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ABSTRACT 
The development of energy technologies with low CO2 emissions is increasingly important for 
achieving the United Nations Sustainable Development Goals. In this context, power plants based 
on the Allam-Fetvedt Cycle appear promising because this cycle (introduced in 2012) features 
inherent CO2 capture. In this context, its association with biogas as fuel enables its application as 
a Bioenergy with Carbon Capture and Storage (BECCS) system. This study evaluates the technical, 
energetic, and economic feasibility of an Allam-Fetvedt Cycle power plant fueled by biogas. The 
methodology is based on detailed process simulations performed using Aspen Plus® v14. Two 
biogas production scenarios were assessed: Case 1 and Case 2, corresponding to the processing 
of 8 and 24 million tons of sugarcane per year, respectively. The economic analysis indicated a 
high capital investment, primarily in the Air Separation Unit (ASU) and the Balance of Plant (BOP). 
Nevertheless, a significant reduction in the Levelized Cost of Energy (LCOE) was observed, de-
creasing from 1443 R$/MWh (€0.227/kWh) in Case 1 to 848 R$/MWh (€0.134/kWh) in Case 2. 
Overall, the results suggest that integrating biogas into the Allam-Fetvedt Cycle represents a 
promising technological pathway for power generation with negative carbon emissions. Further 
research and optimization are required to improve economic viability and strengthen the role of 
this technology as a strategic option for decarbonizing the energy sector. 
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INTRODUCTION 
Electricity generation is a fundamental basis for the 

economic and social development of modern society. 
Conventional Thermal Power Plants (TPP), primarily 
fueled by coal, account for a significant share of the 
global energy mix and operate predominantly according 
to the Rankine cycle. In contrast, natural gas-fired ther-
mal power plants, particularly combined-cycle gas tur-
bines (CCGT), have demonstrated substantial improve-
ments in energy efficiency and environmental perfor-
mance when compared to coal-fired power plants. Natu-
ral gas power plants are relatively more efficient and emit 
approximately 450 gCO2e kWh-1, about half the green-
house gas (GHG) emissions of coal-fired power plants [1]. 

Despite this considerable reduction, the challenge 
of further decreasing power plant GHG emissions re-
mains. In this sense, the next frontier for reducing CO2 
emissions in TPP is its integration with Carbon Capture 

and Storage (CCS) [2]. Capturing CO2 from flue gases is 
challenging because of the abundance of N2 that comes 
from the combustion air. Alternatively, oxy-combustion 
technology in power plants relies on combustion in an ox-
ygen-rich environment, producing a flue gas composed 
of CO2 and H2O, thereby avoiding dilution with N2. Due to 
the relatively high CO2 purity after water is condensed, 
this CCS technology produces a stream ready for long-
term CO2 sequestration in underground formations, such 
as saline aquifers and depleted oil and gas reservoirs. 

One of the technologies considered for oxy-com-
bustion is the Allam-Fetvedt cycle. This cycle is based on 
a recuperated Brayton cycle operating at high pressure 
and uses supercritical CO2 (sCO2) as the working fluid un-
der an oxy-combustion regime [2]. Its key distinguishing 
feature is the recirculation of sCO2 to the combustion 
chamber. This recycled sCO2 plays a dual role: it reduces 
the combustion flame temperature to a manageable level 
and dilutes the combustion products [2]. Furthermore, 
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sCO2 is non-flammable and non-toxic, low cost, has a 
density approximately twice that of water vapor, and high 
volumetric heat capacity [2]. These properties allow a 
greater amount of energy to be transported per unit vol-
ume than water vapor. This allows the use of smaller 
equipment for the same function, reducing the overall in-
stallation footprint and cost while improving cycle effi-
ciency [2]. Modeling studies using natural gas as fuel 
have indicated that the cycle can achieve efficiencies of 
up to 60% (LHV – lower heating value – basis), even when 
accounting for the energy consumption of the Air Sepa-
ration Unit (ASU) [3]. 

Biogas, a mixture of about 60% CH4 and 40% CO2 
produced via anaerobic fermentation of organic residue, 
emerges as a more sustainable alternative to natural gas. 
The Brazilian sugarcane industry generates large 
amounts of vinasse (stillage) as a byproduct of ethanol 
production from sugarcane. Vinasse has a high organic 
load and nutrient content, making it a favorable feed-
stock for biogas production [4]. Given the amount of vi-
nasse currently produced by existing sugarcane mills in 
Brazil, the sugarcane sector alone has the potential to 
produce 15 billion Nm³ of biomethane per year, enough 
to cover about two-thirds of the domestic natural gas de-
mand [5]. This biogas could be used to increase the pres-
ence of the sugarcane sector in the electricity market, 
which is already significant since sugarcane mills sell sur-
plus electricity produced from bagasse to the national 
grid. Moreover, biogas utilization in oxy-combustion sys-
tems with integral CO2 capture is fully aligned with the 
Bioenergy with Carbon Capture and Storage (BECCS) 
concept. This integration offers a promising pathway to 
achieve negative emissions in electricity generation by 
combining sustainable bioenergy sources with CCS tech-
nology. 

This work investigates the potential of the Allam-
Fetvedt cycle using biogas in sugarcane biorefineries to 
produce renewable electricity. This combination allows 
biogas to be used without separating CH4 and CO2, 
thereby reducing the cost of biogas upgrading to bio-
methane. Moreover, it creates the opportunity to store 
both the CO2 available in biogas and the CO2 produced 
during the combustion of biomethane. To evaluate the 
potential of this technology, an integrated process was 
simulated to use the biogas produced as a co-product of 
ethanol production in sugarcane mills. Based on this sim-
ulation, a techno-economic analysis was conducted that 
considered both the levelized cost of electricity (LCOE) 
and the Carbon Abatement Cost (CAC). 

METHODOLOGY 

Allam–Fetvedt Cycle Model for Biogas 
The evaluation of energy efficiency and the CO2 

capture in the Allam-Fetvedt cycle fueled by biogas 

followed a structured methodology, ranging from feed-
stock characterization to the integrated cycle perfor-
mance analysis. The biogas yield and composition de-
rived from vinasse were investigated. This analysis ena-
bled defining the fuel flow rate required to supply a power 
plant operating at a thermal power load of around 200 
MWth. This value was established based on metrics from 
sugarcane processing plants in the State of São Paulo 
and served as a key assumption for subsequent steps of 
the study. 

Two scenarios were considered for simulation. Sce-
nario 1 (S1) represents a mill with a sugarcane processing 
capacity of 8 million tons per year, producing biogas for 
the TPP that uses the Allam-Fetvedt cycle. Scenario 2 
(S2) is a hypothetical scenario that integrates three sug-
arcane mills supplying a single TPP, totaling 24 million 
tons of processed sugarcane per year. Table 1 presents 
the production parameters for both scenarios, and Table 
2 summarizes biogas properties considered in this work 

Table 1: Biogas Production Parameters (1G). 

Parameters  Unit S S 
Harvest and operation 

Harvest tcane y-   x 
   x  

Opera-
tion d y-   

Mass 
flow rate 
[] 

tcane h-     

Conventional ethanol process yields 
Bagasse kg tcane-   
Ethanol L tcane-   
Vinasse L tcane-     
Biogas Nm³ tcane-   

Biogas flow rate 
Volume Nm³ h-    
Mass t h-   

Thermal Power 
Available MWth   

Table 2: Biogas properties. 

Properties Unit Value 
Biogas Composition [] 

CH % mol   
CO % mol   
HS ppm   

Density Kg Nm-  
LHV MJ kg-  
Desulfurization 
efficiency %  

 
Process modeling followed an iterative approach. 
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The simulations were carried out using Aspen Plus V14, 
and model validation was performed by comparing them 
with simulations using natural gas as fuel. The simulation 
was developed based on the patents reported in [9] and 
[10], as well as on previous studies [3, 4, 10]. After the 
validation step, the model parameters were adjusted to 
represent biogas as fuel. Given the supercritical operat-
ing condition and the mixture composition, the Peng-
Robinson Equation of State (EoS) was employed. Previ-
ous studies indicate that this EoS provides slightly better 
performance compared to others, particularly for the cal-
culation of volumetric properties of oxygen-rich mixtures 
[7]. The CO2 Purification Unit (CPU) was also modeled us-
ing the Peng-Robinson EoS [8]. The main assumptions 
used in the simulation of the Allam-Fetvedt cycle and its 
auxiliary units are summarized in Table 3, while the per-
formance indicators are presented in Table 4. 

Table 3: Summary of the process assumptions 

Assumptions Unit Value 
Maximum Allowable Turbine 
Outlet Temperature 

ºC  

Turbine Inlet Pressure bar  
Turbine Outlet Pressure bar  
O₂ Molar Fraction in the Oxidant %  
O₂ Excess in Combustion %  
Combustion Chamber Inlet 
Pressure bar  

Pressure Drop in the Combus-
tion Chamber %  

Table 4: Performance Assumptions 

Assumptions Unit Value 
Gas Turbine Isentropic Efficiency %  
Compressors Isentropic Effi-
ciency %  

Pumps Hydraulic Efficiency %  
Mechanical Efficiency of All Tur-
bomachinery %  

 It is important to note that, in this work, specific op-
erating conditions were defined for two key auxiliary fa-
cilities. The CO2 Purification Unit (CPU) adopted in the 
model corresponds to systems previously studied and 
patented in references [11] and [12]. This configuration 
was selected due to its high CO2 recovery rate, which can 
reach approximately 99%. Furthermore, to simplify the 
analysis, the Air Separation Unit (ASU) was not explicitly 
modeled. Instead, operating data were obtained from the 
literature [13] and are presented in Table 5. 

For the simulation of the Allam-Fetvedt cycle in As-
pen Plus, the use of Design Specifications (Design Specs) 
and customized nesting settings was required, along with 

a robust convergence method to handle the high com-
plexity of the system. The Design Specs were applied to 
control the critical operating parameters of the cycle sim-
ulation, namely: 13.3% O2 concentration, 3% excess O2 in 
combustion, turbine outlet temperature of 740ºC, and a 
CO2 recovery rate of 99.8%. Design Specs were nested 
outside, giving priority to stabilization of the mass and 
energy balance of all recycling loops before solving them 
[15]. The Broyden method was selected as the conver-
gence algorithm to solve the nonlinear systems of equa-
tions associated with multiple Design Specs and recy-
cling loops. 

Table 5: Parameters and assumptions of the ASU. 

Purity at  bar  %* %* %* 
Electricity demand 
(kJel/kgO) []    

Heat recovery from the 
aftercooler air com-
pressor (kJth/kgO) [] 

   

Economic Analysis 
The economic analysis of the project estimated the 

Capital Expenditures (CAPEX) and Operating Expendi-
tures (OPEX) using an adapted methodology based on 
Amec Foster Wheeler guidelines [2], combined with spe-
cific studies on biogas production [16]. In both scenarios, 
the CAPEX for biogas production followed a methodology 
based on capital cost studies of biogas plants. The cost 
adjustment was performed using the six-tenths rule, as 
expressed by Equation (1): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶�������� =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶���� × ����������
�����

�
�
 (1) 

where, CAPEXBase corresponds to the CAPEX at the refer-
ence capacity, and QBase e QProposed represent the refer-
ence and proposed plant sizes, respectively. The scaling 
exponent "R" was assumed to be 0, 6, according to [17]. 

The calculations were structured around three main 
indicators: Total Equipment Cost (TEC), Total Plant Cost 
(TPC) and Total Capital Requirement (TCR) [2]. The cal-
culations already include cost updates based on plant 
cost indices and the necessary currency conversions [2]. 
The reference cost is presented in Table 6. 

Table 6: Cost references for the main equipment of the 
Allam-Fetvedt Cycle. 

Components Reference Cost [] 
ASU  
CPU  
Turbine  
Heat Exchangers and chillers  
Compressors  
Balance of plant (BOP)  
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The Total Plant Cost (TPC) comprises TEC plus ad-
ditional installation cost and contingency, as defined by 
[2]. The F factor adopted in this study was 2, as in [2]. 
The TPC was calculated by Equation (2). 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐹𝐹 × 𝑇𝑇𝑇𝑇𝑇𝑇           (2) 

The Lang Fang factor adopted was 4.73, and the lo-
cation factor was 1.3. The TCR was calculated using 
Equation (3). 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐹𝐹���� × 𝐹𝐹�������� × 𝑇𝑇𝑇𝑇𝑇𝑇   (3) 

OPEX was classified into fixed and variable costs, 
based to the established assumptions. The fixed opera-
tional and maintenance costs, which do not vary with the 
production level, include: labor costs, estimated using the 
with the method presented by Turton et al. 2018 [17], in 
which the number of operators per shift was calculated 
by Equation 4; maintenance costs, assumed as 2.5% per 
year of the TPC for innovative technologies and 1.5% per 
year of TPC for conventional technologies (BOP) [2]; 
overhead costs, corresponding to 30% of labor costs, in 
addition to maintenance costs [2]; and insurance and lo-
cal taxes, representing 0.5% of TPC [2]. 

𝑁𝑁�� = �6.29 + 31.7𝑃𝑃2 + 0.23𝑁𝑁��  (4) 

where P is the number of process steps that involve sol-
ids and Nnp is the number of non-particulate steps.  

The variable costs depend directly on the produc-
tion level, as detailed in Table 7. Indices used to update 
costs and exchange rates are presented in Table 8. 

Table 7: Variable costs [2]. 

Item Value 
Operation at full power  h y- 
Chemical product costs  Є MWth- 

CO transport and storage  Є t- 
Makeup water  US$ GJ- 

Table 8: Indices and exchange rates. 

Indicators Value Reference 
Dollar (USD) R$  [] Euro (EUR) R$  
CEPCI   

[] CEPCI   
CEPCI   

 
To evaluate the performance of the Allam-Fetvedt 

cycle using biogas as fuel, environmental and economic 
indicators were applied. The net electrical efficiency (%) 
was determined considering that the net power output 
accounts for all auxiliary power consumptions. The cal-
culation was performed using Equation (5). 

𝜂𝜂��� = ��� ���������� ����� ������

���� ������ (���)
× 100%   (5) 

The CO2 capture rate (%) quantifies how much of the 
CO2 generated during combustion is effectively captured 
by the system. It is calculated using Equation (6). 

𝑇𝑇𝑇𝑇��2 = ����� �� ��2 ���������

����� ����� �� ��2 ���������
× 100%   (6) 

The CO2 emissions indicator quantifies the mass of 
CO2 released to the atmosphere per unit of electrical en-
ergy generated. The calculation was performed using 
Equation (7) and expressed as tCO2 MWh-1. 

𝐸𝐸��2 = ���������� ��2 ����

��� ���������� ����� ���������
   (7) 

The assessment of the amount of CO2 captured rel-
ative to the electrical energy generated was performed 
using the calculation defined in Equation (8). The result is 
expressed in tCO2 kWh-1. 

𝐶𝐶𝐶𝐶2 �������� = ���� �� ��2 ��������

��� ���������� ����� ���������
   (8) 

The Carbon Abatement Cost (CAC) represents the 
additional cost required to reduce one tonne of CO2 emis-
sions when comparing a capture scenario with a non-
capture reference scenario [2]. The calculation was per-
formed using Equation (9), with the final unit expressed 
as R$ tCO2-1. 

𝐶𝐶𝐶𝐶𝐶𝐶 = �������ℎ ��� − �������ℎ��� ���
������������ℎ��� ��� − ������������ℎ ���

   (9) 

The LCOE represents the average cost of electricity 
production over the project's lifespan. It integrates 
CAPEX and OPEX, both discounted to present value, and 
divides them by the total electricity generated over the 
project's lifespan [2]. The calculation is carried out using 
Equation (10), with the result expressed in R$ MWh-1. 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
∑ ������+�����

(1+�)�
�
�=1

∑ �������_�������
(1+�)�

�
�=1

    (10) 

Other financial parameters are detailed in Table 9, 
and they are based on [2] and other parameters relevant 
to the Brazilian sugarcane industry. 

Table 9: Other financial parameters. 

Economic Parameters Value 
Depreciation  y 
Discount rate % 
Inflation rate Constant 
Plant lifetime  y 
Construction time  y 
Capacity factor % 
Years  and  % e % 
Start-up cost % TPC +  OPEX mo 
Decommissioning cost Zero 
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RESULTS AND DISCUSSION 
To evaluate the influence of different operating con-

ditions and flow rate on cycle performance, scenarios S1 
and S2 were simulated. The process simulation flowsheet 
of the Allam-Fetvedt cycle in Aspen Plus is illustrated in 
Figure 1, and the CPU process flowsheet is shown in Fig-
ure 2. The operating parameters of the various key 
streams are shown in Table 10. The plant's net energy 
efficiency is presented in Table 11. 

Table 10: Key process results for scenarios S1 and S2. 

Parameters S S 
Recycle flow rate (kg/s)   
Combustion outlet temp (ºC)     
Turbine flow rate (kg/s)    
Turbine cooling flow (kg/s)   
Turbine outlet temperature (ºC)   
Turbine outlet pressure (bar)   
Captured CO flow rate (kg/s)   
Oxygen flow rate (kg/s)   

Table 11: Power Block Summary for Cases 1 and 2. 

Parameters S S 
Available thermal power (MWth)   
Turbine gross electric power (MWel)   
Total compression power (MWel)   
ASU power (MWel)   
CPU power (MWel)   
Net electric power (MWel)   
Net plant electrical efficiency (%)   

 
Figure 1. Process flowsheet diagram of the Allam-
Fetvedt Cycle in Aspen Plus. 

 
Figure 2. Process flowsheet diagram of the CPU in Aspen 
Plus. 

Economic Analysis 
According to [16], the base CAPEX considered was 

R$ 96.32 million for a biogas production capacity of 3.2 
million Nm3 y-1. Therefore, the calculated capital costs for 
the different study cases are presented in Table 12. The 
total CAPEX indicators for the Allam-Fetvedt cycle, in-
cluding TEC, TPC, and TCR, are summarized in Table 13. 

Table 12: Estimated CAPEX and OPEX for biogas produc-
tion (million R$). 

Item Case  Case  
CAPEX (M R$)     
OPEX (M 
R$/year)     

Table 13: Summary of CAPEX Indicators for the Allam-
Fetvedt Cycle (Million R$). 

Components S S 
Estimated TEC for the Allam Cycle Million R$ 
ASU   
CPU   
Turbine   
Heat Exchangers     
Recycle and O Compressor   
Balance of Plant (BOP)   
Summary 
TEC   
TPC   
TCR   

Based on the TEC breakdown, the ASU and BOP 
represent the largest portions of equipment cost in both 
cases. This reflects the complexity and scale of these 
units. Furthermore, in scenario S2, all values are higher 
for all components, which is expected due to the in-
creased production capacity. 
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In Table 14, the OPEX analysis indicates that costs 
associated with innovative technologies (such as mainte-
nance of the cooled turbine and recuperator heat ex-
changers) and the BOP are the highest contributors to 
operational costs in both cases. Also, for both scenarios, 
the labor costs remain the same. This occurs because 
Equation (4) considers only the number of equipment 
units. Finally, the total OPEX for S2 (R$ 442.82 million per 
year) is almost twice that of S1 (R$ 238.70 million per 
year), which is attributed to a production capacity three 
times larger. 

Table 14: Results of OPEX (Million R$ y-1). 

Item S S 
Labor   
Technologies   
Balance of plant (BOP)   
Insurance and local taxes   
CCS   
Makeup water   

 
Table 15 presents the cost metrics and CO2 emis-

sions in comparison with a reference Natural Gas Com-
bined Cycle Gas Turbine (CCGT) power plant. It is also 
shown that, for both cases, the LCOE values are higher 
than those of the reference CCGT. This difference is 
mainly attributed to the high CAPEX inherent to the im-
plementation of the Allam-Fetvedt cycle and carbon cap-
ture systems. On the other hand, a notable reduction in 
LCOE is observed when moving from S1 to S2, which is a 
direct result of economies of scale. 

Table 15: Economic and environmental metrics. 

Parameters S S 
LCOE Biogas (R$ MWh-)    
Specific Cost TCP/kW (R$ kW-)  

 
 
 

Specific Cost TCR/kW (R$ kW-)  
 

 
 

CO Emission (kgCO MWh-)   
CAC (R$ tCO-)     
Reference (CCGT) [] 
LCOE Reference (R$ MWh-)  
CO Emission (kgCO MWh-)  

 
For comparison purposes, Table 16 presents the 

LCOE and CAC data for other advanced natural gas-
based technologies with carbon capture. Regarding 
LCOE, although the Allam-Fetvedt cycle benefits from 
scalability, using biogas as fuel introduces additional 
complexities and costs that outweigh those of other nat-
ural gas-based carbon capture routes. Consequently, 
this explains the significantly higher LCOE of the Allam 
cycle when compared to the other technologies. A similar 

pattern is observed for the CAC values, with abatement 
costs in both scenarios S1 and S2 higher than those of 
the other carbon capture routes. Nevertheless, an im-
provement is again observed with increasing scale, high-
lighting the impact of economies of scale. 

Table 16: Comparison of levelized cost of energy (LCOE) 
and carbon abatement cost (CAC) 

Cycle/Case LCOE (R$ 
MWh-) 

CAC (R$ 
t-) 

CCGT []  - 
NET Power []   
SCOC-CC []   
Modified S-Graz []   
CES []   
Biogas/S – this work   
Biogas/S – this work   

CONCLUSION 
The evaluation of energy efficiency and CO2 se-

questration in a thermal power plant operating with the 
Allam-Fetvedt cycle using biogas as fuel was conducted 
for two biogas production scenarios of different capaci-
ties: S1 (~104 MWel) and S2 (~304 MWel). The economic 
analysis revealed that the CAPEX of the Allam cycle in 
both cases is strongly influenced by the complexity and 
scale of the plants, particularly due to the ASU and BOP. 
OPEX was also significantly affected by the maintenance 
requirements of innovative technologies, while labor cost 
remained constant between the two cases. The compar-
ison of the LCOE of the Allam-Fetvedt cycle using biogas 
with other advanced technologies also fueled by biogas 
indicates higher values. Similarly, the CAC analysis 
shows a high additional cost per tonne of CO2 avoided, 
and although a considerable reduction is observed in S2, 
the CAC remains higher than that of other carbon capture 
routes. The main distinctive feature of this work lies in the 
use of a renewable energy source, which positions this 
technology within the BECCS concept and enables the 
achievement of net negative emissions, an outcome that 
fossil fuel-based technologies cannot attain. In summary, 
although economic viability still requires further optimi-
zation and demonstration at a large scale, this work con-
solidates the technology as a promising, technically vali-
dated pathway. 
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