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 The composition of the biogas produced in Afyon biogas power plant is approximately as follows: 

55% CH4 (methane) - 40% CO2 (carbon dioxide)- 4.5% H2O (water) and trace amounts of other 

components. The methane produced is used in gas engines to generate electricity. Carbon dioxide, 

however, increases greenhouse gas emissions when released into the atmosphere. The model 

designed in this study includes the liquefaction and storage of CO2 and the technoeconomic 

analysis of this process. The analysis was performed in the Aspen Plus software, which is widely 

used in the analysis of complex processes involving numerious chemical reactions. According to 

the results of the thermodynamic analysis, the energy efficiency, exergy efficiency, net electrical 

power and liquid CO2 production rate of the plant were determined as 14.92%, 13.08%, 4,000 kW 

and 99 kg/h, respectively. According to the results of the technoeconomic analysis, unit electricity 

cost, liquid CO2 flow cost and TCC (total capital cost) are 77.5 $/MWh, 993.68 $/h and 47,548,200 

$ respectively. The designed model has the potential to prevent the release of CO2 into the 

atmosphere at reasonable prices. 
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1. Introduction 

With the depletion of fossil fuels and the acceleration of 

climate change, the need for and opportunities in 

renewable energy are increasing. Biomass-based energy is 

becoming an important way to generate sustainable power, 

reduce greenhouse gas emissions, improve energy 

security, contribute to development, increase the use of 

green energy and alleviate dependence on limited 

resources [1-3]. Anaerobic digestion technology, a widely 

used method for utilizing biomass energy, is recognized as 

highly effective and promising. The anaerobic digestion 

process, which involves a series of biochemical reactions, 

results in biogas production [1, 4, 5]. 

Biogas from anaerobic digestion of organic waste is a 

renewable energy source with great potential to reduce 

global dependence on fossil fuels. As an environmentally 

friendly and sustainable energy source, biogas can be used 

for heat and electricity generation. Moreover, the digestion 

product can be used to produce fertilizers [6, 7]. 

On the other hand, societies today face severe weather 

events, rising sea levels and natural disasters. An important 

cause of these problems is carbon emissions that cause 

greenhouse gases and these emissions need to be reduced 

[8]. One of the important components of biogas in the 

biogas production process is carbon dioxide, which 

constitutes about 40% of the gas. Releasing carbon dioxide 

into the atmosphere, whether directly from gas engines or 

after separation from methane, significantly contributes to 

greenhouse gas emissions. However, liquefaction and 

storage of carbon dioxide after separation from methane 

can solve this problem. Such biogas separation is also 

necessary for the utilization of carbon dioxide, a valuable 

molecule in the food and beverage industries, chemical 

synthesis and greenhouses and other industrial activities 

[6]. 

Many studies on electricity generation from biogas and 

carbon dioxide liquefaction have been conducted in the 

literature and some of them are summarized below. 

Rostamzadeh et al. (2018) proposed a hybrid model 

powered by biogas and geothermal energy source and 

analyzed the model thermodynamically. According to the 

results of the analysis, the model has 62.28% thermal 

efficiency and 74.9% exergy efficiency and generates 

443.4 kW of electricity [9]. 

Sun et al. (2024) proposed a multigeneration system for 

heating, cooling, clean water and power generation and 
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analyzed the system from thermodynamic and 

thermoeconomic perspectives. According to the 

thermodynamic analysis results, the multigeneration 

system has 58.06% energy efficiency, 36% exergy 

efficiency and 9,775.5 kW electrical power generation 

capacity. According to the results of the thermoeconomic 

analysis, the multigeneration system has 59,536 k$ total 

equipment cost and 29 $/MWh levelized cost of products 

[10]. 

Zhao et al. (2024) developed a hybrid model that 

efficiently utilizes exhaust gas (after turbine) from biogas 

combustion and flue gas from silicon production and 

analyzed the model from thermodynamic and economic 

perspectives. According to the results of the 

thermodynamic analysis, the model has an energy 

efficiency of 43.61%, an exergy efficiency of 51.07% and 

an annual power generation capacity of 293 GWh. 

According to the economic analysis results, the initial 

investment requirement, dynamic payback period and net 

present value are 50,132.47 k$, 4.09 and 136,864.14 k$, 

respectively [11]. 

Cao et al. (2022) modeled a cogeneration system 

generating electrical and cooling power and analyzed the 

system from a thermodynamic point of view by 

optimizing. The analysis revealed that the system has an 

electricity generation capacity of 1,140 kW, an energy 

efficiency of 57.11%, and an exergy efficiency of 36.68% 

[12]. 

Gholizadeh et al. (2019) modeled a biogas-fired gas 

turbine assisted by an ORC (Organic Rankine Cycle) and 

a modified-ORC, and analyzed the model from 

thermodynamic and thermoeconomic aspects. According 

to the results of the analysis, the energy efficiency, exergy 

efficiency, power generated and average product cost of 

the gas turbine assisted by modified-ORC are calculated as 

41.83%, 38.91%, 1,368 kW and $17.2/GJ, respectively 

[13]. 

Ghorbani et al. (2021) developed an integrated system 

for liquid bio-CO2 production by cryogenic separation, 

CO2 capture and liquefaction and evaluated the system 

from thermodynamic and thermoeconomic perspectives. 

According to the evaluation results, 0.2102 kg/h liquid bio-

CO2 production, 73.11% thermal efficiency and 72.58% 

exergy efficiency were obtained [14]. 

Jung et al. (2021) conducted a technoeconomic analysis 

of four different CCL (carbon dioxide compression and 

liquefaction) processes with high purity and recovery 

using a distillation column. As a result of the analysis, the 

cost of CO2 liquefaction with 99.9% purity and 93% 

recovery at 80 bar pressure was 22 $/CO2 [15]. 

Yousef et al. (2017) proposed a model to separate 

carbon dioxide from methane at low temperatures for 

biogas upgrading with HYSYS software. The model 

liquefies CO2 at 110 bar pressure and 99.9% purity, 

increasing the methane purity from 60% to 97.1% by mol. 

[16]. 

Øi et al. (2016) developed different models for 

liquefaction of 1 million tons of CO2 per year with HYSYS 

software. The models are focused on two points as external 

refrigeration and integrated refrigeration. According to the 

analysis results, the model with the optimum cost is the 

one based on external refrigeration and has an 23 M€ 

investment and an operating cost of 4 M€/ton [17]. 

Liu et al. (2024) designed four different models on CO2 

liquefaction and storage and analyzed the models from 

thermodynamic and economic perspectives. According to 

the thermodynamic analysis results, the best model has 

71.54% round-trip efficiency and 40.61 kWh/m3 energy 

density, and 37.86 kg/s CO2 is liquefied. According to the 

thermoeconomic analysis results, levelized cost of 

electricity and net present value are 110.9 $/MWh and 3.03 

M$, respectively [18]. 

Khosravi et al. (2023) modeled a cogeneration system 

that produces electrical power, CO2 liquefaction, solid 

waste gasification and steam production and analyzed the 

system from thermodynamic and thermoeconomic 

perspectives. According to the thermodynamic analysis 

results, the system has 11.9% electrical energy efficiency, 

19.48 MW electrical power capacity and 1.9 CO2 

liquefaction-COP (coefficient of performance). According 

to the thermoeconomic analysis results, the electricity cost 

was determined as 60.1 $/MWh [19]. 

In this study, biogas produced in Afyon biogas power 

plant is purified from carbon dioxide and other undesired 

components before being sent to gas engines. While 

electricity is generated from pure methane in the engines, 

carbon dioxide is sent to the cooling unit for liquefaction. 

In this way, 95% of the biogas is utilized, and carbon 

dioxide emissions to the atmosphere are prevented. In 

addition, electricity and liquid carbon dioxide can be used 

to meet many needs. The model proposed in this study 

represents the process from biomass digestion to 

electricity and liquid carbon dioxide production. It is 

designed using Aspen Plus software and analyzed from 

thermodynamic and technoeconomic point of view. The 

originality of this study lies in the technoeconomic 

analysis of the process from the release to the liquefaction 

of by-product carbon dioxide, conducted using Aspen Plus 

software. Aspen Plus is a complex software that 

realistically simulates physical and chemical processes 

while incorporating up-to-date economic data. A realistic 

analysis of such a process using Aspen Plus has not been 

encountered in the literature. Figure 1 illustrates the Afyon 

biogas power plant. 
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Figure 1. Afyon Biogas Power Plant [20]. 

 

 
Figure 2. The operation flow of designed model. 

 

In Fig. 2, the operation flow of the designed model is 

shown. Biogas is produced in the reactor and methane, 

carbon dioxide and other components are separated from 

each other. Methane is then sent to the combustion 

chamber. The exhaust gas, exiting the turbine, is sent to the 

reactor to increase reactor’s temperature and is then 

released into the atmosphere. Meanwhile, carbon dioxide 

is liquefied using the Linde-Hampson process. 

 

 

2. Analysis and Aspen Plus 

This section presents the methodology of the study, 

including the main equations and the software used for the 

analysis. 

 

2.1 Analysis 

The analysis consists of two steps: thermodynamic and 

technoeconomic analysis. The first step is thermodynamic 

analysis and the designed model is analyzed in terms of 

energy and exergy at both equipment and plant levels. In this 



 

 
way, the thermodynamic performance and flow data of the 

plant and equipment can be measured. The exergy data 

obtained from the thermodynamic analysis, along with the 

economic data, form the basis of the technoeconomic 

analysis. The logic of the technoeconomic analysis is to 

assign costs to each flow in the process using various up-to-

date data such as equipment purchase costs, interest rate, 

capital recovery factor, operation and maintenance factor. In 

this way, product costs and total capital cost can be 

calculated. The main equations used in the analysis are as 

follows: 

The net power of the power plant is the difference between 

the power produced in the turbine and the power consumed 

by the compressor. 

 

𝑊̇𝑛𝑒𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝑊̇𝑇𝑢𝑟𝑏𝑖𝑛𝑒 − 𝑊̇𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟            (1) 

 

The energy efficiency is the ratio of the net power 

produced by the plant to the fuel power entering the plant. 

 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 =
𝑊̇𝑛𝑒𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝑚̇𝑚𝑒𝑡ℎ𝑎𝑛𝑒.𝐻𝑉𝑚𝑒𝑡ℎ𝑎𝑛𝑒
                          (2) 

 

The exergy efficiency is the ratio of the net power 

produced by the plant to the fuel exergy entering the plant. 

 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 =
𝑊̇𝑛𝑒𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝑚̇𝑚𝑒𝑡ℎ𝑎𝑛𝑒.𝑒𝑥𝑚𝑒𝑡ℎ𝑎𝑛𝑒
𝑐ℎ                            (3) 

 

The exergy cost rate is calculated by multiplying the unit 

flow cost rate by the flow exergy. k represents flow number. 

 

𝐶̇𝑘 = 𝑐𝑘 . 𝐸̇𝑘                                         (4) 

 

The cost balance for an equipment with power and heat 

inputs and outputs is expressed as follows. 𝑍𝑘̇ and subscripts 

q, w, i and o represent total cost rate, heat, power, input and 

output, respectively. 

 

∑ 𝐶̇𝑖,𝑘𝑖 + 𝐶𝑞̇ + 𝑍𝑘̇ = ∑ 𝐶̇𝑜,𝑘𝑜 + 𝐶𝑊̇               (5) 

 

2.2 Aspen Plus 

Aspen Plus is a software that is very well known for 

chemical processes and presents the most realistic results in 

a simple way. Designers can design complex models with 

Aspen Plus and simulate by solving them with mathematical 

methods. They can also make designed models better. It can 

instantly display thermodynamic data (pressure, temperature, 

mass flow rate, vapor fraction, heat/work etc.) for each flow 

and show areas open to development. It evaluates chemical 

and physical events in processes with thermodynamic laws 

and equations. If there is a thermodynamically impossible 

situation in the designed model, the error is explained to the 

designer by Aspen Plus. In addition, all equations required 

for economic and technoeconomic analysis are available in 

the Aspen Plus database. Aspen Plus automatically selects 

the equipment that is most suitable for thermodynamic 

conditions in a designed model by sizing and includes that 

equipment in the economic analysis. Therefore, there is no 

need for manual sizing and costing. For example, when the 

air flow rate entering a compressor in the current design is 

changed, Aspen Plus assigns a new compressor suitable for 

the current conditions instead of the current compressor and 

the economic data changes. When the economic analysis tab 

is activated, data such as total capital cost, equipment 

purchase cost, installed cost, unit flow cost are displayed [21].  

Since this study involves biogas production from biomass, 

combustion of methane and liquefaction of carbon dioxide, 

thermodynamic analysis and technoeconomic analysis, 

Aspen Plus is an indispensable software for the study. 

 

3. Numerical Results 

Figure 3 shows the model designed in Aspen Plus. The 

process starts with anaerobic digestion of biomass in the 

reactor and as a result of gasification, 3523 kg/h of biogas is 

released at 308 K temperature and 101 kPa pressure. 

Methane, carbon dioxide and other unwanted components 

are separated in the biocleaner unit. Methane is sent to the 

combustion chamber and reacts with compressed air 

supplied by compressor. The exhaust gas generated from 

combustion drives the turbine. The 10,800 kW power 

required by the compressor is met by the 14,800 kW power 

produced by the turbine. Thus, the net electrical power is 

4,000 kW. The exhaust gas exiting the turbine heats the 

reactor before being released into the atmosphere to increase 

the reactor temperature. On the other hand, the separated 

carbon dioxide is liquefied and stored instead of being 

released into the atmosphere. With the Linde Hampson 

process, carbon dioxide is compressed and cooled in two 

stages in the compressor. Finally, liquid carbon dioxide is 

separated from gaseous carbon dioxide by throttling in the 

throttle valve. The gaseous form of carbon dioxide is 

recirculated to the second compressor. In this way, 99 kg/h 

of liquid carbon dioxide at 253 K and 1970 kPa is obtained. 
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Figure 3. The designed model in Aspen Plus. 

 

Table 1. The thermodynamic analysis results of the 

designed model. 

 Value 

Produced methane 1932 kg/h 

ηenergy 14.92% 

ηexergy 13.08% 

Net electrical power 4,000 kW 

Produced liquid CO2 99 kg/h 

 

The technoeconomic analysis results of the model are 

given in Table 2. 

 

Table 2. The technoeconomic analysis results of the 

designed model. 

 Value 

The unit cost of electricity 77.5 $/MWh 

The cost of liquid CO2 10.1 $/kg 

The flow cost of liquid CO2 993.68 $/h 

Total installed cost 37,156,100 $ 

TCC 47,548,200 $ 

 

The thermodynamic analysis results of the model are 

given in Table 1. 

 

4. Conclusions 

In this study, a model representing the process of 

electricity production and liquefaction of by-product carbon 

dioxide in Afyon biogas power plant was developed. Carbon 

dioxide released to the atmosphere in the existing plant is 

liquefied and stored with the designed model. This has a 

positive impact on reducing greenhouse gas emissions. The 

liquid carbon dioxide obtained can be used for various 

purposes such as food and beverage production, chemical 

production, welding and metal fabrication, fire extinguishers, 

medical applications, and environmental applications. In this 

way, approximately 95% of the biogas produced from 

biomass in the plant is utilized effectively. The key 

numerical results of the study are as follows: 

- The plant produces 4,000 kW net electrical power and 

99 kg/h liquid CO2. 

- The energy and exergy efficiency of the plant are 14.92% 

and 13.08%, respectively. 

- The unit cost of the produced electricity and the flow cost 

of carbon dioxide are 77.5 $/MWh and 993.68 $/h, 

respectively. 

- TCC is 47,548,200 $. 

The proposals of the study are as follows: 

- Thermodynamic optimization of the plant will increase 

energy and exergy efficiency and therefore reduce electricity 

cost. 

- The equipment involved in the liquefaction process of 

carbon dioxide operates with the electricity produced by the 

plant. Therefore, reducing the cost of electricity produced in 

the plant will reduce the flow cost of liquid carbon dioxide. 

- The type and amount of raw material used in biogas 

production and the reactor temperature determine the 

composition of the biogas. These key parameters should be 

investigated to improve methane production efficiency. 

- Other components released during the production of 

biogas can be utilized beneficially, and technoeconomic 

analysis should be conducted on this matter. 

- To improve the process from a technoeconomic 

perspective, studies can be carried out on the liquefaction of 

CO2 using different thermodynamic cycles. 

- The effects of the analysis on emission values can be 

investigated. 

- A more comprehensive technoeconomic analysis can be 

conducted to see the effects of different operating conditions 

and costs. 
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Nomenclature 

CCL Carbon dioxide compression and liquefaction 

CH4 Methane 

CO2 Carbon dioxide  

COP Coefficient of performance 

H2O Water 

ORC Organic Rankine Cycle 

TCC Total capital cost ($) 

HV Heating Value (kJ/kg) 

𝐸̇ Exergy (kW) 

c Unit flow cost rate ($/kWh) 

𝐶̇ Exergy cost rate ($/h) 

𝑒𝑥𝑐ℎ Chemical exergy (kJ/kg) 

η Efficiency 

𝑚̇ Mass flow rate (kg/s) 

𝑊̇ Power (kW) 

𝑍𝑘̇ Total cost rate ($/h) 
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