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Abstract: 

The decarbonization of energy systems requires scalable carbon capture solutions, particularly in bioenergy 
systems capable of delivering negative emissions. However, the feasibility of such systems is largely 
constrained by the high energy demand and cost of CO₂ separation. While cryogenic CO₂ capture has shown 
potential for high-purity recovery, existing studies focus mainly on large-scale fossil-based applications and 
lack consistent techno-economic assessments for biomass-integrated systems. This work addresses this gap 
by evaluating a forest-residues-fuelled Rankine Cycle (RC) based generation plant coupled with an anti-
sublimation cryogenic CO₂ capture unit, considering capacities of 50–500 kt/y through steady-state process 
simulation, mass and energy balances, and cost modelling based on scaling laws. The system achieves CO₂ 
capture rates from 1.68 to 16.80 kg/s with a fixed 95% capture efficiency, with energy demand dominated by 
the capture and dehumidification units (93.2% of total electricity consumption).  The gross specific electricity 
consumption of the process is 726.5 kWh/tCO₂. When accounting for internal electricity generation from 

biomass combustion, the net electricity demand decreases to 363.1 kWh/tCO₂. Economically, the system is 
OPEX-driven, with biomass and transportation costs as the main contributors, while eliminating biomass 
purchase costs reduces OPEX by up to 49 % and carbon capture cost (CCC) by up to 39 %. Sensitivity analysis 
shows CCC variations up to ± 11 % for biomass moisture and ± 15 % for OPEX, with financial parameters 
remaining below ± 2 %. These results demonstrate that improving energy efficiency, feedstock quality, and 
supply logistics is critical for enabling cost-effective decentralized biomass-based cryogenic CO₂ capture 
systems and advancing negative-emission technologies. 
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1. Introduction 
The decarbonization of energy and industrial systems is a central pillar of global climate mitigation strategies, 
as highlighted by the Intergovernmental Panel on Climate Change (IPCC), which identifies carbon capture, 
utilization, and storage (CCUS) as a critical technology for achieving net-zero emissions targets [1]. In parallel, 
the International Energy Agency (IEA) emphasizes that large-scale deployment of carbon capture will be 
necessary not only in fossil-based sectors but also in bioenergy systems to enable negative emissions through 
Bioenergy with Carbon Capture and Storage (BECCS) [2]. Within this framework, forest biomass residues 
represent a particularly attractive feedstock due to their wide availability, low economic value, contribution to 
sustainable forest management, and fuel management in forest fire risk zones. When integrated into 
cogeneration systems, biomass can simultaneously provide heat and electricity while enabling net carbon 
removal when coupled with CO₂ capture technologies. In addition to permanent removal pathways, biogenic 

CO₂ recovered from biomass systems may also serve as a feedstock for downstream e-fuel synthesis when 
combined with green hydrogen [3]. However, the overall feasibility of such systems is strongly constrained by 
the performance, energy demand, and cost of the CO₂ separation stage, which typically dominates both the 
energy penalty and the techno-economic performance of the process. 



 

 

 

The current state of research on cryogenic CO₂ capture technologies, summarized in Table 1, shows a wide 
range of system configurations, including anti-sublimation, distillation, and liquefaction processes. Among 
these, anti-sublimation systems have been extensively investigated, with reported Specific Energy 
Consumption (SEC) values typically ranging from 200 to 300 kWh/tCO₂ under optimized conditions, but reaching 
significantly higher values (up to 600 – 1200 kWh/tCO₂) depending on operating conditions and CO₂ 
concentration [4 - 6]. Distillation-based systems generally exhibit lower SEC values (100 – 170 kWh/tCO₂) and 

competitive capture costs (13 – 39 €/tCO₂), although often at the expense of higher capital intensity and process 
complexity [7], [8]. Liquefaction systems present intermediate performance, with SEC values around 110 – 160 
kWh/tCO₂ [9], [10]. Despite these advances, the literature reveals significant variability in reported techno-
economic indicators, limited consistency in system boundaries, and a strong dependence of performance on 
scale and flue gas conditions. Moreover, most studies focus on fossil-based systems or large-scale centralized 
plants, with comparatively limited attention given to transportation costs, biomass-based configurations and 
integrated combustion and Rankine cycle systems.  

Table 1. Key performance indicators of cryogenic CO₂ capture technologies. 

Cryogenic 
System 

Capture cost, 
€/tCO₂ 

Capture SEC, 
kWh/tCO₂ 

CAPEX, M€ OPEX, M€/y 
Capacity, 

kg/s 
Ref. 

 

Anti-sublimation - 231.7–245.6 - - 75.6 [4]  

Anti-sublimation 14.46–39.16 201.1–232.8 160.58 
14.67–
47.72 

62.6 [11] 
 

Anti-sublimation - 111.1–311.4 - - - [12]  

Anti-sublimation 34.82 278 - - 8.44 [13]  

Anti-sublimation - 608.3–672.2 - - 600 [5]  

Anti-sublimation - 305.6–361.1 - - - [14]  

Anti-sublimation - 500 - - - [15]  

Anti-sublimation 45.85 301.8 299.56 61.95 125 [6]  

Distillation 13.15–22.83 103–172 
26.52–
58.81 

19.60–
41.51 

68.5–91.3 [7] 
 

Distillation 35.77–37.25 148–164 833.55 - 97.2 [16]  

Distillation 27.95–38.85 127.9–160.9 23.2–57.1 - 32.5 [8]  

Liquefaction - 120–140 - - 124.2 [9]  

Liquefaction - 111.4 106.69 35.56 0.0405 [10]  

In this context, the present work addresses the identified limitations in the literature, namely the variability in 
techno-economic indicators and the limited consideration of biomass-based, decentralized combustion 
systems with integrated logistics by performing a techno-economic analysis of a forest-residues-fuelled 
Rankine Cycle (RC) based generation plant integrated with a cryogenic CO₂ capture unit based on anti-
sublimation. The study evaluates the influence of plant scale, energy consumption, and biomass acquisition 
and transportation costs on the overall carbon capture cost (CCC), considering processing capacities ranging 
from 50 to 500 kt/y. The process model is developed under steady-state conditions, combining mass and 
energy balances with cost correlations and scaling laws to capture both technical and economic behaviour. By 
explicitly linking process performance with economic outcomes, this work provides insight into the feasibility of 
decentralized biogenic carbon capture systems and identifies key drivers for cost reduction, particularly in 
relation to energy efficiency and logistics. The results contribute to the understanding of cryogenic capture 
integration in bioenergy systems and support the development of scalable negative-emission technologies. 

2. Methodology 

2.1. Process Description 
The system under study consists of a forest-residues-based cogeneration plant integrated with a cryogenic 
CO₂ capture unit, as illustrated in Figure 1. The process includes biomass pre-treatment, combustion, flue gas 

cleaning, and CO₂ separation. All simulations were performed under steady-state conditions for four plant 
capacities of 50, 100, 200, and 500 kt/y of wet biomass input. 

Forest residues are first subjected to size reduction in a grinding unit to ensure a suitable particle size for 
downstream processing. The biomass is then dried to reduce moisture content, improving combustion 
efficiency and reducing energy losses associated with water evaporation. The dried biomass is fed into a 
combustion boiler, where it is oxidized with excess air to produce high-temperature flue gases and thermal 
energy. 



 

 

 

The thermal energy released during combustion is partially recovered as useful heat, which is used to supply 
the drying unit. The remaining thermal energy is converted into electricity via a steam turbine-generator system. 
The generated electricity is used to meet internal process demands, with any deficit supplied from the grid or 
surplus exported. 

The flue gas produced in the boiler undergoes sequential cleaning steps. Particulate matter is removed using 
a bag filter, followed by desulphurization to reduce SO₂, which is critical for equipment lifetime [17]. The gas 
stream is then cooled and partially dehumidified to condense water vapour, improving the efficiency of 
downstream CO₂ separation. 

Finally, the conditioned flue gas is fed into a cryogenic CO₂ capture unit based on anti-sublimation, where CO₂ 
is separated and recovered as a solid high-purity product stream. The remaining gases are vented. 

 

Figure 1. Forest-residues-fuelled Rankine-based plant with cryogenic CO₂ capture process diagram. 

Biomass combustion was modelled using an overall stoichiometric reaction based on the elemental 
composition of the fuel reported in Table 2. The biomass was represented by an empirical formula derived from 
its ultimate analysis (C, H, O, S), and complete combustion with excess air was assumed. The global 
combustion reaction was modelled as expressed in Eq. (1). 

 𝐶𝑥𝐻𝑦𝑂𝑧𝑆𝑤 + (𝑥 +
𝑦

4
−
𝑧

2
+ 𝑤)  𝑂2   →   𝑥 𝐶𝑂2 +

𝑦

2
 𝐻2𝑂 + 𝑤 𝑆𝑂2 (1) 

where the coefficients are determined from elemental composition. The model assumes complete conversion 
of carbon to CO₂, hydrogen to H₂O, and sulphur to SO₂, while nitrogen is treated as inert. Ash is separated 
into bottom ash and fly ash fractions converted directly from mass input to the boiler on a dry basis. 

The energy released during combustion is calculated based on the Low Heating Value (LHV) of the biomass, 
and boiler efficiency is applied to determine the useful heat available for process integration and power 
generation. 

The LHV of the biomass is fixed at 18 MJ/kg (db), and no seasonal or compositional variability is considered. 
Ash generated during combustion is assumed to be inert and is partitioned into bottom ash and fly ash 
fractions, which are handled separately in the process model. Biomass supply is assumed to be continuous 
and homogeneous, and no preprocessing beyond grinding and drying is considered. 

Table 2. Biomass properties and composition assumptions. 

Data Value Units / db Ref. 

Moisture 45 % / 𝑤𝑏 

[18] 

Ash  2 % 
C 50 % 
H 7 % 
O 42.6 % 
S 0.4 % 
LHV 18 𝑀𝐽/𝑘𝑔 

𝜌 0.2 𝑡/𝑚3 

2.2. Techno-Economic Assessment 
Plant-level capital expenditure was obtained by aggregating itemized equipment costs, adapting 
methodologies previously used [19 - 21]. For each process unit, Purchased Equipment Cost (PEC) in euros 
was estimated from sizing correlations following Eq. (2). 

 𝑃𝐸𝐶𝑖 = 𝐶0,𝑖 × (
𝑆𝑖
𝑆0,𝑖
)

𝑛

× (
𝐶𝐸𝑃𝐶𝐼now
𝐶𝐸𝑃𝐶𝐼ref

) ,   𝑖 = 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡𝑠 (2) 

where 𝐶0,𝑖 is the reference cost at reference size 𝑆0,𝑖 and reference year, 𝑆𝑖 is the current size, 𝑛 is the scaling 

factor, and the last ratio corrects costs using the Chemical Engineering Plant Cost Index (CEPCI) from the 
reference year to the current one. The PEC equations considered for each equipment are shown in Table 3. 



 

 

 

Each equation was obtained either directly from the source or derived based on the equipment's source type, 
capacity, and cost. 

Table 3. Equipment cost correlations and sizing variables used for CAPEX estimation. 

Equipment 
Eq. 
Year 

Sizing Variable (S) Cost Equation* / 𝑀€ Ref. 

Grinder 2017 Feed wb (t/d) 
𝑃𝐸𝐶 = 0.153 × (

𝑆

2140
)
1.00

 

[21] Dryer 2017 Output db (t/d) 
𝑃𝐸𝐶 = 0.321 × (

𝑆

1100
)
0.70

 

 
Boiler 1994 Air inlet (kg/s) and 

furnace temperature 
(K) 

𝑃𝐸𝐶 = 0.00004608 ×
𝑆air

0.995 − 0.98
× (1 + 𝑒0.018𝑆𝑇−26.3) 

[22] 

Turbine 2021 Installed Power (kW) 𝑃𝐸𝐶 = 0.00516 × 𝑆0.7 [23] 
Filter 2012 Volumetric input 

(m3/s) 𝑃𝐸𝐶 = 0.0791 × (
𝑆

15.6
)
0.70

 

 

[24] 

Desulphurization 
unit 

2008 Sulphur flow rate (t/h) 
𝑃𝐸𝐶 = 37.32 × (

𝑆

2.4
)
0.80

 

 

[25] 

Dehumidification 
unit 

2010 Volumetric input 
(m3/h) 𝑃𝐸𝐶 = 0.0734 × (

𝑆

7000
)
0.70

 [24] 

Cryogenic Unit 2023 𝐶𝑂2 Feed (kg/s) 
𝑃𝐸𝐶 = 4.69 × (

𝑆

1.087
)
0.80

 [11] 

The Total Capital Investment (TCI) in euros is obtained by applying a factor accounting for direct costs, indirect 
costs and working capital assumed equal to every equipment considered according to Eq. (3). 

 
𝑇𝐶𝐼 = (∑𝑃

𝑁

𝑖=1

𝐸𝐶𝑖) × 𝐹TCI (3) 

Where the aggregated factor 𝐹𝑇𝐶𝐼, 

𝐹𝑇𝐶𝐼 = (1+𝑓inst+𝑓pipe+𝑓elec+𝑓civil)
⏞                  

𝐷𝑖𝑟𝑒𝑐𝑡 𝐶𝑜𝑠𝑡𝑠

× ((1+𝑓EPCM) × (1+𝑓cont+𝑓owner))
⏞                      

𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝐶𝑜𝑠𝑡𝑠

× (1+𝑓working)
⏞        
𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐶𝑎𝑝𝑖𝑡𝑎𝑙

 
(4) 

Where 𝑓inst, 𝑓pipe, 𝑓elec, and 𝑓civilare the installation, piping, electrical, and civil works cost factors, respectively, 

which together represent installation-related direct costs applied to the purchased equipment cost. 𝑓EPCM, 𝑓cont, 
and 𝑓owner are the Engineering, Procurement and Construction Management (EPCM), contingency, and 

owner’s cost factors, respectively, which together represent indirect costs. 𝑓workingis the working capital factor 

applied to finally achieve the Total Capital Investment (TCI). The values assumed for the referred factors are 
in Table 4. 

Table 4. Considered fractions for CAPEX assessment. 

Factor 𝑓inst 𝑓pipe 𝑓elec 𝑓civil 𝑓EPCM 𝑓cont 𝑓owner 𝑓working 

Value 0.1 0.4 0.2 0.13 0.20 0.20 0.15 0.1 
Ref. [26] [27] [28] 

Operating expenditure (OPEX) was calculated on an annual basis and decomposed into variable (throughput-
dependent) and fixed (capacity-dependent) components. Variable OPEX includes feedstock, utilities, and 
consumables, and was computed from process simulation outputs and corresponding unit prices. Fixed OPEX 
includes operation and maintenance, labor, and overhead costs, which were estimated as fractions of total 
capital investment or as annualized costs independent of throughput. The total annual operating cost in euros 
is given by Eq. (5). 

 

𝑂𝑃𝐸𝑋 =
𝐶raw + 𝐶elec⏞        
𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂𝑃𝐸𝑋

+ 𝐶over + 𝐶O&M⏞        
𝐹𝑖𝑥𝑒𝑑 𝑂𝑃𝐸𝑋

(1 − 𝑓sell − 𝑓admin)
 

(5) 

where 𝐶raw, 𝐶elect represent the variable operating cost components, namely raw material costs and electricity 

cost, respectively. 𝐶raw = 𝐶biomass + 𝐶transport + 𝐶ash includes biomass purchase and transportation costs, and 

ash disposal. Biomass transportation cost is estimated based on truck payload, number of trips, and fixed 



 

 

 

distance-dependent costs. 𝐶over and 𝐶O&M represent fixed operating costs, with 𝐶over denoting plant overhead 

and 𝐶O&M = 𝐶labor + 𝐶clerical + 𝐶rep + 𝐶sup + 𝐶lab including labor, clerical, maintenance, supplies, and laboratory 

costs. Finally, 𝑓sell and 𝑓admin are the selling and administrative cost fractions applied to the net operating 
expenditure. Process parameters assumed for OPEX calculations are shown in Table 5. 

Table 5. Variable and fixed OPEX assumptions. 

Parameter Value Unit Ref. 

Variable OPEX    
Biomass 50 €/t [29] 
Biomass transportation 2.5 €/km [30] 
Electricity 75 €/MWh [31] 
Ash disposal 18 €/t [25] 
Boiler Efficiency 85 % [24] 
Steam to Power Efficiency 17 % [20] 
Specific Energy Consumption (SEC)    
Grinder 25 kWh/t of feed wb [32] 
Drier  734 kWh/t of dried product [24] 
Bag filter  0.0003 kWh/kg of feed [33] 
Dehumidifier  0.70 kWh/kg of condensed water [34] 
Desulphurization Unit 0.05 kWh/kg of feed wb [17] 
Cryogenic Capture Unit  409.7 kWh/tCO₂ Tuned based on 

[4 - 6], [11 - 15] 
Fixed OPEX    

Repairs 1 % of TCI 

[28] 
Supplies 0.2 % of TCI 
Administrative 2.5 % of TCI 
Selling 3 % of TCI 
Employee number    

50 kt/y input 28 - 

[25] 
100 kt/y input 35 - 
200 kt/y input 42 - 
500 kt/y input 56 - 

Employee average salary 36 000 €/y [29] 
Clerical  15 % of Labor Costs 

[28] Lab charge 15 % of Labor Costs 
Overheads 35 % of Labor Costs 

The Carbon Capture Cost (CCC) was evaluated to quantify the economic effort required to deliver purified 
biogenic CO₂ from forest residues according to Eq. (6). The CCC in €/𝑡𝐶𝑂2  was defined at the system level, 

encompassing all process units from biomass pre-treatment and combustion to flue gas cleaning and 
cryogenic CO₂ capture. 

 

𝐶𝐶𝐶 =
𝑂𝑃𝐸X + [(1 − 𝑓salv) × 𝑇𝐶𝐼 × (

𝑟(1 + 𝑟)𝑁

(1 + 𝑟)𝑁 − 1
)]

𝑀𝑐𝑜2
 

(6) 

Where 𝑟 is the interest rate, 𝑁 is the plant lifetime, 𝑓salv is the salvage factor and 𝑀𝑐𝑜2 is the annual mass of 

CO₂ captured in 𝑡/𝑦. Financial assumptions for CCC calculations are shown in Table 6. 

Table 6. Financial assumptions considered for the economic assessment. 

Parameter 𝑁 Operating Hours 𝑟 𝑓salv 
Value 25 8000 5 4 
Unit y h/y % % 
Ref. [35]  [29] [36] 

2.2.1. Sensitivity Analysis 
A local sensitivity analysis was performed to evaluate the impact of key technical and economic parameters 
on the carbon capture cost (CCC). Each parameter was independently varied by ± 20 % relative to its baseline 
value, while keeping all other variables constant (one-at-a-time approach). 

Two groups of parameters were analysed: 

▪ Technical parameters: biomass moisture content, boiler efficiency, and SEC of major process units (CO₂ 
capture, dehumidification, drying, milling, desulphurization, and bag filter); 



 

 

 

▪ Economic parameters: Annualized Capital Expenditure (CAPEX), OPEX components (biomass cost, 
transportation cost, electricity cost), plant lifetime, and interest rate. 

The analysis was conducted for all four plant capacities (50, 100, 200, and 500 kt/y) to assess scale-dependent 
effects. The resulting variation in CCC was expressed as a percentage change relative to the base case. 

3. Results and Discussion 

3.1. Mass and Energy Balances 
The mass balance results for the 200 kt/y case are shown in Table 7. It was possible to capture CO2 in the 
solid state at a rate of 6.384 kg/s. For the 50, 100, and 500 kt/y biomass input masses, it was possible to 
recover 1.68, 3.36, and 16.80 kg/s of solid CO2, respectively. 

Biomass input decreases from 6.944 to 6.806 kg/s in the milling unit as a fixed 2% of mass loss is assumed. 
In the dryer, mass reduction is solely attributed to water removal, with no solids drag considered. Water 
decreases from 3.062 kg/s to 0.416 kg/s, corresponding to an 86% removal, reflecting a reduction in biomass 
moisture from 45% to 10%. 

In the boiler, the total mass flow increases to 31.857 kg/s due to air addition (27.698 kg/s) under 20% excess 
air conditions. Complete conversion of biomass is assumed according to Eq. (1), with no NOₓ formation. The 
flue gas is composed mainly of N₂ (21.247 kg/s), CO₂ (6.720 kg/s), H2O (2.710) and unreacted O₂ (1.075 kg/s). 
Ash production is fixed at 2 wt% of dry biomass inlet, split into bottom ash (0.052 kg/s) and fly ash (0.022 kg/s). 

Gas cleaning units primarily perform separations and conditioning for CO2 cryogenic capture. Bottom ashes 
are completely removed within the boiler, while the bag filter removes 99% of the fly ash, reducing its flow to 
0.0002 kg/s. The desulphurization is set to 97% following [25], decreasing SO₂ emissions from 0.029 to 0.001 

kg/s. The dehumidifier condenses 90% of water (2.710 to 0.271 kg/s). Finally, the CO₂ capture unit recovers 
6.384 kg/s from 6.720 kg/s, reflecting the fixed 95% capture efficiency. The remaining components are 
assumed to be fully separated from the CO2 in the cryogenic system. 

Table 7. Mass balance results of main streams/equipments across process units for the 200 kt/y case. 

Component, 
kg/s 

Dryer Boiler Bag filter Desulphurization Dehumidifier CO₂ capture 

In Out In Out In Out In Out In Out In Out 

Total mass 
flow* 

6.806 4.159 31.857 31.857 31.804 31.782 31.782 31.754 31.754 29.314 29.314 29.314 

Air 0 0 27.698 0 0 0 0 0 0 0 0 0 

Biomass 3.743 3.743 3.743 0 0 0 0 0 0 0 0 0 

H2O 3.062 0.416 0.416 2.710 2.710 2.710 2.710 2.710 2.710 0.271 0.271 0 

CO₂ 0 0 0 6.720 6.720 6.720 6.720 6.720 6.720 6.720 6.720 6.384 

N₂ 0 0 0 21.247 21.247 21.247 21.247 21.247 21.247 21.247 21.247 0 

O₂ 0 0 0 1.075 1.075 1.075 1.075 1.075 1.075 1.075 1.075 0 

SO₂ 0 0 0 0.029 0.029 0.029 0.029 0.001 0.001 0.001 0.001 0 

Bottom 0 0 0 0.052 0 0 0 0 0 0 0 0 

Fly ash 0 0 0 0.022 0.022 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0 

*Discrepancies between inlet and outlet total mass flows in some units arise from the exclusion of secondary streams. 

The overall energy balance is governed by the assumed unit efficiencies and SEC values summarized in Table 
5. Biomass combustion provides the primary energy input, with the boiler efficiency limited to 85% [24], 
accounting for flue gas sensible heat losses between furnace temperature (800 ºC) and stack conditions (160 
ºC). These losses were estimated using flue gas composition with constant heat capacities. Although a 
theoretical efficiency of 93% is obtained considering only stack losses, additional unmodelled losses justify the 
lower implemented value. This heat, carried by the flue gas, is used to offset part of the drying demand in a 
waste energy recovery approach. 
Electricity generation via the Rankine cycle is calculated by the heat-to-power efficiency of 17% adopted from 
[20], which determines the fraction of useful thermal energy converted into electricity. It should be noted that 
the biomass thermal input reported in Table 8 is based on the process feed. Therefore, the effective boiler input 
is slightly reduced by preprocessing losses (e.g., 2% in milling). 

The distribution of energy demand across unit operations reflects the adopted SEC values. Grinding (25 kWh/t) 
remains a minor contributor, while drying (734 kWh/t) represents the only thermal sink. However, the electrical 
demand is dominated by gas treatment steps, particularly the dehumidifier (0.70 kWh/kg of condensed water) 
and the cryogenic CO₂ capture unit (409.7 kWh/tCO₂), which together account for 93.2% of all process electrical 



 

 

 

demand (Table 8). Considering the whole process electric demand without integration of boiler electricity, the 
gross process specific energy for CO₂ capture is 726.5 against the net 363.1 kWh/tCO₂, considering the 
integration of the electricity produced from boiler steam. This demonstrates that the net energy penalty is 
strongly influenced by the balance between electricity generation and consumption, highlighting the 
importance of efficient heat-to-power conversion and process integration. 

The biomass combustion provides sufficient heat for offsetting the drying step and enables net power 
generation (e.g., 2.1 – 29.1 MWe across scales). However, this is offset by the high electricity requirements of 
CO₂ capture and flue gas conditioning. Therefore, the energy penalty is dominated by the capture step rather 
than biomass conversion, highlighting that process improvements should focus on reducing capture energy 
intensity and enhancing heat integration and heat-to-power integration while maximizing boiler and electricity 
production efficiencies. 

Table 8. Equipment installed capacity for each case. 

Installed Capacity, MWe 
Biomass Input, kt/y 

50 100 200 500 

Biomass Input Thermal Power (MWth) 17.2 34.4 68.8 171.9 

Boiler Useful Thermal Power (MWth) 14.0 28.1 56.1 140.3 

Dryer Thermal Power Needs (MWth) 1.8 3.5 7.0 17.5 

Boiler Electricity Generation  2.1 4.2 8.4 20.9 

Grinder  0.16 0.31 0.63 1.56 

Bag Filter  0.008 0.016 0.032 0.08 

Desulphurization  0.12 0.24 0.48 1.19 

Dehumidifier  1.54 3.07 6.15 15.37 

CO₂ Capture 2.35 4.71 9.42 23.54 

3.2. Techno-Economic Assessment 
The techno-economic assumptions presented in Table 3 – 6 established the methodological backbone for the 
cost distributions and trends observed in Figure 2 – 5. The adopted cost correlations follow a standard power-
law formulation (Eq. (2)), in which the PEC scales with capacity through an exponent 𝑛, reflecting the degree 
of economies of scale. This formulation is consistent with established methodologies in techno-economic 
systems modelling, where capital cost behaviour is strongly governed by scaling laws derived from reference 
plant data. 
A key aspect of the selected correlations is the variation of the scaling exponent 𝑛 across different equipment. 
Units such as the grinder exhibit an exponent close to unity, indicating near-linear scaling and therefore 
negligible economies of scale (i.e. modular equipment). In contrast, most thermochemical and separation units, 
such as the dryer, filter, dehumidification unit, desulphurization units, and the cryogenic CO₂ capture unit, 
present sub-linear exponents (typically 0.7 – 0.8). This implies that costs increase at a slower rate than 
capacity, leading to a reduction in specific investment cost as plant size increases. This effect directly explains 
the decreasing contribution of CAPEX per unit of CO₂ captured observed in Figure 2, where larger plants (e.g., 
500 kt/y) benefit disproportionately from scale compared to smaller configurations. 

 

Figure 2. CAPEX breakdown by equipment. 

The influence of the scaling exponent becomes particularly relevant when interpreting the relative contribution 
of different units to total CAPEX. Equipment with both high base cost and low scaling exponent (such as the 
cryogenic CO₂ capture unit) tends to dominate the investment at small scale but becomes relatively less 
penalizing at larger capacities. This behaviour is reflected in Figure 2, where the capture unit remains a major 



 

 

 

contributor across all cases but shows a reduced relative weight as plant size increases. This trend is 
consistent with literature on cryogenic systems [4 - 16], which highlights both their high initial capital intensity 
and their improved competitiveness at larger scales due to favorable scaling behaviour. 

The aggregation of PEC into TCI through the fractional factors in Table 6 further amplifies these scaling effects. 
The inclusion of installation, piping, electrical, civil works, EPCM, contingency, and owner’s costs results in a 
multiplicative expansion of the PEC. Because these factors are applied proportionally, any reduction in PEC 
driven by scaling exponents is propagated to the total CAPEX. Consequently, the economies of scale 
embedded in Eq. (2) are not only preserved but magnified at the plant level, reinforcing the strong CAPEX 
reduction trends observed in the results. 

On the operational side, the structure presented in Table 5 introduces a combination of variable and fixed costs 
that interact differently with plant capacity. Variable costs (particularly biomass acquisition and transportation, 
and electricity purchase) scale directly with throughput, while fixed costs are partially linked to CAPEX or labor 
assumptions. The dominance of electricity costs, especially those associated with the cryogenic CO₂ capture 
unit and gas conditioning steps, is consistent with the energy balance results and explains the trends observed 
in Figures 3 and 4. As shown in the process analysis, the capture unit alone accounts for a substantial fraction 
of total electrical demand, which translates directly into OPEX due to the assumed electricity price. This is in 
line with reported behaviour of cryogenic capture systems [6 - 8], [11], [13], where operational costs are highly 
sensitive to energy consumption. 

 

Figure 3. OPEX breakdown by cost component for a) 50€/t of biomass and b) zero biomass purchase cost.  

As observed in Figure 3, biomass purchase and transportation are the dominant costs in operational 
expenditures, particularly when electricity demand is partially offset by internal generation from the process 
power generation unit. This highlights the importance of boiler and Rankine cycle efficiencies, which may lead 
to an energy autonomous process if coupled with more energy-efficient gas conditioning and cryogenic system. 
However, biomass especially forest residues, may be obtained at zero cost. Considering this scenario, the 
OPEX would be reduced by 37, 42, 45, and 49 % for 50, 100, 200, and 500 kt/y cases, respectively. This 
would, therefore, lead to a CCC reduction of 28, 32, 35, and 39 % for 50, 100, 200, and 500 kt/y cases, 
respectively as shown in Figure 5. 

While CAPEX benefits from economies of scale through the exponent 𝑛, OPEX does not exhibit the same 
degree of reduction. Biomass costs and transport costs remain largely proportional to plant capacity, meaning 
that their contribution to total OPEX remains significant across all scales. This clarifies why, in Figure 3, 
feedstock-related costs maintain a dominant share even at higher capacities. Therefore, the limited scaling of 
OPEX compared to CAPEX ultimately leads to a diminishing but non-negligible reduction in CCC with 
increasing plant size, as shown in Figure 5. 

 

Figure 4. Electricity balance by process unit. Negative values indicate electricity purchase from the grid. 
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The financial assumptions in Table 6 further influence the translation of CAPEX and OPEX into CCC. The 
relatively long plant lifetime (25 years) and moderate discount rate (5%) allow capital costs to be distributed 
over extended operation, enhancing the impact of CAPEX reductions achieved through scaling. As a result, 
the benefits of lower scaling exponents are more pronounced in the levelized metrics, reinforcing the observed 
decrease in CCC with plant size (Figure 5). 

Overall, the combination of power-law cost correlations, cost factorization, and operational assumptions 
creates a coherent framework. The results demonstrate that while economies of scale significantly reduce 
CAPEX-driven costs, the overall system remains constrained by energy-intensive CO₂ capture and feedstock-
related OPEX. This interplay explains the trends observed across figures and highlights that further cost 
reductions are likely to depend not only on scaling but also on improvements in energy efficiency and process 
integration, particularly within the capture section. 

 

Figure 5. Carbon capture cost breakdown a) with and b) without biomass purchase cost. 

3.3. Sensitivity Analysis 
The sensitivity analysis results presented in Figure 6a highlight the dominant influence of technical parameters 
on the CCC. Biomass moisture content emerges as the most influential variable, showing the highest variation 
in CCC (up to 10 – 11 %). Unlike unit-specific SEC parameters, the biomass moisture simultaneously affects 
dryer duty, wet-basis fuel heating value, internal electricity generation, and the amount of dry biomass 
converted to CO₂, thereby altering both the annualized system cost and the captured-CO₂ denominator used 
in the CCC calculation. However, a slight asymmetry is observed, with moisture reduction (−20 %) leading to 
a marginally stronger decrease in CCC compared to the increase caused by higher moisture (+20 %). This 
indicates that improvements in feedstock quality provide slightly greater economic benefits than the penalties 
associated with more humid biomass. As a result, higher moisture contents penalize both energy efficiency 
and operational costs, confirming that feedstock quality is a critical parameter in biomass-based systems. 
Similarly, boiler efficiency and heat-to-power efficiency (HTP efficiency) exhibit a significant impact, with 
variations in CCC reaching 1 – 3 %. These parameters govern the balance between internally generated 
electricity and external electricity demand, reinforcing the importance of efficient energy conversion and 
integration within the system. 

The second most influential parameter is the SEC of the CO₂ capture unit due to its high electric consumption, 
with changes leading to CCC variations of 2 – 3 %. This is consistent with the energy balance discussion, 
where the cryogenic capture unit represents the largest share of electricity demand. Variations in 
dehumidification SEC show a comparable but slightly lower influence, reflecting its role as a key upstream 
conditioning step that directly affects the thermal and electrical load of the cryogenic system. In contrast, the 
SEC of auxiliary units such as drying (on a per-unit basis), milling, desulphurization, and bag filtration exhibits 
a negligible effect on CCC. This indicates that, although these units are necessary for process operation, their 
relative contribution to the overall energy penalty is minor.  
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Figure 6. Sensitivity of carbon capture cost on a) technical parameters and b) economic parameters. 

Figure 6b presents the sensitivity to economic parameters and further reveals the cost structure of the system. 
OPEX shows the highest impact on CCC, with variations reaching ± 15 %, confirming that the system is 
predominantly OPEX-driven. Within OPEX, biomass cost is the most influential component, leading to CCC 
variations of about ± 6 – 8 %, followed by annualized CAPEX, which contributes approximately ± 4 – 5 %. 
Biomass transportation cost shows a slightly lower but still relevant impact, with variations around ± 3 – 4 %. 
These results are consistent with the OPEX breakdown discussed previously, where feedstock-related costs 
dominate across all scales due to their direct proportionality with throughput. The relatively stronger influence 
of annualized CAPEX compared to transportation costs reflects the contribution of capital-related charges to 
total cost formation, particularly at smaller scales where specific investment costs are higher. 

Financial parameters such as plant lifetime and discount rate show a comparatively lower effect, within 1 – 2 
%, indicating that the economic performance is less sensitive to financing assumptions than to operational 
costs. However, it is noteworthy that their relative influence is more pronounced in smaller-scale plants, which 
contrasts with the general trend observed for most technical and economic parameters. This behaviour can be 
explained by the higher specific CAPEX (€/tCO₂) associated with smaller installations, resulting from limited 
economies of scale embedded in the cost correlations. Therefore, annualized CAPEX represents a larger 
fraction of the total CCC at small scale, making it more sensitive to financial assumptions such as discount 
rate and plant lifetime. In larger plants, the reduction in specific CAPEX dilutes the contribution of capital-
related costs, thereby decreasing the sensitivity to these parameters. 

Electricity cost, despite being a key contributor to OPEX, shows a limited sensitivity. This is explained by the 
partial energy self-sufficiency of the system through cogeneration, which mitigates the impact of external 
electricity price fluctuations. Across most other parameters, larger plants tend to exhibit reduced sensitivity due 
to economies of scale and improved energy integration. In contrast, the inverse trend observed for financial 
parameters reinforces that capital cost structure plays a disproportionately important role at smaller scales, 
where CAPEX dominates over OPEX in the overall cost formation. 

4. Conclusion 
This work presented a comprehensive techno-economic assessment of a forest-residues-based electric 
generation system integrated with cryogenic CO₂ capture via anti-sublimation, addressing a key gap in the 
evaluation of decentralized biomass-based low-neutral emission technologies. The results demonstrate that, 
although the system benefits from economies of scale, reducing specific CAPEX and carbon capture cost 
(CCC) with increasing plant capacity, the overall performance remains strongly constrained by operational 
factors. In particular, the process is predominantly OPEX-driven, with biomass supply and transportation costs 
representing the largest contributors, while the cryogenic capture and dehumidification unit dominates the 
energy demand, accounting for over 90% of electricity consumption. The integration of internal electricity 
generation significantly reduces the effective energy penalty, yet the specific energy consumption of the 
capture unit remains a critical bottleneck. Sensitivity analysis confirmed that technical parameters such as 
biomass moisture content, boiler efficiency, and capture SEC have the highest impact on CCC, whereas 
financial parameters exhibit comparatively minor influence, particularly at larger scales. The findings highlight 
that future improvements should prioritize reducing energy intensity in the capture section, enhancing heat and 
power integration, and optimizing biomass logistics and feedstock quality. Overall, the study supports the 
feasibility of decentralized BECCS configurations based on forest residues, while emphasizing that cost 
competitiveness will depend on simultaneous advances in process efficiency and supply chain optimization. 
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