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ABSTRACT 

Second-generation biofuels, starting from lignocellulosic biomass, are considered as a 

renewable alternative for fossil fuels with lower environmental impact and potentially higher 

supply and energy security. The economic and environmental performance of second-

generation bioethanol production from corn stover in the European Union (EU) is studied, 

starting in Belgium as base case. A comparative environmental techno-economic assessment 

has been conducted, with process simulations in Aspen Plus and corn stover availability data 

in thirteen EU countries to calculate minimum ethanol selling prices (MESP) and Greenhouse 

gas emissions (GHGe). In this analysis, the emphasis is on the comparison of different 

pretreatment technologies, namely (i) dilute acid, (ii) alkaline, (iii) steam explosion and (iv) 

liquid hot water. Dilute acid showed the best economic and environmental performance for the 

base case scenario. Within the EU, Hungary and Romania presented the lowest MESP for the 

steam explosion model at 0.39 and 0.43 EUR/L respectively. Poland showed the lowest GHGe, 

at 0.46 kg CO2eq/L for the alkaline model, mainly due to the avoided product allocation on 

electricity and its high carbon intensity in the electricity generation sector. The second lowest 

GHGe were obtained in France for the dilute acid model and are attributed to its low agricultural 

emissions intensity. This study identifies a location-dependence of the economic and 

environmental performance of pretreatment technologies, which can be extrapolated from the 
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EU to other large regions around the world and should be taken into consideration by decision-

makers.  

HIGHLIGHTS 

• EU geospatial environmental techno-economic assessment of lignocellulosic ethanol  

• Location-dependence of pretreatment technology performance 

• Biorefinery scale and biomass cost drive the MESP 

•  Lowest MESP and GHGe for dilute acid for most case studies 

• Alkaline lower GHGe than dilute acid when high carbon intensity in the power sector 

KEYWORDS 
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NOMENCLATURE 

ABBREVIATIONS 

CAPEX: Capital expenditure 

ETEA: Environmental techno-economic assessment 

FCI: Fixed capital investment 

GHGe: Greenhouse gas emissions 

LCA: Life cycle assessment 

MESP: Minimum ethanol selling price 

NREL: National Renewable Energy Laboratory 

OPEX: Operational expenditure 

TEA: Techno-economic assessment 

SYMBOLS 

𝐶𝐸𝑃𝐶𝐼2021: CEPCI in 2021 𝐶𝐸𝑃𝐶𝐼𝑟𝑒𝑓: CEPCI in reference year 𝐶𝑛𝑒𝑤: new case equipment costs (EUR) 



 

𝐶𝑟𝑒𝑓: base case equipment costs (EUR) 𝑆𝑏𝑎𝑠𝑒: base case equipment size 𝑆𝑛𝑒𝑤: new case equipment size 𝑛: scaling exponents 

1. INTRODUCTION 

Switching to renewable energy sources is seen as an alternative to secure future 

energy supply, while reducing greenhouse gas emissions (GHGe) and the dependency on 

fossil fuel sources [1]. The transport sector is one of the major players in global GHGe, 

accounting for more than a quarter of the total emissions in 2019 [2]. Bioethanol is an 

alternative transportation fuel, which can be used as a mixture with gasoline in existing 

gasoline vehicles [3].  

Biowaste, agricultural and forestry residues can be used as feedstock to produce 

second-generation, also known as advanced biofuels [4]. Lignocellulosic biomass is an 

abundant source that can be used for such purposes [5]. These biofuels have the advantage 

of not competing with the food supply chain [6], while they have been proven to have lower 

GHGe compared to the traditional fossil fuels [7]. However, an additional process step is 

required when handling lignocellulosic biomass: the pretreatment. This process aims at 

breaking the complex lignocellulosic matrix and has a big impact on the economic profitability 

of the biorefinery [5]. Various pretreatment methods have been investigated over the years, 

mainly categorized as physical, chemical, physicochemical and biological, while combinations 

of those have also been studied [8]. 

One of the most thoroughly studied pretreatment methods is the dilute acid 

pretreatment, which requires the use of an acid catalyst, usually sulfuric acid. Acid loading, 

temperature and residence time are some of the parameters that contribute to the disruption 

of the lignocellulosic structure [9]. This method is highly effective in the degradation of 

hemicellulose to monomeric sugars. However, the production of inhibitors, the acidic 

conditions and special equipment required are some of the bottlenecks of this method [8]. 

Another chemical pretreatment method is the alkaline pretreatment, which targets the removal 

of lignin. This method removes lignin without further degrading carbohydrates and does not 

require as harsh conditions as acid pretreatment [10]. Steam explosion is a physicochemical 

method that requires high temperature and short residence time. Biomass is treated with high 

pressure steam for a few minutes and then pressure is rapidly released, which causes an 

explosive decompression and disruption of the lignocellulosic structure. High efficiency in 



 

hemicellulose hydrolysis and lack of chemical reagents are some of the advantages while, on 

the other hand, the incomplete lignin removal and the formation of inhibitors are some limiting 

factors [11]. Liquid hot water (or hydrothermal) is another physicochemical pretreatment 

technology which requires water at high temperature, thus creating acidic conditions that 

promote the solubilization of hemicellulose. This method does not require any chemicals but 

the high energy and water consumption along with the degradation of sugars to inhibitory 

compounds are recognized as bottlenecks [12].  

The EU has recently proposed the “Fit for 55” package, aiming at a 55% reduction of 

greenhouse gas emissions by 2030 and at least 40% share of renewable energy in overall 

energy consumption [13]. Despite the current energy targets and the continuous efforts to 

improve the pretreatment processes, advanced biofuels production within EU is still limited. 

Notable, only one third of the liquid biofuels biorefineries operating in Europe in 2021 were 

producing advanced biofuels [14]. Therefore, the identification of the most cost-effective 

pretreatment method, with respect to its bioethanol production and environmental performance 

is crucial. 

Techno-economic assessment (TEA) and life cycle assessment (LCA) studies are 

widely performed to evaluate the production of biofuels, but a combination of these two is quite 

limited [15]. A literature review was performed in Web of science, using “ethanol”, “techno-

economic” and “environmental” as search terms, for relevant published studies during 2018-

2023. Since the scope of this study is restricted to pretreatment technologies, which are applied 

within a lignocellulosic biorefinery, addressing both economic performance and environmental 

impact simultaneously, the 180 initial results were narrowed to 19, summarized in Table 1.  

All of these studies use economic and environmental indicators to compare different 

biorefinery configurations based on the processes applied and/or final products. García-

Velasquez et al. [16] have performed a comparative analysis between conversion pathways, 

while different energy supply systems within a bioethanol plant have been investigated by Nwai 

& Patel [17]. Moreover, the performance of a duckweed-fed biorefinery coupled with 

wastewater treatment plants has been evaluated by Calicioglu et al. [18].  

The effects of different co-products, such as lactic acid and methanol [19], pectin and 

polyphenols [20], xylose sugars and adhesive [21], syrup from C5 sugars [22], xylitol and 

antioxidants [23] in combination with bioethanol have also been studied. The use of distiller’s 

grains with solubles has been evaluated by DeRose et al. [24] in a multi-product biorefinery. 

Different plant residues for animal feed, starch, lactic acid and bioethanol have also been 

studied by Serna-Loaiza et al. [25]. The effect of process inputs, such as cellulase hydrolytic 

activities [26], surfactants [27], solids loading [28] as well as raw biomass forms (loose or 



 

pellets) [29] has been examined on the economic and environmental performance of 

biorefineries. Novel pretreatment technologies such as low-moisture anhydrous ammonia [30] 

and solvolysis with methanol [31] have also been evaluated. 

Table 1. Literature review on TEA-LCA studies for lignocellulosic bioethanol production 

(*Calculated assuming 7920 working hours per year). 

Authors Pretreatment 

technology 

Feedstock Scale (dry t 

biomass/y) 

Biorefinery 

location 

da Silva et 

al. [32] 

Dilute acid, Liquid hot 

water, Steam 

explosion, Ammonia 

fiber explosion, 

Organosolv 

Corn stover 768,240  Unspecified 

García-

Velasquez 

et al. [16] 

Steam explosion Pinus Patula 330,000* Colombia 

Gumte et al. 

[33] 

Acid hydrolysis, Steam 

explosion, 

Ionic liquids 

Corn stover, 

bamboo grass, 

bagasse, wood 

chips 

330,000-

3,300,000* 

India 

Mandegari 

et al. [19] 

Steam explosion with 

SO2 

Bagasse 421,000 Unspecified 

Manhongo 

et al. [20] 

Shredding, milling, 

conditioning with steam 

Mango waste 99,000* South Africa 

Nickel et al. 

[26] 

Acid catalyzed steam 

explosion 

Wheat straw 504,000 

 

Sweden 

Pandey et 

al. [29] 

Soaking in aqueous 

ammonia 

Corn stover 660,000* Unspecified 

Pang et al. 

[21] 

Dilute acid Corncob 157,500 China 

Kadhum et 

al. [27] 

Dilute acid Banagrass 60,000 Maui island, 

USA 

Lopez-

Hidalgo et 

al. [34] 

Dilute acid, 

Autohydrolysis & dilute 

acid 

Wheat straw & corn 

stover 

165,000* Mexico 

Vaskan et 

al. [22] 

Dilute acid, liquid hot 

water 

palm empty fruit 

bunches 

461,736* Brazil 



 

DeRose et 

al. [24] 

Dilute acid Distiller’s grains with 

solubles 

277,530* USA 

Servian-

Rivas et al. 

[23] 

Steam explosion olive tree pruning 

waste 

33,000* Spain 

Serna-

Loaiza et al. 

[25] 

Dilute acid Cocoyam residues 198– 

990,000* 

Colombia 

Calicioglu et 

al. [18] 

Liquefaction Duckweed 7,210 USA 

 

Oliveira and 

Rosentrater 

[30] 

low-moisture 

anhydrous ammonia 

Sugarcane bagasse 330,000-

3,300,000 

Unspecified 

Nwai & 

Patel [17] 

Dilute acid Corn stover 833,336 South Africa 

Obydenkov

a et al. [31] 

Solvolysis with 

methanol 

Forest residues 489,750 the 

Netherlands 

Solarte-Toro 

et al. [28] 

Acid Olive tree pruning 

biomass 

30,000 Spain 

 

A recently published review on integrated TEA and LCA studies on process design by 

Mahmud et al. [35], indicated the importance of such studies, revealing the relations between 

technical, economic and environmental performance. However, such studies are scarce, while 

a lack of a consistent methodological framework is identified. Therefore, despite the application 

of different pretreatment technologies in each study, a comparison cannot be accurately done. 

The need for a comparative environmental techno-economic assessment (ETEA) on 

pretreatment methods is recognized. 

Out of the reviewed studies, only two have performed a comparison between 

pretreatment technologies. Da Silva et al. [32], investigated the economic and environmental 

performance of five pretreatment technologies, by simulating a large scale bioethanol plant 

and applying a methodology called economic value and environmental impact (EVEI). Dilute 

acid and autohydrolysis followed by dilute acid pretreatment methods have been compared by 

Lopez-Hidalgo et al. [34] for two different biomass types, while investigating the effect of a 

genetically engineered E-coli.  



 

More than half of the studies in Table 1 evaluated the performance of large scale 

biorefineries, over 330000 t/y (or 1000 t/day), while only three investigated the effect of the 

plant capacity in the overall performance. Also, almost all of these case studies were 

conducted for a single biorefinery location, without investigating its effect in the performance 

of different biorefinery configurations. Gumte & Mitra [33] have optimized supply chain 

networks from raw material suppliers to retailers in order to meet India’s ethanol blending fuel 

targets, by taking into consideration the geographical location of the different network layers. 

Four different biomass types have been studied in order to maximize the net present value, 

while accounting for carbon credits from GHGe. However, each biomass type is directly linked 

to a unique production pathway, thus the choice of the best performing conversion technology 

is based solely on the agricultural production of the examined region.  

 

Figure 1. Schematic overview of the investigated bioethanol plant. 

This study aims to fill in the literature gap by applying a transparent ETEA framework, 

developed by Thomassen et al. [36], in a comparative study between different pretreatment 

technologies. Four common pretreatment methods, i.e. dilute acid, alkaline, steam explosion 

and liquid hot water are investigated, by developing simulation models and performing a 

comparative ETEA. The simulated biorefinery is close to a real commercial plant, as it includes 

additional processes required, such as wastewater treatment and enzyme production, as 

described in Figure 1. The framework is first applied for a base case study in Belgium, which 

has not been investigated yet in literature, by taking into consideration the available 

domestically produced corn stover as feedstock. As a result of biomass availability limitations, 

the biorefinery is considered as small scale compared to most of the reviewed studies of Table 



 

1 (over 1000 dry t/d), but in the context of the Belgian territory this could be considered as a 

large scale biorefinery. The Minimum ethanol selling price (MESP) and GHGe for each 

pretreatment model are calculated initially for the base case, identifying the key parameters 

with a significant influence in the biorefinery performance. Then, a geospatial variance of these 

parameters is conducted for countries within the EU, due to the scarcity of studies performed 

in the continent. Given the importance of the plant capacity, thirteen case studies in EU 

countries with a bigger biomass production than the base case (i.e. Austria, Bulgaria, Croatia, 

Czech Republic, France, Germany, Greece, Hungary, Italy, Poland, Romania, Slovakia, Spain) 

[26] are chosen, by using European spatial data on corn stover supply and price, tax rate, 

salaries, by-product selling price, GHGe during biomass cultivation and electricity generation 

carbon intensity. This analysis identifies the relation between pretreatment technologies 

performance, both economic and environmental, and biorefinery locations and provides 

additional insights on (i) the most promising pretreatment technologies within the EU and (ii) 

where in the EU second-generation bioethanol plants show the most potential, which can be 

valuable outcomes for decision-makers within the EU.  

2. MATERIALS AND METHODS 

A comparative ETEA is carried out to assess the economic and environmental 

performance of a bioethanol plant located within the EU, based on different pretreatment 

methods. First, the assessment is carried out for a base case, that being a bioethanol plant 

processing corn stover in Belgium. Based on the obtained results, the assessment is 

conducted for 13 more EU countries. The ETEA framework (Figure 2) applied in this study 

consists of five steps [37]: (i) the definition of the goal and the scope; (ii) a market study on 

commodity prices and volume; (iii) process flow diagram development and mass and energy 

balance calculations using ASPEN Plus; (iv) an economic and environmental impact 

assessment; (v) interpretation of the results, identifying key performance parameters, by 

performing an economic global sensitivity analysis (only for the base case) as well as a plant 

capacity break-even point analysis.  



 

 

Figure 2: Environmental Techno-Economic assessment (ETEA) framework applied in this 

study [37]. 

2.1 Goal and Scope definition 

An integrated techno-economic and environmental impact assessment is conducted. 

The goal of the economic assessment is to evaluate the economic performance of each 

biorefinery configuration by calculating the MESP, while the environmental assessment aims 

at measuring the environmental impact by calculating the GHGe as CO2 equivalents. The 

scope of both assessments covers a large scale commercial biorefinery with bioethanol as the 

final product for application in the transport sector and 1 L of final product as the functional 

unit. A base case scenario is applied in Belgium, using its results to define thirteen more case 

studies within the EU, by geospatially varying major parameters. The system boundaries for 

the TEA are gate-to-gate, as corn stover is assumed to arrive at the plant-gate ready for the 

pretreatment process. On the other hand, a cradle-to-gate approach is chosen for the 

environmental assessment, due to the different biomass conversion yields between the 

simulation models, indicating a different biomass contribution to the final indicator per L 

bioethanol produced. The main purpose of this study is to compare the different pretreatment 

technologies within a commercial biorefinery plant, thus the end-use of the biofuel is left out of 

the scope. The pretreatment technology does not affect the quality of the final biofuel, as this 

is kept the same for all models, at 99.5 % (w/w) purity. 

2.2 Market study 



 

The first step is to investigate the biomass availability. National data on agricultural 

production and residue-to-crop rates are used to estimate annual agricultural residues 

production. The final residue availability for biofuels production is calculated, by taking into 

consideration that a part of these residues should remain in the field for soil quality 

preservation, while another part is already exploited for other uses. 

The plant-gate biomass cost is estimated based on farm-gate national costs, including 

transportation, storage and feed-handling costs. Cost of chemicals, utilities and disposal, as 

well as product and by-product selling prices are investigated in this step.  

2.3 Process model development 

Simulation models are developed for all processes and mass and energy balances are 

derived, using Aspen Plus® v.12.1 [38], according to the biochemical model developed by the 

National Renewable Energy Laboratory (NREL) [39]. This model is widely used in literature as 

a base case because of its detailed analysis. The simulation, as shown in Figure 5, includes 

the following sections: pretreatment, separate enzymatic hydrolysis & fermentation, enzyme 

production, product recovery, wastewater treatment, storage, energy generation and utilities. 

Due to the non-ideality of the polar compounds used in the simulation, the non-random two 

liquid (NRTL) activity coefficient model is chosen [40].  

 
Figure 3. Pretreatment reactor conditions and severity factors (SF) for the (A) dilute acid, (B) 

alkaline, (C) Steam explosion, (D) Liquid hot water models. 

A simulation model is developed for each pretreatment method, by keeping all of the 

rest process units and conditions the same as the NREL model. There is thus a consistent 

basis for comparison, as only the pretreatment area is different between the four models. 



 

Sulfuric acid and sodium hydroxide are chosen for the dilute acid and alkaline pretreatment 

respectively. Solids loading is lower for the liquid hot water model, due to operational 

constrains [41]. Instead of separation and water washing units, commonly applied in small-

scale experiments [42], chemical conditioning to neutral pH with ammonia or sulfuric acid is 

chosen for all models, due to the large volumes present in the studied simulations. Based on 

the pretreatment conditions, the severity factor is calculated for all models according to 

Pedersen et al. [43], as presented in Figure 3. Table 2 includes the pretreatment fractional 

conversions chosen for each model. The reaction conversions for the dilute acid pretreatment 

are the same as the NREL model [39], while the severity factors are used to estimate the 

reaction yields, according to lab-scale experiments for the rest of the models. 

Table 2. Pretreatment fractional conversions (%) used in ASPEN Plus models [44–46]. 

Products 
Pretreatment method 

Dilute acid Alkaline Steam explosion Liquid hot water 
Glucose 9.90 3.00 5.00 2.00 

Gluco-oligomer 0.30 0.30 0.60 0.60 
Xylose 90.0 3.00 60.0 50.0 

Xylo-oligomer 2.40 7.20 4.80 7.20 
Soluble lignin 5.00 60.0 5.00 5.00 

HMF 0.30 0.01 0.90 0.10 
Furfural 5.00 0.01 15.0 0.15 

 
2.4 Process economics 

The MESPs, expressed in EUR 2021, are calculated for the four biorefinery 

configurations, each having a different pretreatment section. To calculate the MESP, capital 

expenditures (CAPEX) and operational expenditures (OPEX) need to be calculated based on 

the process model that has been developed. A plant with a lifetime of 20 years and 8000 annual 

operating hours, starting its operation in 2021 is assumed. A linear depreciation method is 

chosen for a depreciation period of 7 years for the general plant and 20 years for the energy 

generation area [47], while national tax rates are taken into consideration for the calculation of 

revenues.   

The CAPEX consists of the fixed capital investment (FCI), the working capital and land 

costs. A 15% discount rate is applied [48], while working capital is taken as 5% of the FCI [39] 

and land cost as 2% of the FCI [49].  

The FCI includes total direct costs (equipment cost and additional costs for warehouse, 

site development and piping) and total indirect costs (fringe benefits, burdens, construction 

insurance, field expenses, construction fees, project contingency and other indirect costs) [39]. 

Equipment cost data, installation factors and scaling exponents 𝑛 from the NREL [39] are used 

for the equipment costing of all plant sections, except the pretreatment reactors which are 



 

based on literature [50]. These equipment costs are adjusted to the cost year (2021) using the 

chemical engineering plant cost indices (CEPCI) [51], as indicated in Equation (1). 

𝐶𝑛𝑒𝑤 = 𝐶𝑏𝑎𝑠𝑒 ∙ (𝑆𝑛𝑒𝑤𝑆𝑏𝑎𝑠𝑒)𝑛  ∙ (𝐶𝐸𝑃𝐶𝐼2021𝐶𝐸𝑃𝐶𝐼𝑟𝑒𝑓 ) (1) 

Where 𝐶𝑛𝑒𝑤 and 𝐶𝑏𝑎𝑠𝑒 are the new and the base case equipment costs, 𝑆𝑛𝑒𝑤 and 𝑆𝑏𝑎𝑠𝑒 the 

new and base case equipment sizes, 𝑛 the scaling exponents and 𝐶2021 and 𝐶𝑟𝑒𝑓 the CEPCI 

in 2021 and in the reference year respectively.  

The OPEX consists of the variable and fixed operating costs. Feedstock, raw material, 

utility and waste disposal prices are used to calculate the variable operating costs. The fixed 

operating costs (operator wages, maintenance, supervision, overhead, property taxes and 

insurance) are estimated based on average national salaries. The number of operator shift 

positions is based on the work of Sinnot and Towler [52]. 

2.5 Environmental Impact Indicator Calculation 

The environmental impact of each pretreatment method is evaluated by calculating the 

GHGe, as CO2 equivalents. The greenhouse gases and their equivalence to CO2 are taken 

from the EU Renewable Energy Directive II (RED II) [4]. This indicator includes emissions from 

biomass cultivation at a national level, biomass drying, handling, storage and transportation to 

the plant, as well as during bioethanol production. For the biomass cultivation, an economic 

allocation is chosen while the avoided product allocation is applied for the by-product, as the 

excess electricity produced is assumed to be sold to the local grid. The electricity mix of each 

case study is taken into consideration. Emission savings from biomass sequestration are not 

accounted, as commonly done in biofuels cradle-to-gate environmental assessments [53].  

2.6 Interpretation 

The interpretation step consists of conducting a global sensitivity analysis for the base 

case, as well as a feedstock break-even point analysis for different country-based biorefineries 

within the EU.  

First, a global sensitivity analysis is performed in order to simultaneously investigate 

the impact of several economic parameters to the MESP. The Monte Carlo method [54] is 

chosen to randomly sample the selected parameters and run multiple evaluations to calculate 

the model output. The variables selected are the FCI, discount rate, tax rate, biomass cost, 

chemicals cost and by-product selling price. Triangular distribution is chosen for all variables 

based on a ±20% variation range from the base case, 5000 model evaluations are performed 

and the contribution to variance of MESP is calculated for each variable and simulation model. 



 

Finally, a break-even point analysis is carried out in order to calculate the minimum 

plant capacity needed to reach a net present value (NPV) of zero. All relevant variables 

required for the net present value calculation are correlated with the feedstock inflow, through 

a regression analysis. The FCI and plant capacity are associated by equation (1), where cost 

refers to FCI and size to plant capacity. A scaling factor of 0.6 is chosen [55]. The analysis is 

performed for all simulation models and case studies. 

3. CASE STUDIES 

3.1 Biorefinery locations 

For the base case, 519 kt of corn stover were produced in Belgium in 2020 [56], 

assuming a production rate of 1 dry kg per dry kg of corn grain [57]. A 30% of the total corn 

stover is assumed to be available as a feedstock for biofuels production [58], which 

corresponds to 156 dry kt/year. Detailed corn stover composition is taken from Humbird et al. 

[39], adjusting moisture content to fit the average moisture of European corn stover [59].  

Belgian corn stover production is taken as a minimum threshold, in order to define the 

rest of the case studies. Therefore, thirteen EU countries are chosen [60], applying the same 

assumptions as in the base case (Figure 4 (A)). 

3.2 Economic assessment parameters 

The corn stover farm-gate price [60] is assumed to be half of the final plant-gate price 

[61] (Figure 4 (B)). The costs of chemicals, utilities and disposal are assumed to be the same 

within the EU, as presented in Table 3. Producer price indices for chemicals are used when 

needed to update prices to 2021. Bioethanol price is taken as 0.51 EUR/L for 2021 within the 

EU market [62], while wholesale electricity by-product prices are used for each case study 

[63,64].  

Table 3. Raw materials and utilities cost in 2021 EUR 

Material Value  Unit Source 

Anhydrous ammonia 602   EUR/t [65] 

Ash disposal 45   EUR/t [52] 

Boiler chemicals 5.1 EUR/kg [39] 

Cooling tower chemicals 3.1   EUR/kg [39] 

Corn steep liquor 59   EUR/t [39] 

Diammonium phosphate 739   EUR/t [65] 

Fresh water 0.30   EUR/t [52] 

Denaturant 0.48  EUR/L [66] 

Glucose syrup 459   EUR/t [65] 

Host nutrients 840   EUR/t [39] 



 

Lime 149   EUR/t [65] 

Sodium hydroxide 525   EUR/t [65] 

Sorbitol 1.50   EUR/kg [65] 

Sulfur dioxide 528   EUR/t [65] 

Sulfuric acid  58   EUR/t [65] 

 

Tax rates for all case studies are presented in Figure 4 (C) [67]. Wages for the base 

case are taken from data on the Belgian chemical industry [68], while average national salaries 

[69] are used for the rest of the case studies (Figure 4 (D)). 

3.3 Environmental assessment parameters 

Average GHGe during biomass cultivation are taken from the statistical database of the 

Food and Agriculture Organization (FAOSTAT) for each case study, based on the latest 

available data on cereals cultivation during 2020 [70]. The emissions are converted from kg 

CO2eq/kg biomass to kg CO2eq/dry kg biomass, according to the EU RED II (Figure 4 (E)) [4]. 

GHGe during biomass drying, handling, storage and transportation are calculated based on 

average European data [71]. GHGe factors for electricity are based on the electricity mix of 

each studied country in 2021 (Figure 4 (F)) [72]. The rest of the emission factors are taken as 

average from European data [71], while EcoInvent [73] is used for any missing data, as 

presented in Table 4.  

Table 4. Emission factors 

Input Value  Unit Source 

Ammonia 2.3513   kg CO2/kg [71] 

Antifoam 3.2748 kg CO2/kg [71] 

Corn steep liquor 0.00913   kg CO2/kg [73] 

Diammonium phosphate 0.6744  kg CO2/kg [71] 

Diesel 0.0951 kg CO2/MJ [71] 

Gasoline supply 0.01988   kg CO2/MJ [71] 

Glucose 1.33  kg CO2/kg [73] 

Light heating oil 0.488   kg CO2/kg [73] 

Lime 1.14  kg CO2/kg [73] 

Natural gas 0.0097   kg CO2/MJ [71] 

Sodium hydroxide 0.5297   kg CO2/kg [71] 

Sulfur dioxide 0.0533   kg CO2/kg [71] 

Sulfuric acid 0.2175   kg CO2/kg [71] 

 



 

 

Figure 4. Geospatial variance of (A) corn stover supply, (B) corn stover plant-gate price, (C) 

tax rate and (D) average salaries, (E) biomass cultivation GHGe and (F) electricity generation 

GHGe for all case studies.  

4. RESULTS AND DISCUSSION 



 

4.1 Base case process simulation results 

The major process results are presented in Figure 5 for the four different simulation 

models. The highest biomass conversion to ethanol was observed for the dilute acid 

pretreatment model (334 L/dry t), while a 13%, 17% and 35% lower conversion rates were 

obtained for the steam explosion, liquid hot water and alkaline models respectively. This was 

expected, as dilute acid pretreatment is the most mature technology and the most reported in 

literature. On the other hand, the conversions chosen for the rest of the pretreatment methods 

are based on experimental results. The lower biomass conversion of these methods can also 

be attributed to the fact that the developed process models do not take into consideration any 

ethanol production from oligomer sugars. Close to neutral and high pH, sugars tend to stay in 

their oligomeric and polymeric form [74], which is the case for all pretreatment methods studied 

except for the dilute acid one. 

 

Figure 5. Simplified process flow diagram (PFD) with major mass and energy flows. Stream 

values refer to dilute acid, alkaline, steam explosion and liquid hot water simulation models 

respectively. 

The chemical pretreatment methods exhibit the highest chemical use. The pretreatment 

area required 709 kg/h and 600 kg/h of chemicals both for pretreatment and conditioning during 

dilute acid and alkaline pretreatment respectively. This accounts for around 26-28% of the total 

chemical consumption of the bioethanol plant. On the contrary, both of the physicochemical 

pretreatment methods were responsible for only 6.5% of the total chemical consumption. This 

percentage includes the ammonia used during the conditioning step.  

The alkaline and liquid hot water pretreatment methods have the highest water 

consumption. The cooling water tower system is the main attributor to the high water demand 

for the alkaline pretreatment model. Alkaline pretreatment is the only method among those 

evaluated in this study that focuses on the removal of lignin. The simulated bioethanol plant 

uses lignin as a fuel to a combustor at the energy generation area, which produces steam and 

electricity through a boiler and a multistage turbine connected with a generator. Steam is 



 

generated at two different pressure levels and the remaining is condensed and returned to the 

boiler system. Due to the high amount of lignin burnt, as well as the lower steam demand 

because of the low pretreatment temperature, a larger amount of remaining steam is available. 

In order to condense this steam turbine exhaust, a larger volume of cooling water is required. 

As far as the liquid hot water pretreatment method is concerned, the use of water as a catalyst 

in combination with the low solids loading during the pretreatment are the main contributors to 

the high water consumption. Finally, the excess electricity production was found to be from 2.7 

to 3.8 times higher for the alkaline pretreatment model compared to the rest, because of the 

excess lignin removed during the pretreatment. 

4.2 Base case process economics results 

Figure 6 summarizes the main economic results of the techno-economic assessment 

for all simulation models. The CAPEX was the lowest for steam explosion and liquid hot water. 

These two physicochemical methods require a simpler reactor design, with less expensive 

materials compared to the chemical pretreatment methods, which create extreme acidic/basic 

conditions. On the contrary, the alkaline model exhibits the highest CAPEX among all models. 

This can be explained with the breakdown of the total equipment cost by process areas, as 

shown in Figure 7 (A). 



 

 

Figure 6. Major techno-economic assessment results for each simulation model: (A) CAPEX; 

(B) OPEX; (C) Annual revenues; (D) MESP.  

The energy generation area has the highest contribution to the total equipment cost for 

all models, over 30% for all models. The alkaline model requires a larger scale for the energy 

generation area than the rest of the models, due to its high delignification rate. Overall, 

pretreatment area accounts for 14%, 13%, 10%, 12% of the total equipment cost for the dilute 

acid, alkaline, steam explosion and liquid hot water models respectively. The impact of the 

pretreatment method is responsible for the lowest CAPEX calculated for steam explosion, 

followed by liquid hot water pretreatment models. The difference between these two 

physicochemical methods can be attributed to the higher water supply required for the liquid 

hot water method.  
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Figure 7. Breakdown of (A) equipment cost and (B) variable operating cost for the four different 

pretreatment models. 

The highest OPEX (Figure 6 (B)) is observed for dilute acid pretreatment model, 

followed by alkaline, liquid hot water and steam explosion. Feedstock is the major contributor 

to the variable operating cost, as indicated in Figure 7 (B). Corn stover supply is responsible 

for 54%, 59%, 63% and 63% of the total variable operating cost for dilute acid, alkaline, steam 

explosion and liquid hot water pretreatment models respectively. Chemicals cost is the second 

highest contributor for all models studied. The highest chemicals cost is observed for the 

chemical pretreatment models, due to the increased need for chemicals during the 

pretreatment process. Despite the highest price of sodium hydroxide compared to sulfuric acid, 

dilute acid model has a higher chemicals cost than alkaline model. This can be attributed to 

the higher acid loading during pretreatment and the higher ethanol production of the dilute acid 

process model, which requires more chemicals for the downstream processes.  

The disposal of the ash collected from the baghouse unit, has the third highest 

contribution to the variable operating cost for all models. The two chemical methods had the 

highest disposal cost, due to use of more chemicals, while the physicochemical ones had 

almost the same. Finally, utilities costs include only the fresh water supply, as steam, 

electricity, cooling and chilled water are produced on-site. Despite the large amount of fresh 

water required for the bioethanol plant, it has the lowest impact on the variable operating cost. 

The highest utilities cost is observed for the alkaline pretreatment, followed by liquid hot water, 

steam explosion and dilute acid. This is explained by the water consumption required for each 
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method, which was found at 5.41 kg/L, 11.28 kg/L, 7.00 kg/L and 7.67 kg/L of ethanol produced 

for the dilute acid, alkaline, steam explosion and liquid hot water pretreatment models 

respectively.  

The total revenues of the bioethanol plant include ethanol sales and electricity by-

product credit. The ethanol sales are the major contributor, being responsible for around 84% 

of the total annual revenues for the alkaline pretreatment model and 95 to 96% for the rest. 

The electricity by-product sales are higher for the alkaline pretreatment model due to the larger 

amount of electricity produced. The process models with the highest ethanol yield and 

therefore, ethanol production, were the ones with the highest revenues. Indeed, dilute acid 

pretreatment model showed the highest annual revenues, followed by steam explosion, liquid 

hot water and alkaline models (Figure 6 (C)). 

The dilute acid pretreatment model has the lowest MESP of 1.01 EUR/L, followed by 

steam explosion and liquid hot water (Figure 6 (D)). This is attributed to the highest corn stover 

conversion rate calculated for the dilute acid model, despite having a higher CAPEX and OPEX 

than the two physicochemical models. Nevertheless, the calculated MESPs are almost 2 to 3 

higher than the average ethanol selling price in 2021 market, being 0.51 EUR/L [62]. Similarly, 

Silva et al. [32] estimated the lowest capital cost for the steam explosion pretreatment 

simulation model, followed by liquid hot water and dilute acid, but identified dilute acid as the 

most economically feasible pretreatment method for second-generation ethanol production.  

4.3 Base case environmental assessment results 

The GHGe for each simulation model were calculated as CO2 equivalents. The results 

are plotted against the MESP for each simulation model in Figure 8.The biomass cultivation 

contribution is the highest for all models, ranging from 60% to 70%. GHGe during ethanol 

production are higher for the two chemical methods, due to the excess amount of chemicals 

used. Despite this difference, the lowest GHGe are calculated for the dilute acid model, 

followed by steam explosion, while the alkaline presents the highest one. This is mainly 

attributed to the low ethanol yield obtained for the alkaline model, requiring thus a larger 

amount of corn stover per L ethanol (i.e., the functional unit), which is the main driver for the 

calculated GHGe. The results are in accordance with Silva et al. [32], who also observed higher 

GHGe for the steam explosion compared to dilute acid. 



 

 

 

Figure 8. GHGe (stacked columns, primary axis) breakdown and MESP (markers, secondary 

axis) for each pretreatment technology of the base case study. 

In Figure 8, the trade-off between the two main economic and environmental indicators 

is shown. Dilute acid presents both the best economic and environmental performance, 

dominating the rest. It is also worth mentioning that the GHGe savings from electricity 

substitution are significantly high for the alkaline model, which presented the largest electricity 

production. Therefore, the national electricity mix can have an even higher impact in the 

calculated GHGe savings from this substitution for countries with a higher carbon intensity in 

their electricity production. 

4.4 Economic Global Sensitivity analysis 

Figure 9 illustrates the sensitivity of the MESP under various economic parameters for 

the different pretreatment methods studied. All variables have a positive correlation with the 

MESP except for the by-product price. The most influential parameter for all process models 

is the FCI with more than 50% contribution, followed by the discount rate. This is explained by 

the high costs associated with the CAPEX, compared to the operational costs. Corn stover 

cost has also a considerable impact on MESP for all models.  

The contribution of the by-product price is significantly higher for the alkaline model, 

due to the high amount of excess electricity produced compared to the rest of the models. 

Dilute acid model is also more sensitive to the impact of the chemicals cost. The high chemicals 

use of this method is the main cause of this contribution. The two physiochemical pretreatment 

models have a relatively higher impact by the operator wages, which can be attributed to the 

fact that the OPEX is affected more by the fixed operation cost, due to the low chemicals use. 



 

On the other hand, the two chemical pretreatment models are more sensitive to the biomass 

cost. The rest of the parameters show no significant difference between the different models. 

 

Figure 9. Global sensitivity analysis for four different pretreatment models. 

4.5 Geospatial process economic results 

The MESP of thirteen countries within the EU, in addition to Belgium (base case) for 

four different pretreatment technologies, are shown in Figure 10. In all cases, Belgium presents 

the highest MESP. This can be explained by the fact that Belgian total corn stover production 

(519 dry kt/y) was used as a minimum threshold, while its tax rate and salaries are among the 

highest. On the other hand, the lowest MESP (0.39 EUR/L) is obtained for Hungary for the 

steam explosion model, followed by the liquid hot water one (0.43 EUR/L). Hungary presents 

the lowest tax rate, the second lowest average salary and the third highest corn stover 

production between the studied countries. A low MESP (0.43 EUR/L) is also calculated for 

Romania, by employing the steam explosion pretreatment technology.  
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Figure 10. MESP (EUR/L) results for (A) Dilute acid, (B) Alkaline, (C) Steam explosion and (D) 

Liquid hot water pretreatment models within the EU.  

Based on these results, there is a clear location-dependency of the economic 

performance of different pretreatment technologies. Dilute acid is the most promising 

technology for nine countries, while steam explosion for five countries. The alkaline model 

exhibited the worst economic performance for all of the studied countries. The two 

physicochemical models performed best at Hungary, while the two chemical models at 

Romania. Indeed, a MESP of 0.44 EUR/L for the dilute acid and 0.51 EUR/L for the alkaline 

model was calculated for Romania. This can be attributed to the fact that Romania has the 

second lowest biomass cost among the other countries. The economic performance of the two 

chemical pretreatment models is affected more by the biomass cost, as indicated by the global 

sensitivity analysis in Section 4.4. It is worth mentioning that despite Bulgaria having the lowest 

biomass cost, its performance is worse due to its limited corn stover production.  



 

4.6 Geospatial environmental indicator results 

Figure 11 presents the calculated GHGe for four pretreatment technologies in fourteen 

EU countries (including the base case results). The best environmental performance, indicated 

by the lowest GHGe, is observed for Poland. This is directly associated with the carbon 

intensity of Poland’s electricity generation sector, which was the highest within the EU during 

2021 [72]. In this study, the avoided product allocation is applied for the generated electricity, 

thus emission savings are significantly higher for countries with a high carbon intensity. GHGe 

were the highest in Bulgaria, except for the alkaline model which performs worst in Belgium. 

Bulgaria presents the highest emissions from biomass cultivation practices, which as shown 

in Figure 8 for the base case, has the biggest contribution to the final calculated emissions. 

However, when the excess electricity production is higher, then the emissions savings due to 

product allocation can significantly improve the overall performance, which is the case for the 

alkaline technology in Bulgaria.  

Similarly to the economic assessment results, the environmental performance of the 

investigated pretreatment technologies is directly connected to the biorefinery location. The 

lowest environmental impact is obtained for the dilute acid method for eleven countries, while 

the alkaline technology outperforms the dilute acid in Poland, Germany and Greece. These 

three countries had the highest carbon intensity in the power sector in EU during 2021 [72]. 

The alkaline model presents a significantly higher electricity production than the rest of the 

technologies, which is treated as an avoided product in the performed environmental 

assessment. The low GHGe of the dilute acid model are associated with its technological 

performance, as less biomass is required per L of ethanol produced. Therefore, the emissions 

due to biomass cultivation and handling are lower per functional unit. Finally, France and 

Germany are the countries with the lowest environmental impact after Poland, due to the low 

emissions intensity of their cereal production [70]. 

 



 

 

Figure 11. GHGe (kg CO2eq/L EtOH) results for (A) Dilute acid, (B) Alkaline, (C) Steam 

explosion and (D) Liquid hot water pretreatment models within the EU. 

4.7 Plant capacity break-even point analysis results 

The percentage of the plant capacity break-even point to the actual simulated is 

presented in Figure 12. Hungary and Romania are the only countries with a simulated plant 

capacity higher than the break-even point. Indeed, a 40-60% of the simulated plant capacity is 

required to reach a net present value of zero for the steam explosion, liquid hot water and 

dilute acid models. The break-even point for the alkaline model is almost the same as the 

simulated supply, for the two countries. Given the assumptions made for the corn stover that 

is available for biofuels production and is supplied to only one biorefinery, a high potential for 

these two countries is identified.  



 

A two to four times higher biomass supply is required for six countries, namely Bulgaria, 

Croatia, France, Germany, Italy and Poland. Given the restricted corn stover availability in 

these countries, such a large plant capacity is not feasible. However, mixed feedstock supply 

could be an alternative option to tackle the biomass availability limitations. Simultaneous 

processing of different lignocellulosic biomass has been investigated in literature. Nielsen et 

al. [75] calculated an ethanol yield of 74-78%, by performing acid-catalyzed steam 

pretreatment on a mixed feedstock of corn stover and wheat straw. Shi et al [76] performed 

saccharification on an ionic liquid pretreated feedstock mixture and estimated a 90% sugar 

yield. Therefore, the use of different lignocellulosic feedstocks in the same biorefinery could 

increase the plant capacity and potentially improve its economic performance. 

 

Figure 12. Plant capacity break-even point to simulated plant capacity (expressed in %) for 

different biorefinery locations within the EU for (A) Dilute acid, (B) Alkaline, (C) Steam 

explosion and (D) Liquid hot water models. Belgium is excluded from the graph due to the 

relatively high difference with the rest of the countries. 

4.8 Discussion 



 

The ETEA performed in this study aims to evaluate the performance of second-

generation ethanol production from corn stover in the EU, deploying different pretreatment 

technologies. The base case study in Belgium indicated a poor economic prospective of 

second-generation bioethanol from corn stover in the country. Therefore, due to feedstock 

availability limitations in Belgium, the potential to improve the economic feasibility of second-

generation ethanol is linked to the key parameters identified by the global sensitivity analysis. 

The FCI and discount rate were the two major parameters with the highest influence on the 

MESP. These factors are directly connected with the chosen processes and their maturity. 

Finally, by taking into consideration both the economic and environmental performance of each 

pretreatment model, the dilute acid and steam explosion technologies showed the highest 

potential for the base case study. Emissions during biomass cultivation had the highest 

contribution to the final GHGe indicator, while the carbon intensity of the electricity generation 

sector had also a significant effect due to the applied avoided product allocation.  

However, these results are location-dependent, indicative only for the base case study. 

This was validated by geospatially varying key parameters within thirteen more EU countries. 

Indeed, different results were obtained for both the economic and environmental performance, 

when taking into consideration different biorefinery locations within the EU. The lowest MESP 

was observed for Eastern European countries. Both Hungary and Romania have the second 

and third lowest biomass cost and tax rate, their average wage is less than 13000 EUR/y while 

their corn stover production is among the highest. Those parameters were sufficient enough 

to provide a MESP lower than the average ethanol selling price in the EU, making a second-

generation bioethanol production plant economically viable. The poor economic performance 

of few investigated countries indicates the effort required to make this bioethanol plant 

economically feasible, under the assumptions made in this study. Also, the plant capacity 

break-even point analysis indicated the importance of the biomass availability, which is limited 

in most of the economically poor performing countries. More research towards the 

pretreatment processes or different biomass valorization pathways, could potentially make this 

biorefinery viable.  

The lowest GHGe were obtained for Poland, Greece, France and Germany. The high 

carbon intensity of the electricity generation sector of Poland and Greece and the low emission 

intensity of the French and German cereal agriculture sector were the main drivers of the 

obtained results. Dilute acid model showed the best environmental performance in almost all 

case studies, but, notably, the alkaline pretreatment technology showed a better performance 

in three countries, those being Poland, Germany and Greece. 



 

Therefore, a location dependency of each pretreatment technology was identified, as 

both the economic and environmental performance varied significantly between the 

investigated case studies. Multiple technology variances for a specific case study should be 

taken into consideration, as a different performance can be obtained. This can have a 

significant impact on the final optimal technology choice when stakeholders are investigating 

potential investments. Moreover, the geospatial variance of major parameters should be 

considered by researchers when investigating novel technologies, as their performance can 

vary based on the studied location. The obtained results of the current study can also be 

valorized by policymakers within the EU to identify the barriers and the drivers of each 

pretreatment technology application. Finally, the framework applied in this study can be 

extrapolated to other large regions, such as the USA, East Asia, Africa etc., as the identified 

technology performance differences within the EU are very likely to exist in other regions 

around the world. 

4.9 Limitations & Future work 

The alkaline pretreatment emerges as the worst in terms of economic viability for all 

case studies. This technology has a high biomass delignification rate, resulting in a large 

amount of lignin being further valorized towards steam and electricity. However, lignin could 

also be valorized differently, as there is an increasing interest in lignin-first biorefineries aiming 

at producing high added-value chemicals [77,78], which can improve the economic viability as 

co-products to bioethanol in an integrated biorefinery concept starting from lignocellulosic 

biomass. Therefore, different co-products in combination with bioethanol can be investigated 

in future work, as they can have a significant impact in the biorefinery performance. 

The EU’s Emission Trading System allows participating installations to trade CO2 

allowances [79]. The current system does not cover biorefineries, while the very recently 

revised EU ETS II, which is set to be implemented in 2027, will cover more sectors such as 

fuel distribution for road transport and buildings [80]. Due to the policy uncertainties, extremely 

volatile carbon prices (notably European Emission Allowance prices ranged from 24 to over 

100 EUR/t CO2 from 2020 until 2023 [81]), as well as the fact that the main product of the 

investigated biorefinery is bioethanol, which is currently used as blended fuel within the EU 

and does not substitute an already existing fossil-based fuel, the possible CO2 credits were 

not included in the economic assessment. 

The avoided product allocation approach applied in this study has a significant effect 

on the environmental performance of the investigated technologies. Since electricity is sold as 

a by-product to the national grid, the system expansion allocation method was chosen, gaining 

emissions savings from substituting this electricity in the national electricity mix. The 



 

environmental performance results are thus subjected to the assumptions made during the 

environmental assessment.  

During the geospatial scenarios of different case studies, only few major parameters 

were taken into consideration. In particular, the equipment costs are assumed to be the same 

for all case studies. A location factor could be applied, in order to capture the difference of 

building a plant in different countries. However, due to the lack of data on recently available 

location factors for all of the investigated countries, as well as the criticism over the use of 

location factors due to globalization (most installation factors are close to 1.0) [52], this was 

not included in the study.  

As far as the environmental performance is concerned, only the biomass cultivation 

and electricity mix are varied. In particular, aggregated data on emissions from cereals 

cultivation are used, which include corn, barley, oats, rye, wheat and sorghum. It is thus 

possible that an under- or over-estimation of the GHGe from corn cultivation is made. A 

recently published review on LCA studies in biorefinery systems, revealed the importance of 

spatiotemporal LCAs [82]. Therefore, the application of a complete geospatial LCA could 

improve the findings of this study, providing more accurate results on the environmental 

performance of a technology for a specific location. In addition to the geospatial variance, 

taking into consideration also the temporal could improve further the obtained results, which 

are currently affected by both the biomass cultivation practices and the electricity mix of the 

investigated countries, which are expected to significantly change over the next years, in order 

to meet the EU’s climate neutrality target [13]. It is thus evident that the underlying assumptions 

have a significant positive or negative influence on the environmental performance and should 

be taken into consideration by the relevant bodies. 

Finally, all values used in the current study are fixed and based on the available 

literature. A global sensitivity analysis has been conducted for the economic parameters, 

indicating the influence of key parameters. Also, given the importance of the biorefinery scale, 

a plant capacity break-even point analysis was conducted to identify the required biomass 

needed. However, a complete uncertainty analysis on both economic and environmental 

parameters could identify and quantify the effect of potential errors in the input data used.  

5. CONCLUSION 

An environmental techno-economic assessment was conducted to identify the most 

promising pretreatment technology for a second-generation ethanol production plant in EU, 

using corn stover as feedstock. Dilute acid, alkaline, steam explosion and liquid hot water 

methods were simulated in ASPEN Plus and their economic and environmental performances 

were firstly evaluated for a base case study in Belgium. Based on the obtained results, major 



 

influential parameters were identified and varied within the EU. The lowest MESP was obtained 

for Hungary at 0.39 EUR/L and for Romania at 0.43 EUR/L for the steam explosion technology. 

This is mainly attributed to the low biomass cost, tax rate, salaries and the high corn stover 

production of Eastern European countries. Poland presented significantly lower GHGe than 

the rest of the case studies, at 0.46 kg CO2eq/L EtOH, due to the avoided product allocation 

applied for the electricity by-product and its extremely high electricity generation carbon 

intensity during 2021. Low GHGe were also obtained for France and Germany, where low 

emissions by the cereal agricultural sector are observed. The geospatial ETEA framework 

applied in this study indicated a location relationship between both the economic and 

environmental performance and pretreatment technologies. Therefore, the investigated 

parameters should be taken into account when assessing the performance of pretreatment 

technologies, while a complete spatiotemporal LCA could further improve the accuracy of the 

obtained results.  

 

ACKNOWLEDGMENTS 

This study was carried out within the framework of the ADV_BIO project financed by 

the FOD Economie - Energietransitiefonds/ SPF Économie - Fonds de Transition Energétique, 

call 2019 - 2020 subsidies. Philippe Nimmegeers holds a FWO senior postdoctoral fellowship 

(grant number: 1215523N) granted by FWO Vlaanderen/Research Foundation Flanders. 

REFERENCES 

[1] Chovau S, Degrauwe D, van der Bruggen B. Critical analysis of techno-economic 

estimates for the production cost of lignocellulosic bio-ethanol. Renewable and 

Sustainable Energy Reviews 2013;26:307–21. 

https://doi.org/10.1016/j.rser.2013.05.064. 

[2] International Energy Agency (IEA). Greenhouse Gas Emissions from Energy: 

Overview 2021. https://www.iea.org/data-and-statistics/data-tools/greenhouse-

gas-emissions-from-energy-data-explorer (accessed April 5, 2022). 

[3] ePURE. Fuel Blends n.d. https://www.epure.org/about-ethanol/fuel-market/fuel-

blends/ (accessed April 29, 2022). 

[4] European Parliament. Directive (EU) 2018/2001 of the European Parliament and 

of the Council of 11 December 2018 on the promotion of the use of energy from 

renewable sources (recast). 2018. 

[5] Rezania S, Oryani B, Cho J, Talaiekhozani A, Sabbagh F, Hashemi B, et al. 

Different pretreatment technologies of lignocellulosic biomass for bioethanol 

production: An overview. Energy 2020;199. 

https://doi.org/10.1016/j.energy.2020.117457. 

[6] Lin CY, Lu C. Development perspectives of promising lignocellulose feedstocks 

for production of advanced generation biofuels: A review. Renewable and 

Sustainable Energy Reviews 2021;136. 

https://doi.org/10.1016/j.rser.2020.110445. 



 

[7] Menten F, Chèze B, Patouillard L, Bouvart F. A review of LCA greenhouse gas 

emissions results for advanced biofuels: The use of meta-regression analysis. 

Renewable and Sustainable Energy Reviews 2013;26:108–34. 

https://doi.org/10.1016/j.rser.2013.04.021. 

[8] Sun S, Sun S, Cao X, Sun R. The role of pretreatment in improving the enzymatic 

hydrolysis of lignocellulosic materials. Bioresour Technol 2016;199:49–58. 

https://doi.org/10.1016/j.biortech.2015.08.061. 

[9] Solarte-Toro JC, Romero-García JM, Martínez-Patiño JC, Ruiz-Ramos E, Castro-

Galiano E, Cardona-Alzate CA. Acid pretreatment of lignocellulosic biomass for 

energy vectors production: A review focused on operational conditions and 

techno-economic assessment for bioethanol production. Renewable and 

Sustainable Energy Reviews 2019;107:587–601. 

https://doi.org/10.1016/j.rser.2019.02.024. 

[10] Kim JS, Lee YY, Kim TH. A review on alkaline pretreatment technology for 

bioconversion of lignocellulosic biomass. Bioresour Technol 2016;199:42–8. 

https://doi.org/10.1016/j.biortech.2015.08.085. 

[11] Chen HZ, Liu ZH. Steam explosion and its combinatorial pretreatment refining 

technology of plant biomass to bio-based products. Biotechnol J 2015;10:866–85. 

https://doi.org/10.1002/biot.201400705. 

[12] Kim D. Physico-chemical conversion of lignocellulose: Inhibitor effects and 

detoxification strategies: A mini review. Molecules 2018;23. 

https://doi.org/10.3390/molecules23020309. 

[13] European Commission. “Fit for 55”: delivering the EU’s 2030 Climate Target on 
the way to climate neutrality. 2021. 

[14] Baldoni E, Reumerman P, Parisi C, Platt R, González Hermoso H, Vikla K, et al. 

Chemical and material biorefineries in the EU. European Commission, Joint 

Research Centre (JRC) [Dataset] PID: Http://DataEuropaEu/89h/24e98d11-Ef06-

4233-8f69-1e123938e891 2021. 

[15] Kargbo H, Harris JS, Phan AN. “Drop-in” fuel production from biomass: Critical 
review on techno-economic feasibility and sustainability. Renewable and 

Sustainable Energy Reviews 2021;135:110168. 

https://doi.org/10.1016/j.rser.2020.110168. 

[16] García-Velásquez CA, Cardona CA. Comparison of the biochemical and 

thermochemical routes for bioenergy production: A techno-economic (TEA), 

energetic and environmental assessment. Energy 2019;172:232–42. 

https://doi.org/10.1016/j.energy.2019.01.073. 

[17] Nwai CY a, Patel B. Techno-economic study and environmental analysis of a 

solar-aided lignocellulosic biorefinery: a South African case study. Biomass 

Convers Biorefin 2021. https://doi.org/10.1007/s13399-021-01859-2. 

[18] Calicioglu O, Femeena PV, Mutel CL, Sills DL, Richard TL, Brennan RA. 

Techno-economic Analysis and Life Cycle Assessment of an Integrated 

Wastewater-Derived Duckweed Biorefinery. ACS Sustain Chem Eng 

2021;9:9395–408. https://doi.org/10.1021/acssuschemeng.1c02539. 

[19] Mandegari M, Farzad S, Görgens JF. A new insight into sugarcane biorefineries 

with fossil fuel co-combustion: Techno-economic analysis and life cycle 

assessment. Energy Convers Manag 2018;165:76–91. 

https://doi.org/10.1016/j.enconman.2018.03.057. 

[20] Manhongo TT, Chimphango A, Thornley P, Röder M. Techno-economic and 

environmental evaluation of integrated mango waste biorefineries. J Clean Prod 

2021;325:129335. https://doi.org/10.1016/j.jclepro.2021.129335. 



 

[21] Pang B, Sun Z, Wang L, Chen W-J, Sun Q, Cao X-F, et al. Improved value and 

carbon footprint by complete utilization of corncob lignocellulose. Chemical 

Engineering Journal 2021;419:129565. 

https://doi.org/10.1016/j.cej.2021.129565. 

[22] Vaskan P, Pachón ER, Gnansounou E. Techno-economic and life-cycle 

assessments of biorefineries based on palm empty fruit bunches in Brazil. J Clean 

Prod 2018;172:3655–68. https://doi.org/10.1016/j.jclepro.2017.07.218. 

[23] Servian-Rivas LD, Pachón ER, Rodríguez M, González-Miquel M, González EJ, 

Díaz I. Techno-economic and environmental impact assessment of an olive tree 

pruning waste multiproduct biorefinery. Food and Bioproducts Processing 

2022;134:95–108. https://doi.org/10.1016/j.fbp.2022.05.003. 

[24] DeRose K, Liu F, Davis RW, Simmons BA, Quinn JC. Conversion of Distiller’s 
Grains to Renewable Fuels and High Value Protein: Integrated Techno-Economic 

and Life Cycle Assessment. Environ Sci Technol 2019;53:10525–33. 

https://doi.org/10.1021/acs.est.9b03273. 

[25] Serna-Loaiza S, Carmona-Garcia E, Cardona CA. Potential raw materials for 

biorefineries to ensure food security: The Cocoyam case. Ind Crops Prod 

2018;126:92–102. https://doi.org/10.1016/j.indcrop.2018.10.005. 

[26] Nickel DB, Fornell R, Janssen M, Franzén CJ. Multi-Scale Variability Analysis 

of Wheat Straw-Based Ethanol Biorefineries Identifies Bioprocess Designs 

Robust Against Process Input Variations. Front Energy Res 2020;8. 

https://doi.org/10.3389/fenrg.2020.00055. 

[27] Kadhum HJ, Rajendran K, Murthy GS. Optimization of Surfactant Addition in 

Cellulosic Ethanol Process Using Integrated Techno-economic and Life Cycle 

Assessment for Bioprocess Design. ACS Sustain Chem Eng 2018;6:13687–95. 

https://doi.org/10.1021/acssuschemeng.8b00387. 

[28] Solarte-Toro JC, Romero-García JM, Martínez-Patiño JC, Ruiz-Ramos E, Castro-

Galiano E, Cardona-Alzate CA. Acid pretreatment of lignocellulosic biomass for 

energy vectors production: A review focused on operational conditions and 

techno-economic assessment for bioethanol production. Renewable and 

Sustainable Energy Reviews 2019;107:587–601. 

https://doi.org/10.1016/j.rser.2019.02.024. 

[29] Pandey R, Nahar N, Pryor S, Pourhashem G. Cost and Environmental Benefits of 

Using Pelleted Corn Stover for Bioethanol Production. Energies (Basel) 

2021;14:2528. https://doi.org/10.3390/en14092528. 

[30] da Conceição Trindade Bezerra e Oliveira M, Rosentrater KA. Environmental and 

economic analysis of low-moisture anhydrous ammonia (LMAA) as a 

pretreatment for cellulosic ethanol production. J Clean Prod 2021;315:128173. 

https://doi.org/10.1016/j.jclepro.2021.128173. 

[31] Obydenkova S, Defauw L, Kouris P, Smeulders D, Boot M, van der Meer Y. 

Environmental and Economic Assessment of a Novel Solvolysis-Based 

Biorefinery Producing Lignin-Derived Marine Biofuel and Cellulosic Ethanol. 

Energies (Basel) 2022;15:5007. https://doi.org/10.3390/en15145007. 

[32] Rodrigues Gurgel da Silva A, Giuliano A, Errico M, Rong BG, Barletta D. 

Economic value and environmental impact analysis of lignocellulosic ethanol 

production: assessment of different pretreatment processes. Clean Technol 

Environ Policy 2019;21:637–54. https://doi.org/10.1007/s10098-018-01663-z. 

[33] Gumte KM, Mitra K. Bio-Supply Chain Network Design to tackle ethanol 

deficiency in India: A mathematical framework. J Clean Prod 2019;234:208–24. 

https://doi.org/10.1016/j.jclepro.2019.06.160. 



 

[34] Lopez-Hidalgo AM, Magaña G, Rodriguez F, De Leon-Rodriguez A, Sanchez A. 

Co-production of ethanol-hydrogen by genetically engineered Escherichia coli in 

sustainable biorefineries for lignocellulosic ethanol production. Chemical 

Engineering Journal 2021;406:126829. 

https://doi.org/10.1016/j.cej.2020.126829. 

[35] Mahmud R, Moni SM, High K, Carbajales-Dale M. Integration of techno-

economic analysis and life cycle assessment for sustainable process design – A 

review. J Clean Prod 2021;317:128247. 

https://doi.org/10.1016/j.jclepro.2021.128247. 

[36] Thomassen G, Van Dael M, Lemmens B, Van Passel S. A review of the 

sustainability of algal-based biorefineries: Towards an integrated assessment 

framework. Renewable and Sustainable Energy Reviews 2017;68:876–87. 

https://doi.org/10.1016/j.rser.2016.02.015. 

[37] Thomassen G, van Dael M, van Passel S. The potential of microalgae biorefineries 

in Belgium and India: An environmental techno-economic assessment. Bioresour 

Technol 2018;267:271–80. https://doi.org/10.1016/j.biortech.2018.07.037. 

[38] Aspen Technology I. ASPEN Plus V12.1 2021. 

[39] Humbird D, Davis R, Tao L, Kinchin C, Hsu D, Aden A, et al. Process Design 

and Economics for Biochemical Conversion of Lignocellulosic Biomass to 

Ethanol: Dilute-Acid Pretreatment and Enzymatic Hydrolysis of Corn Stover. 

2011. 

[40] Neau E, Escandell J, Nicolas C. Modeling of Highly Nonideal Systems: 1. A 

Generalized Version of the NRTL Equation for the Description of Low-Pressure 

Equilibria. Ind Eng Chem Res 2010;49:7580–8. 

https://doi.org/10.1021/ie100121c. 

[41] Modenbach AA, Nokes SE. The use of high-solids loadings in biomass 

pretreatment-a review. Biotechnol Bioeng 2012;109:1430–42. 

https://doi.org/10.1002/bit.24464. 

[42] Karuna N, Zhang L, Walton JH, Couturier M, Oztop MH, Master ER, et al. The 

impact of alkali pretreatment and post-pretreatment conditioning on the surface 

properties of rice straw affecting cellulose accessibility to cellulases. Bioresour 

Technol 2014;167:232–40. https://doi.org/10.1016/j.biortech.2014.05.122. 

[43] Pedersen M, Meyer AS. Lignocellulose pretreatment severity - relating pH to 

biomatrix opening. N Biotechnol 2010;27:739–50. 

https://doi.org/10.1016/j.nbt.2010.05.003. 

[44] Qin L, Liu L, Li WC, Zhu JQ, Li BZ, Yuan YJ. Evaluation of soluble fraction and 

enzymatic residual fraction of dilute dry acid, ethylenediamine, and steam 

explosion pretreated corn stover on the enzymatic hydrolysis of cellulose. 

Bioresour Technol 2016;209:172–9. 

https://doi.org/10.1016/j.biortech.2016.02.123. 

[45] Kim SM, Dien BS, Tumbleson ME, Rausch KD, Singh V. Improvement of sugar 

yields from corn stover using sequential hot water pretreatment and disk milling. 

Bioresour Technol 2016;216:706–13. 

https://doi.org/10.1016/j.biortech.2016.06.003. 

[46] Chen X, Zhai R, Shi K, Yuan Y, Dale BE, Gao Z, et al. Mixing alkali pretreated 

and acid pretreated biomass for cellulosic ethanol production featuring reduced 

chemical use and decreased inhibitory effect. Ind Crops Prod 2018;124:719–25. 

https://doi.org/10.1016/j.indcrop.2018.08.056. 

[47] Internal Revenue Service. How To Depreciate Property. Publication #946 2021. 



 

[48] van Dael M, Kuppens T, Lizin S, van Passel S. Techno-economic Assessment 

Methodology for Ultrasonic Production of Biofuels. In: Fang Z, Smith Richard L. 

Jr, Qi X, editors. Production of Biofuels and Chemicals with Ultrasound, 

Dordrecht: Springer Netherlands; 2015, p. 317–45. https://doi.org/10.1007/978-

94-017-9624-8_12. 

[49] Peters MS, Timmerhaus KD. Plant Design and Economics for Chemical 

Engineers. 4th ed. McGraw-Hill; 1991. 

[50] Kumar D, Murthy GS. Impact of pretreatment and downstream processing 

technologies on economics and energy in cellulosic ethanol production. 

Biotechnol Biofuels 2011;4. https://doi.org/10.1186/1754-6834-4-27. 

[51] Chemical Engineering. The Chemical Engineering Plant Cost Index 2021. 

[52] Sinnott R, Towler G. Costing and Project Evaluation. Chemical Engineering 

Design, Elsevier; 2020, p. 275–369. https://doi.org/10.1016/b978-0-08-102599-

4.00006-0. 

[53] Liu H, Huang Y, Yuan H, Yin X, Wu C. Life cycle assessment of biofuels in 

China: Status and challenges. Renewable and Sustainable Energy Reviews 

2018;97:301–22. https://doi.org/10.1016/j.rser.2018.08.052. 

[54] Sobol IM. Global sensitivity indices for nonlinear mathematical models and their 

Monte Carlo estimates. vol. 55. 2001. 

[55] Shah A, Baral NR, Manandhar A. Technoeconomic Analysis and Life Cycle 

Assessment of Bioenergy Systems. Advances in Bioenergy, vol. 1, Elsevier Inc.; 

2016, p. 189–247. https://doi.org/10.1016/bs.aibe.2016.09.004. 

[56] STATBEL. Final estimate of the production of agricultural crops - 2020 2022. 

https://statbel.fgov.be/en/themes/agriculture-fishery/farm-and-horticultural-

holdings#figures (accessed October 4, 2022). 

[57] Ruan Z, Wang X, Liu Y, Liao W. Corn. Integrated Processing Technologies for 

Food and Agricultural By-Products, Elsevier; 2019, p. 59–72. 

https://doi.org/10.1016/B978-0-12-814138-0.00003-4. 

[58] Searle SY, Malins CJ. Waste and residue availability for advanced biofuel 

production in EU Member States. Biomass Bioenergy 2016;89:2–10. 

https://doi.org/10.1016/j.biombioe.2016.01.008. 

[59] Elbersen W, Alakangas E, Elbersen B, Annevelink B, Almeyda JR, Lammens T. 

D2.4 Annex - Biomass properties. S2Biom Project, Deliverable D2.4: 2016. 

[60] Dees M, Elbersen B, Fitzgerald J, Vis M, Anttila P, Forsell N, et al. Atlas with 

regional cost supply biomass potentials for EU 28, Western Balkan Countries, 

Moldavia, Turkey and Ukraine. Project Report. S2BIOM - a project funded under 

the European Union 7th Framework Programme for Research. Grant Agreement 

no 608622. 2017. 

[61] Kumar PK, Ileleji KE. Techno-economic analysis of the transportation, storage 

and handling requirements for supplying lignocellulosic biomass feedstocks for 

ethanol production. American Society of Agricultural and Biological Engineers 

Annual International Meeting 2009, ASABE 2009, vol. 10, 2009, p. 6558 – 6570. 

[62] Organisation for Economic Co-operation and Development (OECD)/Food and 

Agriculture Organization of the United Nations (FAO). OECD-FAO Agricultural 

Outlook 2022-2031. Paris: 2022. https://doi.org/10.1787/19991142. 

[63] Vlaamse Regulator van de Elektriciteits- en Gasmarkt (VREG). 

Terugleveringscontracten 2021. 

https://dashboard.vreg.be/report/DMR_Elektriciteit_Terugleveringscontracten.ht

ml (accessed October 4, 2022). 



 

[64] Ember. European wholesale electricity price data 2021. https://ember-

climate.org/data-catalogue/european-wholesale-electricity-price-data/ (accessed 

January 31, 2023). 

[65] Alibaba 2022. https://www.alibaba.com/. 

[66] EIA. Petroleum & other liquids. US Energy Information Administration 2021. 

https://www.eia.gov/petroleum/ (accessed April 4, 2022). 

[67] PwC. Worldwide Tax Summaries. Worldwide Tax Summaries 2021. 

https://taxsummaries.pwc.com/ (accessed January 31, 2023). 

[68] STATBEL. Gemiddelde bruto maandlonen 2019. 

https://statbel.fgov.be/nl/themas/werk-opleiding/lonen-en-

arbeidskosten/gemiddelde-bruto-maandlonen (accessed April 4, 2022). 

[69] EUROSTAT. Average full time adjusted salary per employee 2021. 

https://ec.europa.eu/eurostat/databrowser/view/NAMA_10_FTE__custom_4232

263/bookmark/table?lang=en&bookmarkId=fafb4e3b-f3aa-4907-9102-

16be8df6f775 (accessed January 31, 2023). 

[70] Food and Agriculture Organization of the United Nations. FAOSTAT Climate 

Change, Climate change indicators, Emissions intensities 2022. 

https://www.fao.org/faostat/en/#data/EI (accessed June 12, 2023). 

[71] Commission E, Centre JR, Padella M, O’Connell A, Giuntoli J, Bulgheroni C, et 
al. Definition of input data to assess GHG default emissions from biofuels in EU 

legislation : version 1d - 2019. Publications Office; 2019. 

https://doi.org/doi/10.2760/69179. 

[72] European Environment Agency. Greenhouse gas emission intensity of electricity 

generation 2023. https://www.eea.europa.eu/data-and-maps/daviz/co2-emission-

intensity-13/#tab-googlechartid_chart_11 (accessed June 12, 2023). 

[73] Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema B. The 

ecoinvent database version 3 (part I): overview and methodology. International 

Journal of Life Cycle Assessment 2016;21:1218–30. 

https://doi.org/10.1007/s11367-016-1087-8. 

[74] Galbe M, Wallberg O. Pretreatment for biorefineries: A review of common 

methods for efficient utilisation of lignocellulosic materials. Biotechnol Biofuels 

2019;12. https://doi.org/10.1186/s13068-019-1634-1. 

[75] Nielsen F, Galbe M, Zacchi G, Wallberg O. The effect of mixed agricultural 

feedstocks on steam pretreatment, enzymatic hydrolysis, and cofermentation in 

the lignocellulose-to-ethanol process n.d. https://doi.org/10.1007/s13399-019-

00454-w/Published. 

[76] Shi J, Thompson VS, Yancey NA, Stavila V, Simmons BA, Singh S. Impact of 

mixed feedstocks and feedstock densification on ionic liquid pretreatment 

efficiency. Biofuels 2013;4:63–72. https://doi.org/10.4155/bfs.12.82. 

[77] Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF, et al. 

Lignin valorization: Improving lignin processing in the biorefinery. Science 

(1979) 2014;344. https://doi.org/10.1126/science.1246843. 

[78] Tschulkow M, Compernolle T, Van den Bosch S, Van Aelst J, Storms I, Van Dael 

M, et al. Integrated techno-economic assessment of a biorefinery process: The 

high-end valorization of the lignocellulosic fraction in wood streams. J Clean Prod 

2020;266. https://doi.org/10.1016/j.jclepro.2020.122022. 

[79] European Commission. EU Emissions Trading System (EU ETS) n.d. 

https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets_en 

(accessed June 8, 2023). 

[80] European Parliament & Council. Directive (EU) 2023/959. 2023. 



 

[81] Ember. Carbon Price Tracker n.d. https://ember-climate.org/data/data-

tools/carbon-price-viewer/ (accessed June 8, 2023). 

[82] Vance C, Sweeney J, Murphy F. Space, time, and sustainability: The status and 

future of life cycle assessment frameworks for novel biorefinery systems. 

Renewable and Sustainable Energy Reviews 2022;159:112259. 

https://doi.org/10.1016/j.rser.2022.112259. 

  

 

 


