed system contribute
relatively little to the total exergy loss.

(3) Economically, the investment in the system is low, only 1,045,830 USD. Over its 25-year
life span, the NPV is 2,939,130 USD, due to the multiple outputs such as electricity
and by-products, subsystem synergies, equipment sharing, and economies of scale.
The DPP of the new design is only 4.79 years old. Therefore, the new design is also
very suitable in terms of economics.

There have been a few coupled applications for the subsystems involved in the inno-
vative scheme proposed in this paper. However, relatively complex hybrid systems like
the one proposed in this paper lack practical grounded examples despite many similar
studies analyzing the feasibility. In this study, when discussing and analyzing the heat
balance characteristics, the exergy characteristics, and the economic characteristics of the
proposed hybrid system, due to the limitations of the authors’ research level and time, only
the steady-state characteristics of the program under the design conditions are analyzed.
In the actual operation of the system after construction, the system’s internal and external
conditions are constantly changing. Therefore, there are inevitable problems in system
regulation and control, and the parameters and dynamic characteristics of the innovative
system under variable operating conditions need to be further investigated to form a stable
scheduling scheme and control strategy.
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