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ARTICLE INFO ABSTRACT

Keywords: This study proposes a high-efficiency multi-generation model for the Afyon Biogas Power Plant (ABP), which has

Biogas a 4000 kW electricity generation capacity. In addition to electricity production, the proposed model integrates

Hydmgen_ energy systems for heating, carbon dioxide liquefaction, hydrogen production and liquefaction, and hot water
]I“{‘:;?[f:;mo“ production. A comprehensive thermodynamic and thermoeconomic analysis of the system was conducted in
Thermodynamic coordination with Engineering Equation Solver (EES) and Aspen Plus. The thermodynamic results indicate that
Thermoeconomic the ABP’s energy efficiency, exergy efficiency, and useful energy are 14.29 %, 12.52 %, and 4000 kW, respec-

tively. With the proposed model, these values achieve 75.05 %, 93.45 %, and 21,013 kW. The highest exergy
destructions occur in the combustion chamber and HEX-2. The thermoeconomic results indicate that the unit
costs of electricity, hydrogen production, hydrogen liquefaction, liquid hydrogen, carbon dioxide liquefaction,
and hot water are calculated as 65.7 $/MWh, 2.64 $/kg, 2.754 $/kg, 5.394 $/kg, 0.36 $/kg, and 2.358 $/MWh,
respectively. The proposed system’s total equipment purchase cost is 22,126,876 $. These findings demonstrate
that the proposed multi-generation model significantly enhances ABP’s efficiency and economic feasibility by
effectively utilizing exhaust gas waste energy and integrating energy systems.

1. Introduction

Technology, population growth, and components that make human
life more comfortable have resulted in a significant energy demand, with
global energy consumption increasing tenfold in the twentieth century.
Considering the global energy crisis, climate change, and environmental
pollution, there is an urgent need for rapid, significant, and long-term
changes that can accelerate the transition to a sustainable energy sys-
tem [1-9]. The European Union aims to limit global warming to 2 °C by
2050 within the European Green Deal and the Paris Agreement frame-
work. Therefore, it is necessary to move away from fossil fuels and
promote clean, carbon-free, and efficient energy technologies [10,11].
Currently, fossil fuels and renewable energy sources account for 82 %
and 7.5 %, respectively, in meeting energy needs in the industry [12].

In the agricultural sector, renewable energy produced from existing
resources in developed countries is reducing the demand for fossil fuels.
Among renewable energy sources, biofuels are the most preferred and
have the fourth largest energy reserves globally [13]. Biogas can be
obtained from various biomass sources, such as agricultural waste, an-
imal manure, municipal solid waste, and wastewater sludge.
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Additionally, its use reduces dependence on fossil fuels and contributes
to waste management.

In contrast to wind or solar energy, biogas resources are portable and
available in both urban and rural areas at all times. They can be flexibly
transformed into various bioenergy forms, including options such as
ethanol, biodiesel, biogas, and biomethane. Although rich in carbon, it is
not yet a fossil material. It is an efficient energy source, especially in
reducing environmental impacts, including heat production and green-
house gas emissions. It ranks fourth among renewable energy sources in
electricity generation. Biogas can generate electricity in internal com-
bustion engines, microturbines, or innovative fuel cell systems. Gener-
ally, it operates as cogeneration units by recovering heat and producing
electricity. Biogas can be upgraded to biomethane by removing by-
products (carbon dioxide, ammonia, water, nitrogen, hydrogen sul-
fide, siloxanes, etc.) from its content. This process results in a clean gas
with a high thermal value. For this purpose, cryogenic separation,
membrane application, and physicochemical absorption or adsorption
are used. Finally, its properties are similar to those of fossil natural gas,
making it suitable for use in places where it is utilized [3,5,10,12,
14-17].
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Fig. 1. Operation principle of proposed model.
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Fig. 2. Biogas production process.

Biogas is produced through the anaerobic digestion of organic matter
in an oxygen-free environment. In this process, a large amount of
carbon-based waste is utilized. This highlights the economic aspect of
anaerobic digestion technology. Biological bacteria produce biogas
through four chemical processes: hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. The methane content of biogas varies between 45
% and 75 %, depending on the raw materials used and the technique
employed for biogas production; the remaining portion mainly consists
of carbon dioxide and ammonia, carbon monoxide, halogenated hy-
drocarbons, hydrogen sulfide, nitrogen, siloxanes, and water vapor [2,3,
11,18-20].

Moreover, reactors must be gas, water, and light impermeable. The
composition of biogas is directly related to the digestion temperature,
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Fig. 3. Gas cycle process.

and as the temperature of the reactor where digestion occurs increases,
the methane yield also increases. Therefore, heating the water mixed
with biomass using exhaust gases and thermally insulating the reactor
are effective methods. The digestion process is categorized based on
reactor temperature. Mesophilic digestion occurs between 35 and 40 °C,
providing balanced microbial activity and energy efficiency for biogas
production. In contrast, thermophilic digestion occurs at higher tem-
peratures, typically between 50 and 60 °C, resulting in faster decom-
position and higher biogas yields but requiring more energy input for
heating [14,21,22].

Scientists have conducted numerous studies on biogas technology,
which has a high thermal value, is clean, and is still open to develop-
ment. Some of these studies in the last five years in literature can be
categorized as hybrid systems [23-38], thermodynamic and thermoe-
conomic analysis [4,39-47], biogas yield [2,48-56], green hydrogen
[57-75], hydrogen storage [76-91], and electrolysis [92-102].

The study [103] by Ebadollahi et al. emphasized the importance of
integrated energy systems (IES). IESs are specially designed systems that
combine various energy sources to ensure low carbon emissions, reli-
ability, and cost efficiency. Serving as an ideal solution for industries
with high energy demand, IESs can be categorized based on the type and
scope of by-products. They can integrate multiple energy processes to
enhance efficiencies. The main purpose of this feasibility study is to
propose a high-performance, environmentally friendly and sustainable
hydrogen-focused model for the existing biogas power plant by
combining hydrogen technology with IES technology. In this direction,
the originality of the study is that the proposed model includes the
complex process from biomass to hydrogen production and liquefaction,
and supports this process with high thermodynamic performance thanks
to heat recovery. The high thermodynamic efficiency enables increased
hydrogen yield, promoting a shift toward carbon-free fuels. Another
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Fig. 5. Carbon dioxide liquefaction and hot water production process.

factor supporting the originality is that the biogas power plant produces
the heat and electricity necessary for high efficiency in the hydrogen
production and liquefaction process, with IES technology and does not
require external heat or power. With the integration of energy systems
into the ABP, a comprehensive model was designed involving the pro-
duction of electricity, liquid carbon dioxide and hydrogen (both pro-
duction and liquefaction), hot water, and heating. The model was
analyzed thermodynamically and thermoeconomically, and important

performance indicators were obtained. Since there is no dedicated
software for designing a process consisting of such interdependent
chemical and physical subprocesses while conducting thermodynamic
and thermoeconomic analysis, a unique approach was developed using a
coordinated simulation framework in EES and Aspen Plus. This method
allows for a more precise and comprehensive evaluation of the system’s
performance and the numerical results of both software to verify each
other. These features distinguish this study as a pioneering approach in
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Table 1
Equations used in thermodynamic and thermoeconomic analysis.
Air Compressor my =y
3 _ th - hl
Mosen. = o

Woair compressor = M1 (ha —h1)

Wrev..air compressor = my (ex2 —exy)

Exdes[..ﬂir compressor — Wair compressor — Wrev Jair compressor €1 Exl + Celectricity Wair compressor + Zair compressor — CZEXZ
Combustion Chamber (CC) My + Mpigges = M3

M2ha + MynethaneHVinethane = M3h

ExF,CC = mbiogﬂs €Xbiogas

EXP,CC = rMizexs — mzexz

EXgest..cc = Exrcc — Expcc €2EXa + ChiogasMbiogas€Xbiogas + Zcc = C3EX3

Gas Turbine M3 = My
He = h3 —hy
B hg — hys

Weas arbine = 3 (hs —ha)

Wrev. gas turbine = M3 (ex3 —eXs)

EXest. gas turbine = Wrev. gas turbine — Weas wrbine C3EX3 + Zgas turbine = CaEX4 + Celectricity Was turbine
HEX-1 My = s
Tflg = mlO

Qupx-1 = 1itg (hq —hs) = mg(h1o —ho)

EXqest.mx—1 = T (€X4 —exs) — g (ex10 —eXo) c4Exs + coExo + Zppx—1 = csExs + c10Ex1o
HEX-2 ms = Mg

Qux—2 = Tits (hs —he) = Myeqctor feed water(Po —hi)

EXgest. HEX—2 = 115 (€X5 —€X6) — Myeactor feed water (€Xo —€X;) CsExs + CiEX; + Zpx—2 = c6Exe + CoEXo
HEX-3 my = Mg

Mye = Mgy

Qupx-—3 = ity (h7 —hg) = s (ha7 —has)

EXgest. mEx-—3 = Ty (X7 —eXg) — Mg (€Xa7 —eXag) €7EX7 + ca6EXag + Zupx—3 = cgExg + CazExar
Electrolyser mig = M

mi = N +

EXptectrolyser = M11€X11 + Wetectrolysis

EXp electrolyser = M12€X12 + Nl13€X13

Exest, = Exp, — Exp,
 riusHV,
en — 4
Welemolysis
my3exy. . . . . .
Nex = W—z c11Ex11 + Cetectricity Welectrolysis + Zelectrotyser = €12EX12 + €13EX13
electrolysis
HEX-4 M3 = Mg = Mys
Mg = Nyg

Q’HEX*" = m14(h14 _h15) = TfllQ(hzo _hlg)

EXgest. HEX—4 = T114(€X14 —€X15) — Mo (ex20 —ex10) Cr4Ex14 + croEx10 + Zppx—4 = c15Ex15 + c20Ex20
HEX-5 n21 = M3p

My = M3

Quex-s = Ma1 (ha1 —hso) = ritgs (haz —ha3)

EXgest. HEX—5 = Tit21 (€Xa1 —eX30) — Miza (eX22 —eX23) CooFixaz + Ca0Exa0 + Zppx—s = C21EX21 + C23Exa3

HEX-6 ffys = Tiye
M3 = Mg
My9 = M3p

Quex_6 = Mus (h1s —hig) + Mzz (haz —h2a) = Mitag (hao —hao)

EXgest. HEX—6 = N5 (ex1s —exi6) + Moz (eX23 —eXxaa) — Miag(€X30 —€X29) c15Exis + a3Exos + CaoFixo + Zppx—6 = C16EX16 + C24Ex24 + c30Ex30
HEX-7 nye = Ny

Mg = Mgy

Mas = Nge

Qux-—7 = tig (16 —hu7) + Mizs (has —hag) = Mtz (hao —hag)

ExXgeost.tizx-7 = M6 (€X16 —€X17) + Mas(€X2s —€X26) — Mg (€X29 —€X2g) c16Ex16 + CosExas + CosFExos + Zppx—7 = c17EX17 + C26EX26 + C20Ex20
HEX-8 ny7 = Mg

My = Mg

Qux-s =tz (17 —hig) = Moz (has —hay)

ExXgest.riEx-8 = M7 (X17 —eX1s) — Moz (eXas —eXa7) C17EX17 + CazExoy + Zupx-s = c1sExis + c2sExas
Compressor My, = Mya

. . . P
Qcompressor: Weompressor = m1RT1 In (é)

Wcompressor = ml (hz —hl)
Wirey. compressor = M1 (€x2 —exy)
Exdesl..compressor = Wcumpressur - Wrev.,cum.pressnr c21Exa1 + Celecm'citywcompressor + Zcompressor = conExa
Turbine-1 Tiog = Mlas
_ha—his
Misen. = ha4 — hass
erbine—l = g4 (hasq —has)

(continued on next page)
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Wiey. turbine—1 = 124 (€X24 —eXa5)

EXest. turbine—1 = Wrev. urbine—1 — Whurbine—1 €24EX24 + Zuurbine—1 = C25EX25 + Celectricity Wurbine -1

EXgest. pump = Wrev. pump — Wpump €31EX31 + Cetectriciey Wpump + Zpump = €32EX32

EXdest. regenerator = T32(€X33 —eX32) — M3q(ex3q4 —eX3s) C32EX32 + €34EX34 + Zregenerator = €33EX33 4 C35EX35

Turbine-2 Mog = Moy
- _h—hy

Nisen. = [ -

Wrbine—2 = Ttz (has — ha7)

Wrevv.turbine 2 = Mg (eX26 — €Xa7)

Exgest (turbine-2 = Wrev.,mrbine—2 — Warbine—2
Pump m31 = M3z

h31 = h3

Woump = 111 (haa —ha1)

Wiey. pump = itz (exzp —exs1 )
Regenerator M3z = Mas3

M34 = M3s

Qregenerator = M32(hss —hz2) = msa(hss —hss)
Generator M3z = M34 + M3y

me = my

Qgenemtor = m34h34 + m37h37 - m33h33 = m6<h6 _h7)

EXest. generator = M34€X34 + M37€X37 — M33eX33 €33ExX33 + Zgenerator = €34EX34 + C37ExX37

Expansion Valve-2 M3s = M3
has = hse
EXF expansion valve—2 = M3shss

EXp expansion valve—2 = M3eh3e

EXest. expansion valve—2 = EXF expansion vatve—2 — EXp expansion valve—2 €35EX35 + Zexpansion vatve—2 = €36EX36

EXdest. condenser = M37(€X37 —€X38) — Meondenser(€Xo —€Xi) €37EX37 + CiEXi + Zcondenser = C38EX38 + CoEXo

EXest. expansion valve—1 = EXF expansion valve—1 — EXp expansion valve—1 €38EX38 + Zexpansion vatve-1 = €39EX39

EXest. evaporator = M39(€X40 —€X39) — M4s (€X44 —€X45) C39EX39 + C44EXa4 + Zevaporator = C40EX40 + CasExas

Condenser M3y = Mag

Qcondenser = maz(hs7 *h38) = Meondenser (Mo *hi)
Expansion Valve-1 M3g = M3g

hag = h3g

ExF,exparLsion valve—1 = M3ghsg

ExP,e)]mnsion valve—1 = M3ohsg
Evaporator M3g = M4

Mag = Nas

Qmpummr = Mgo(h4o —hzo) = Ma4(has —has)
Absorber mgy = M3e + Myg

Qubsorber = M3shse + Mohao — nitz1hgy

EXest. absorber = T136€X36 + MageXao — Mz1€Xa1 C36EX36 + Ca0EXa0 + Zabsorber = C31EX31
ABP Waet = Wyas wrbine — Wair compressor

_ Woet
Men = mmelha.neHVmelhﬂne
’]ex = Wnet
Mmethane €Xmethane

Proposed Model B Waet + Qupx-1 + Qux—2 + Quex-3 + Qregeneramr

len = mmerhaneH Vinethane

fex = Whee + Exppx—1 + Expipx—2 + Exppx—s + Exregenem[or

—

Mimethane €Xmethane

hydrogen production design, demonstrating the feasibility of utilizing
waste heat in biogas power plants for cost-effective and sustainable
multi-generation.

2. Operation principle of proposed model

Fig. 1 presents the operating principle of the proposed model for
ABP. The model integrates various energy systems into the existing plant
to utilize the exhaust gas waste energy. Biogas is produced from biomass
and purified from undesirable substances in a bio-claner. After the pu-
rification process, the methane gas obtained is sent to the combustion
chamber.

The exhaust gas leaving the gas cycle is utilized in a heat exchanger
for heating water to 80 °C in order to improve electrolysis efficiency. The
dual-turbine reverse Brayton cycle represents the liquefaction unit, and
the hydrogen produced via electrolysis is liquefied in this liquefaction
unit. The powers required for the helium compressor in the reverse
Brayton cycle and required for electrolysis are supplied by the electricity

generated in the gas cycle.

The still high-energy exhaust gas is used to heat the reactor feed
water to enhance methane yield.

Then, exhaust gas waste energy is utilized for the liquefaction of
carbon dioxide. The ammonia-water absorption chiller unit represents
the liquefaction unit of carbon dioxide. Finally, the exhaust gas heats
cold water in a heat exchanger before being released into the atmo-
sphere. Consequently, low-energy exhaust gas is released into the at-
mosphere to reduce environmental harm.

2.1. - Biogas production

Fig. 2 presents the biogas production process. The collected biomass
is into smaller pieces in the plant mixer and mixed with water. It is then
sent to the reactor for the digestion process. Biogas is produced by
chemical bacteria from the biomass, which is kept at 35-40 °C. At this
stage, the biogas is not suitable for use in the gas cycle due to its
composition. Most carbon dioxide by-products are sent to an ammonia-
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water absorption chiller unit for liquefaction. At the same time, water is corrosion and wearing, and sulfur is used to enhance fertilizer yield. The
separated from the biogas using a cyclone separator. Hydrogen sulfide is trace amount of ammonia first dissolves in water and then reacts with
also decomposed into hydrogen and sulfur by sulfide bacteria to prevent air. So, it is converted into nitrogen and released into the atmosphere.
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Fig. 10. Carbon dioxide liquefaction and hot water production units designed by Aspen plus.

After purification, the methane is sent to the combustion chamber.
2.2. - Gas cycle

Fig. 3 presents the gas cycle process. Atmospheric air is compressed
in the compressor and reacts with the methane gas in the combustion
chamber. The high-energy exhaust gas released drives the gas turbine.
The gas turbine supplies the required compressor power, while the

remaining shaft power is converted into electrical energy.

2.3. - Production and liquefaction of hydrogen

Fig. 4 presents the production and liquefaction of the hydrogen
process. The preheated water is converted into oxygen and hydrogen in
the electrolyzer. The produced hydrogen is sent to the liquefaction unit.
In the liquefaction unit, hydrogen is pre-cooled with Liquid Natural Gas
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Fig. 11. Thermodynamic performance of ABP and proposed model.

(LNG) and then chiefly cooled by helium in a cascade manner to 20 K.
The pressurized helium is expanded in two turbines, providing cooling
and power generation.

2.4. - Liquefaction of carbon dioxide and production of hot water

Fig. 5 presents the liquefaction of carbon dioxide and the production
of the hot water process. The exhaust gas waste energy is used in the
generator of the absorption chiller to separate the ammonia-water so-
lution. The fluid, which is cooled in the condenser and expanded at the
expansion valve, liquefies carbon dioxide in the evaporator. Finally, the
exhaust gas heats the cold water in the heating unit for hot water pro-
duction. It is then released into the atmosphere in a low-energy state.

3. Thermodynamic and thermoeconomic analysis

A comprehensive and realistic analysis is required to calculate the
detailed thermodynamic performance and product costs of the existing
plant and the proposed model. This section presents the equations
necessary for thermodynamic and thermoeconomic analysis at the
equipment and plant levels. The equations provided in Table 1 include
the mass flow rate, shaft power, thermal power, energy and exergy ef-
ficiencies, and exergy destructions. The results of the thermodynamic
analysis represent the foundation of the thermoeconomic analysis and
are combined with economic data to complete the thermoeconomic
analysis. The thermoeconomic analysis equations include unit flow cost,
exergy cost ratio, equipment cost ratio, and total equipment purchase
cost.’

The detailed assumptions required for the analysis are provided in
the following [104-112].

- The heat value of biogas is 30,000 kJ/kg.

- Isentropic efficiencies of the compressor and turbine are 75 %.

- There is no pressure drop in the exhaust gas line.

- Biogas composition is as follows: methane - 60 %, carbon dioxide -
33 %, water - 4.7 % and others (ammonia, nitrogen, hydrogen, ox-
ygen, hydrogen sulfide, etc.) - 2.3 %.

- The reactors are lined with a high-density polyethylene membrane.

! 1 have noticed layout issues in both the online preview and the proof PDF:
several figures, tables, and headings are misplaced. For instance, Table 1 should
be in Section 3, yet it appears before Section 2 in both files. There are additional
instances of the same problem; please correct the placements in the final typeset
version.
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- The total reactor capacity is 236,286 m°.

- Anaerobic fermentation is carried out at 35 °C for 30 days.

- The composition of atmospheric air is 21 % oxygen and 79 %
nitrogen.

- The proposed model is assumed to operate for 7884 h per year.

- Interest rate and operation and maintenance correction factor are 6
% and 1.06, respectively.

- There is no leakage in the system.

- Temperature range, degradation rate, and efficiency at partial load of
proton exchange membrane (PEM) electrolyzer are 50-80 °C, 5 pV/
h, and 75 %, respectively.

3.1. - Steps of analysis

1. Designing biogas production with Aspen Plus and determining the
amount and composition of biogas produced.

2. Analyzing the EES combustion reaction and transferring the results
to Aspen Plus.

3. Integrating energy systems into ABP using the model designed by
Aspen Plus.

4. Thermodynamic analysis using Aspen Plus and EES.

5. Thermoeconomic analysis based on current equipment costs from
the Aspen Plus database and exergy data obtained from EES.

4. Results and discussion

In the model designed by Aspen Plus, the biogas production process
based on the plant’s daily biomass input data is presented in Fig. 6. The
mass flow rates of the produced biogas, methane, and carbon dioxide are
determined as 3358.34 kg/h, 2016 kg/h, and 1118.35 kg/h,
respectively.

In Fig. 7, the gas cycle process designed by Aspen Plus is presented.
In the cycle, the compressor consumes 11,739 kW of power, while the
turbine generates 15,739 kW of power, resulting in a net power output
of 4000 kW. The high-energy exhaust gas drives the IESs after the
turbine.

Fig. 8 presents the hydrogen production and reverse Brayton cycle
hydrogen liquefaction unit designed by Aspen Plus. According to the
results of the analysis, 50.35 kg/h of hydrogen is produced from 450 kg/
h of water. The produced hydrogen is then sent to the liquefaction unit,
pre-cooled to 113 K along HEX-4 using LNG. Subsequently, its temper-
ature is gradually reduced to 52 K, 23 K, and finally 20 K. During this
process, cold helium cools both the hydrogen and the hot helium. The
plant supplies the required electrical power for hydrogen production
and the helium compressor, 2200 kW and 819 kW, respectively.

Fig. 9 shows the reactor heating unit designed by Aspen Plus. With
the integration of HEX-2, a significant part of exhaust gas is utilized to
heat the reactor. As a result, the exhaust gas temperature drops signif-
icantly. The main reason for the proposed model’s high efficiency is the
heating reactor.

Before leaving the power plant, the final stage of exhaust gas energy
integration consists of the carbon dioxide liquefaction and hot water
production units. The exhaust gas drives the generator of the ammonia-
water absorption chiller unit. After providing the necessary energy to
separate the solution, the condensed to 236 K and expanded fluid cooled
the carbon dioxide to 241 K, causing it to transition to the liquid phase
under high pressure. Finally, the exhaust gas heats the cold water to 325
K through HEX-3 and is released into the atmosphere at 386 K. Fig. 10
presents the carbon dioxide liquefaction and hot water production units
designed by Aspen Plus.

The IESs in the proposed model enhance the efficiency of ABP.
Fig. 11 presents the IESs’ contributions to ABP’s thermodynamic per-
formance. The plant’s efficiency has reached remarkably high levels
with the proposed model. The energy efficiency-exergy efficiency-useful
energy of ABP and the proposed model are calculated as 14.29 %-12.52
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Fig. 12. Exergy destruction rates in proposed model.

%-4000 kW and 75.05 %-93.45 %-21,013 kW, respectively.

According to the thermodynamic analysis results, the total exergy
destruction rate of the proposed model is calculated as 26,527 kW. As
shown in the exergy destruction rates presented in Fig. 12, the highest
exergy destructions occur in the combustion chamber at 53 % and in
HEX-2 at 31 %. These values highlight the importance of optimization to
minimize exergy losses.

Fig. 13 presents the distribution of fuel exergy in the overall power
plant. The large amount of exergy lost with the exhaust gas in the ABP is
recovered through the IESs. With the IESs, the highest recovered flow
exergy belongs to HEX-2, corresponding to 74.18 % of the total fuel
exergy. The flows shown in black represent exergy outputs from the
system, while the flows shown in green indicate exergy inputs to the
system. Independent of exergy destructions, reducing exergy outputs

from the system is a crucial consideration in the design to enhance the
system’s exergy efficiency.

Table 2 presents the proposed model’s unit flow costs, flow exergies,
and flow exergy cost rates. According to the laws of thermoeconomics,
the cost of a unit flow affects the costs of other connected flows.
Therefore, the plant’s electricity cost is critical in determining the
product costs in processes such as hydrogen production, hydrogen
liquefaction, and carbon dioxide liquefaction, where electricity is used.
By reducing exergy losses, the cost of electricity and, consequently, the
cost of products generated using electricity can be minimized.

The equipment purchase costs (EPC), equipment installation costs
(EIC), and equipment cost rates (ECR) in the proposed model are pre-
sented in Table 3.

In order to evaluate the accuracy of the study, the thermodynamic

Distribution of Fuel Exergy

Exhaust gas exergy: 1492.17 kW
(4.67%)

Net output HEX1 exergy: 43.77 kW
(0.13%)

n
u

Net output HEX?2 exergy: 23701 kW,
(74.18%)

Fuel exergy 31948 kW
(100%)

Net input air compressor exergy: 10280 kW
(32.17%)

Net Output Generator exergy: 438.4 kW
(1.37%)

.

Net output turbine exergy: 17864 kW
(55.91%)

Net output HEX3 exergy: 1673 kW
(5.23%)

Fig. 13. Distribution of fuel exergy.
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Table 2
Unit flow costs, flow exergies, and flow exergy cost rates of the proposed model.

State  Unit Flow Cost ($/GJ)  Flow Exergy (kW)  Flow Exergy cost rate ($/h)
1 0 0 0

2 24.35 10280 901.14
3 15.18 28077 1534.35
4 15.18 10213 558.12
5 15.18 10195 557.13
6 0 1882 0

7 0 1736 0

8 0 1358 0

9 0 0.000125 0

10 128.2 2.195 1.01
11 128.2 2.195 1.01
12 25500 1.48 135.86
13 22 169.4 13.41
14 22 5.944 0.47
15 44.95 24.18 3.91
16 44.95 48.98 7.92
17 44.95 80.67 13.05
18 44.95 173.3 28.04
19 23.6 39.37 3.34
20 23.6 0.000145 1.23E-05
21 1.23 257.3 1.14
22 5.272 712 13.51
23 5.272 990.3 18.79
24 41.16 1424 211

25 42.6 1376 211.02
26 42.6 1868 286.47
27 44.95 1771 286.58
28 45.52 1658 271.7
29 50.44 1077 195.56
30 1.639 560.8 3.31
31 5.875 10.34 0.21
32 1.058 8.396 0.03
33 1.058 10.73 0.04
34 1.186 142 0.6

35 1.186 94.5 0.83
36 1.478 196.7 1.04
37 0.051 277.7 0.05
38 0.07591 255.6 0.07
39 0.319 248.7 0.28
40 1.838 212.3 1.4

41 0 0.3992 0

42 121 28.45 12.39
43 143.7 24.19 12.51
44 99.12 55.91 19.95
45 86.47 70.04 21.8
46 0.6551 1.085 0.002
47 0.6551 60.1 0.14
Product Value

Electricity 65.7 $/MWh

Hydrogen Production 2.64 $/kg

Hydrogen Liquefaction 2.754 $/kg

Liquid Hydrogen 5.394 $/kg

Carbon dioxide Liquefaction 0.36 $/kg

Hot Water 2.358 $/MWh

and thermoeconomic performance results of the system were validated
by comparing them with similar studies in the literature. In this context,
as presented in Table 4, the results obtained in the present study were
compared with reference data by considering key performance param-
eters, and the consistency between them was analyzed. The comparisons
carried out support that the model is valid, reliable, and highly efficient,
indicating that the proposed system remains within acceptable limits in
terms of design and analysis.

5. Conclusions

This study presents a high-efficiency multi-generation model for
ABP, integrating various energy systems for heating, carbon dioxide
liquefaction, hydrogen production and liquefaction, and hot water
production. The thermodynamic and thermoeconomic analyses indicate
a significant improvement in the plant’s performance, with energy and
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Table 3
Equipment purchase, installation, and equipment cost rates for the proposed
model.

Equipment EPC ($) EIC ($) ECR ($/h)
Air_Compressor 12,260,000 12,971,200 132.3
CcC 51,500 58,900 0.55
Gas Turbine 5,139,000 5,434,200 55.44
HEX-1 20,000 24,200 0.56
HEX-2 710,000 1,109,600 55.46
HEX-3 12,900 84,100 0.22
HEX-4 9100 67,000 7.66
HEX-5 77,400 196,100 0.14
HEX-6 344,500 1,165,000 0.10
HEX-7 395,300 1,339,200 0.84
HEX-8 10,600 155,200 3.72
Electrolyser 340,000 372,100 4.27
He_Compressor 1,733,500 1,893,200 0.11
He_Turbine_1 91,000 193,200 3.67
He_Turbine_2 90,700 221,100 18.71
Reactor 162,700 325,300 0.98
Purifier 16,500 128,000 0.98
Generator 47,700 49,900 1.76
Condenser 11,200 72,300 0.18
Expansion Valve-1 20,000 22,000 0.51
Evaporator 15,100 88,800 0.12
Absorber 468,600 684,200 0.22
Pump 17,300 45,100 0.16
Regenerator 27,500 78,400 5.06
Expansion Valve-2 20,000 22,000 0.19
Pretreatment 34,776 49,680 0.28
Total 22,126,876 26,849,980 238.68
Table 4

The validation of the proposed model.

Thermodynamic Findings Thermoeconomic Finding

[45] 68.4 % - energy efficiency 69.7 $/GJ - product cost
25.8 % - exergy efficiency

[113] 18.9 % — energy efficiency 325 $/GJ - product cost
16.9 % - exergy efficiency

[114] 76 % — energy ratio 50 $/GJ - product cost
21.56 % — exergy efficiency

[115] 33.33 % - exergy efficiency 57.7 $/GJ - hydrogen cost

Proposed model 75.05 % — energy efficiency

93.45 % - exergy efficiency

22 $/GJ - hydrogen cost

exergy efficiencies increasing from 14.29 % to 12.52 %-75.05 % and
93.45 %, respectively. The proposed model effectively utilizes waste
energy, reducing exergy losses and enhancing economic feasibility.

One of the focal points of the study is the coordinated use of EES and
Aspen Plus software. EES is a coding program with a comprehensive
thermodynamic database that includes numerous substances’ thermo-
physical and thermochemical properties, allowing for the design of
various thermodynamic processes. Similarly, Aspen Plus has a vast
database and enables the simulation of many processes. It selects the
most suitable equipment for the designed model and can retrieve all
relevant economic data from the internet in real time. Since the pro-
posed model involves biogas production, combustion, cooling, and
heating processes, analyzing and simulating it within a single program is
not feasible. The coordinated use of EES and Aspen Plus has realistically
solved this problem.

Eventually, the proposed model enables cost-effective production by
efficiently utilizing all beneficial and harmful byproducts produced
during biogas production. No external energy input is needed since the
proposed model generates all the energy required for this process. Be-
sides, efficiently utilizing exhaust gas waste energy minimizes the
thermal impact on the environment.

Although the study presents a biogas power plant model that pro-
duces economical and high-efficiency liquid hydrogen from biomass
with high performance and in an environmentally friendly manner, it
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has several limitations.

This model is designed based on the operating conditions and
resource availability of the ABP operating in Afyon, which is located
in a rural area of Turkey. Therefore, the model’s applicability will be
limited in regions with insufficient biomass resources or no existing
biogas infrastructure.

Although theoretically scalable, the system depends on site condi-
tions such as regional feedstock potential, local energy demand, and
legislation. In addition, initial investment costs of system compo-
nents such as multiple production technologies, hydrogen liquefac-
tion, and CO, capture may create economic difficulties in small-scale
applications.

Especially considering the equipment maintenance and the periodic
acid rate of biogas, the decomposers of the plant cannot be employed
with 100 % performance.

Increasing the reactor temperature positively affects methane yield
and produces more methane from the same amount of biomass.
However, the use of all the produced methane in the combustion
chamber is limited by the thermal resistance of the equipment and
the risk of NOx formation.

In order to increase the electrolysis efficiency, the water is heated
before electrolysis, and the maximum temperature is 80°. This lim-
itation has critical importance in terms of preventing the water from
tending to evaporate before electrolysis.

Nomenclature

Abbreviations

ABP Afyon Biogas Power Plant
CcC Combustion chamber

EES Engineering equation solver
ECR Equipment cost rate ($/h)
EIC Equipment installation cost ($)
EPC Equipment purchase cost ($)
HEX Heat exchanger

HV Heat value

IES Integrated energy system

LNG Liquid Natural Gas

NG Natural Gas

PEM Proton exchange membrane
Symbols

n Efficiency (%)

c Unit flow cost ($/MWh)
ex Specific exergy (kJ/kg)
Ex Exergy (kW)

h Specific enthalpy (kJ/kg)
In Natural Logarithm

m Mass flow rate (kg/hr)
P Pressure (kPa)

Q Thermal power (kW)

R Gas constant (kJ/kgK)
T Temperature (K)

w Shaft Power (kW)

Zx Total cost rate ($/h)
Subscripts

dest Destroyed

en Energy

ex Exergy

f Fuel

Input

e Advanced Optimization

International Journal of Hydrogen Energy 174 (2025) 151333

For future studies, several aspects can be explored to optimize the

system further.

Techniques: Integrating artificial
intelligence-based optimization algorithms could enhance system
performance and cost-effectiveness.

e Experimental Validation: Conducting experimental studies to vali-

date the simulation results and assess real-world operational
feasibility.

e Alternative Working Fluids: Investigating different working fluids for

the absorption and ORC systems to improve thermal efficiency.

e Energy Storage Solutions: Integrating thermal or chemical energy

storage systems to balance supply and demand fluctuations.

e These aspects will contribute to the continuous improvement of in-

tegrated energy systems, making biogas power plants more efficient,
cost-effective, and environmentally sustainable.

e A comprehensive life cycle assessment analysis can be done to

evaluate the environmental sustainability of the proposed system.
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isen Isentropic
o Output

P Product
rev Reversible

Appendix A. Supplementary data

International Journal of Hydrogen Energy 174 (2025) 151333

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijhydene.2025.151333.
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