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Evaluating the economic viability and environmental impact of emerging technologies is crucial for the transi-
tion to a bio-based economy. This study proposes a methodology to assess the environmental and economic
performance of bio-based lactic acid (LA) production by scaling up from pilot to industrial levels using fiber
sludge, a residue from the pulp and paper industry, as a feedstock. Process design, Techno-Economic Analysis
(TEA) and Life Cycle Assessment (LCA) were conducted at pilot scale to identify key environmental and economic
hotspots. External costs were estimated following the environmental Life Cycle Costing (eLCC) approach using
the Environmental Prices (EP) method. At the pilot scale, the LCA indicated a Global Warming Potential (GWP)
of 3.87 kg CO2-eq, which aligns with the values reported in previous studies. Scaling up to different plant ca-
pacities revealed the potential economies of scale. At a production rate of 50 kt per year, the Minimum Selling
Price (MSP) was estimated at 1.71€/kg, which is comparable to that of other bio-based LA production routes.
Assuming proportional environmental impacts from pilot to industrial scale, external costs were integrated into
the MSP, resulting in adjusted values of 2.04€/kg (lower value), 2.21€/kg (central value), and 2.46 €/kg (upper
value). Sensitivity and uncertainty analyses using Monte Carlo simulations indicated an 87.5 % probability of
achieving a positive Net Present Value (NPV). This study highlights the need for standardised methodologies to
evaluate the environmental and economic impacts of emerging bio-based technologies, particularly when ac-
counting for external costs.

1. Introduction

The production and use of fossil-based chemicals and plastics impose
major environmental costs. According to the most recent report from the
OECD (2022), the plastics life cycle emitted about 1.8 Gt COz-eq. in
2019, representing more than 3 % of global greenhouse-gas emissions.
Emissions from plastics are projected to rise further and could consume
up to 15 % of the remaining global carbon budget by 2050 as demand
grows (Zheng and Suh, 2019). Conventional plastics derived from
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petroleum contribute to climate change across their life cycle and
generate persistent waste and pollution that pose long-term risks to
ecosystems and human health (Jambeck and Walker-Franklin, 2023).
In response, international strategies increasingly prioritise renew-
able resources and circular economy principles. The European Union’s
updated Bioeconomy Strategy emphasises the sustainable use of bio-
logical resources to replace fossil inputs and foster economic resilience
(European Commission, 2018; Lange et al., 2021). Within this frame-
work, the circular bioeconomy highlights the valorisation of industrial
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residues as a pathway to reduce waste and decouple production from
virgin resources (Holden et al., 2023; Mesa et al., 2024).

A promising example is fiber sludge, a by-product of the pulp and
paper industry. Recent studies demonstrate its potential as a sustainable
feedstock for bio-based products, including lactic acid (LA) (Quintana
et al., 2024). LA is a versatile platform chemical widely used in food,
pharmaceuticals, and cosmetics, and it is the monomer for polylactic
acid (PLA), a biodegradable polymer used for the production of bio-
plastics (Alves de Oliveira et al., 2018; Daful et al., 2023).

The global LA market is expanding rapidly. Analyses from industry
estimate the LA market size at about USD 3.45 billion in 2024 with
growth to around USD 6.65 billion by 2033, with a compound annual
growth rate (CAGR) of 7.7 % (Grand View Research, 2025). In pro-
duction terms, global LA output was around 1.7 million tonnes in 2023
and is expected to approach 5 million tonnes by 2034 (Chemanalyst,
2024). This expansion is driven by sustainability trends and the substi-
tution of fossil-based materials with bio-based alternatives. A key factor
is the rapid increase in bioplastics production, which rose from 1.7
million tonnes in 2023 to a projected 5.1 million tonnes by 2028,
underscoring the role of LA as a critical feedstock for bioplastics
(European Bioplastics, 2024).

Traditionally, LA is produced from first-generation carbohydrate-
rich feedstocks such as corn, sugarcane or starch, which often compete
with food supply chains (Ogmundarson et al., 2020a, 2020b). However,
increasing pressure to adopt sustainable practices has led to the explo-
ration of alternative non-food biomass or second-generation feedstocks
(Malacara-Becerra et al., 2022). Using fiber sludge could mitigate these
issues and support more sustainable supply chains. However, scaling
bio-based LA raises questions about environmental and economic
feasibility compared with fossil-based alternatives due to the maturity of
the technologies (Olszewska-Widdrat et al., 2023).

To guide decision-making in early-stage developments, Life Cycle
Assessment (LCA) and Techno-Economic Analysis (TEA) are widely used
to evaluate innovative bio-based processes (Macias Aragonés and
Arroyo Torralvo, 2024). However, most studies apply these methods
independently, making it difficult to identify the trade-offs between
environmental and economic impacts (Mahmud et al., 2021; Pérez-
Almada et al., 2023). Addressing this gap requires integrated frame-
works that can combine environmental and economic results into a
unified basis for comparison (Ladu and Morone, 2021).

Specifically in LA production from second-generation feedstocks,
existing studies consider TEA and LCA separately. For instance, Daful
et al. (2023) assesses six process scenarios for LA production from sug-
arcane bagasse and leaves. Li et al. (2021a, 2021b) uses an open-source
tool for the design and evaluation of LA production from lignocellulosic
feedstocks, which facilitates the inclusion of uncertainties and different
scenarios. Mandegari et al. (2017) gathered LCA and economic results in
a multi-criteria analysis for different scenarios to produce LA from
sugarcane bagasse and brown leaves, but both analyses remain separate
and the sustainability assessment is combined in a graphical represen-
tation. Sugarcane bagasse is also evaluated as a feedstock in Munagala
et al. (2021) highlighting the importance of integrating biochemical
production with existing agricultural processing facilities. Similarly,
Brobbey et al. (2024) assessed a sugarcane biorefinery at different
production scales and concluded that while larger scales improve eco-
nomic feasibility, they come at a higher environmental cost, requiring a
trade-off between economic and environmental goals.

Despite this, several authors have developed integrated frameworks
in the last years by selecting environmental, economic and social in-
dicators and integrating them in a multi-criteria analysis (Thomassen
et al., 2019; Van Schoubroeck et al., 2021). This approach is considered
in Wunderlich et al. (2021) where a three-step framework is detailed,
and in Ferdous et al. (2023), where muti-objective sustainability and
optimisation analysis are considered to include stakeholders’ criteria.
However, the weaknesses of multi-criteria analysis are highlighted by
Massarutto (2024), who argues that economic valuation can enhance
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transparency by making trade-offs between environmental and eco-
nomic aspects more explicit when underlying assumptions are clearly
stated.

In this sense, the monetary valuation of environmental impacts as a
way to integrate sustainability assessments has been applied in recent
studies to bio-based products. For instance, Vega et al. (2020) demon-
strated the feasibility of coupling TEA with LCA for emerging bio-
technologies, while Kosamia et al. (2023) stated that developing a
sustainable bioeconomy based on lignocellulosic biomass requires
addressing multiple challenges simultaneously, including sustainable
biomass harvesting, improving pretreatment methods and adopting a
holistic sustainability assessment framework that monetises environ-
mental impacts. External costs are considered in several studies such as
in Ahmad et al. (2025) and in Musharavati, Ahmad, Javed, Sajid, &
Nizami (Musharavati et al., 2024b; Musharavati et al., 2025) where the
sustainability of biofertilizers, bio-diesel and other bio-based products
from municipal solid waste is assessed including external costs. Albizzati
etal. (2021) assessed five food waste valorisation routes combining LCA
with conventional and societal Life Cycle Costing (LCC), monetising
environmental externalities to capture the full socio-economic costs.
Yeboah et al. (2022) assessed the conversion of rice husk into cellulose-
based bioplastics using LCA combined with the EcoValuel4 mone-
tisation approach. Additionally, Hansson et al. (2024) assessed biodiesel
production from bark and black liquor through a combined TEA and
LCA, showing negative carbon abatement costs that highlight the eco-
nomic advantage of substituting fossil diesel with biomass-to-liquid
biofuels.

However, these studies consider different monetary valuation
methods and do not include external costs in financial analysis, which
provides a unified decision metric to facilitate comparison between al-
ternatives, especially between bio-based and fossil-based products. In
this regard, loannidou et al. (2022) is the only study found that inte-
grated external costs directly into financial analysis through the envi-
ronmental Life Cycle Costing (eLCC) approach using Environmental
Prices (de Vries et al., 2024). The authors included external costs in the
cash flow analysis and calculated the Minimum Selling Price (MSP) of
different products considering externalities.

Building on this approach, the present study aims to develop a
common framework to integrate environmental and economic assess-
ments that can be applied to different bio-based production processes to
provide a single indicator (MSP) to facilitate the comparison between
alternatives. It follows a stepwise structure (process modelling, TEA,
LCA, monetary valuation of externalities and integration into a dis-
counted cash flow analysis) that can be replicated whenever pilot scale
or early design data are available. To illustrate this, the different steps of
the framework are followed in this study to evaluate the sustainability of
LA production from fiber sludge.

The specific objectives of this study are to (i) develop a process model
for LA production from fiber sludge at pilot scale and perform a
consistent TEA and LCA, (ii) monetise environmental impacts obtained
from the LCA and integrate them into financial analysis using the eL.CC
approach, (iii) determine the MSP at industrial scale including external
costs as a single sustainability indicator to compare alternatives, and (iv)
conduct sensitivity and uncertainty analyses to assess the influence of
key technical and economic parameters. This study goes beyond the
current state of the art by applying monetary valuation of environmental
impacts at low Technology Readiness Level (TRL) to estimate external
costs at industrial scale. To our knowledge, it is the first study that de-
velops a process model, TEA and LCA for a first-of-a-kind plant using
fiber sludge as feedstock to produce LA and estimates external costs for
an industrial scale (nth-of-a-kind) plant based on pilot data. Beyond
methodological contribution, it provides practical insights for industrial
developers and policymakers on incorporating external costs into eco-
nomic decision-making to support sustainable scale-up pathways in the
bioeconomy.
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2. Methods

In this section, the goal and scope of the study are defined. Then the
process model is explained, which is used to obtain the inputs for the
mass and energy balance in the baseline economic and environmental
assessments. The integration of TEA and LCA is explained in section 2.5,
considering the monetary valuation of externalities and their inclusion
in the financial analysis. Finally, sensitivity and uncertainty analysis are
performed to evaluate the economic risks related to the upscaled eval-
uation of the process.

2.1. Goal and scope definition

The functional unit for both environmental and economic analyses is
defined as the production of 1 kg of LA. This unit allows for consistent
comparison of impacts and costs across different process configurations
and scales. The analysis follows a cradle-to-gate approach, including all
stages from raw material extraction to the final product, but excludes
distribution, use and end-of-life stages. The system boundaries include
enzymatic hydrolysis of fiber sludge to release sugars, fermentation to
produce LA and downstream separation and purification.

2.2. Process model description

The process model for the production of LA from glucose obtained
from fiber sludge was developed based on the process described in
Olszewska-Widdrat et al. (2023) as part of the H2020 BIOMAC project
(GA 952941) and previous literature (Lopez-Gomez et al., 2020;
Pleissner et al., 2016). The simulation was performed using SuperPro
Designer software v12 (Intelligen Inc., 2024). It is assumed that the plant
operates 7920 h/year and the process has been upscaled at various ca-
pacities to determine the most adequate scenario to perform the eco-
nomic assessment at industrial scale.

The Process Flow Description provides a schematic overview of the
main parts of the process at laboratory scale, including its main inputs
and outputs, and combines the different process steps to obtain the final
products: fiber sludge to glucose and glucose to LA. The detailed Su-
perpro Designer models are shown in Fig. S1 and Fig. S2 in the Sup-
plementary Information.

The simplified process flow for glucose production is shown in Fig. 1.
Fiber sludge is combined with enzymes in a hydrolysis reaction, that
occurs in a fermenter equipped with a heating device. The commercial
enzyme preparation “Celic CTec3” from Novonesis is used, with an
enzyme loading of 6 % w/w, corresponding to 0.06 g of enzyme solution
per gram of dry fiber sludge. The fiber sludge loading in the reaction is
15 g per 100 mL. In absolute terms, the hydrolysis process includes
185.5 kg of wet fiber sludge (60 % humidity, equivalent to 75 kg of dry
material), 4.5 kg of enzyme preparation, and 310 kg of water. pH control
is maintained by continuously adding a total of 2.5 L of 4 M NaOH to
keep the pH stable between 5 and 5.2. The reaction is carried out at
50 °C for 72 h under continuous stirring using an anchor impeller set at
100 RPM.

Enzymes NaOH Water Steam

v v v

Fiber sludge | Enzymatic Hydrolysis

v

Water vapour |
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After hydrolysis, the mixture undergoes filtration using a filter press
to separate the glucose hydrolysate from the unhydrolyzed fiber sludge.
The hydrolysis yield is approximately 80 %, meaning that 20 % of the
fiber sludge remains unhydrolyzed and is collected as filter press cake
with a moisture content of approximately 30 %.

As shown in Fig. 2, the LA production process is defined in two
different stages: (1) fermentation and (2) clarification & purification. In
the fermentation stage, microorganisms such as Bacillus coagulants
convert glucose into LA under anaerobic conditions. This process occurs
in a fermenter at a controlled temperature of 37 °C, with pH regulated at
6.5 using NaOH. The result of this fermentation process is a broth con-
taining sodium lactate, which is formed through the neutralization of LA
due to pH control. Specifically, a kinetic model based on Monod-type
equations (Eq.1-Eq.4) was developed using MATLAB to describe the
dynamics of the fermentation process, including glucose consumption,
biomass growth, and lactic acid production (Tang et al., 1992). The
process was modelled as a batch bioreactor under the assumption of
perfect mixing, and a sequential modelling approach was adopted to
characterize each phase of the fermentation independently. The system
of differential equations governing the process was parameterized using
experimental data obtained from BIOMAC project, and the resulting
model was calibrated through a least squares optimization procedure.

S @
% = kyux (2)
b~ kapx ®)
B = b s @

Where x is the biomass (g/1), s is the substrate (in this case it is
glucose (g/1)), p is the product (in this case it is lactic acid (g/1)). p is the
growth rate (h-1), p,,,, is the maximum growth rate (h-1), k, is the
substrate affinity constant (g/1), k; and k; are the kinetic constants. This
fitting process focused on minimizing the discrepancy between model
predictions and observed experimental data by systematically adjusting
the kinetic parameters (4. ks, ki and k,), subject to physically
meaningful constraints (y,,,,., ks and k, must be >0 and k; < 0). The
remaining restrictions were adopted from the experimental data in
Glaser and Venus (2017). The obtained parameters (Table 1) offer a
precise quantitative representation of the system’s behaviour and,
importantly, enable the prediction of process performance under vary-
ing conditions.

The downstream process aims to purify and concentrate LA through
several purification steps. The first step is microfiltration, which
removes biomass from the fermentation broth. Further purification is
achieved through ultrafiltration, where smaller particles that were not
retained during microfiltration are removed. Industrial equipment was
considered throughout the modelling, using dimensions adapted to pilot

| Electricity

‘ . . [ Glucose
‘ — Filtration " hydrolysate

v

| Waste solids

Fig. 1. Glucose production from Fiber Sludge through enzymatic hydrolysis.



J. Ibdnez et al.

<Yeast Water> ( NTH >¢ _____

Environmental Impact Assessment Review 118 (2026) 108291

Fermentation —» Neutralization —%

Glucose
hydrolysate

Filtration

Cati i
—| Electrodialysis — i, Ao —» Distillation {Lacﬁc ACId>
exchange

Fig. 2. Lactic acid production flowchart via fermentation of glucose and downstream process.

Table 1

Monod kinetic parameters.
pmax (W) ks (g/1) ki ks
0.2 35.0 -3.8 2.5

scale. For instance, cartridge filters with a maximum area of 200 m?
were selected for the micro- and ultrafiltration steps. Electrodialysis is
then employed to further purify LA. This stage consists of two steps:
monopolar and bipolar electrodialysis. In monopolar electrodialysis, the
sodium lactate-rich fermentation broth (approximately 50 g/L) is pro-
cessed to produce two output streams: the concentrate and the dilute.
The monopolar step is completed when the conductivity of the filtrate
falls below 1 mS/cm?. The next step, bipolar electrodialysis, converts
lactate to LA. The concentrate stream from the monopolar stage is fed
into this step, producing three streams: acid (around 120 g/L of sodium
lactate), salt and base. The base stream is recycled and reintegrated into
the fermentation process according to Olszewska-Widdrat et al. (2019).
The bipolar step is stopped when the conductivity of the filtrate is below
2 mS/cm2.

Following electrodialysis, ion exchange is carried out to enhance LA
purity. This process involves two columns: one containing an anion
exchange resin (Relite EXCO8) and another containing a cation ex-
change resin (Purolite_A103S). The final purification step is distillation,
which reduces the water content in the solution and increases the LA
concentration. This is achieved using a distillation column to ensure that
the final LA product meets the required purity specifications.

Overall, the glucose fermentation to LA moves on in a high product
yield and favourable productivity indicators. As shown in Table 2, the
LA yield on glucose (Yps) is 0.8835 g/g, indicating that 88.35 % of the
consumed substrate was converted into the desired product, with min-
imal formation of byproducts. Regarding the yield of product on biomass
(Yp/x) reached 7.53 g/g, it suggested that LA synthesis was highly effi-
cient relative to biomass formation and that the metabolic flux was
predominantly directed towards product formation rather than cell
growth.

Going through productivity, the volumetric production rate (rp) was
2.02 g/L-h, while the specific production rate (q,) was 0.153 g/g-h.
These values show a moderate production rate at the cellular level and
an overall efficient process performance. Considering the product yields
and productivity indicators, it indicates that the fermentation process is
well-suited for further scale-up and optimization for industrial LA
production.

Table 2

Productivity indicators for lactic acid obtained after the fermentation process.
Parameter Value Units
Yp/s 0.88 g product/g substrate
Yp/x 7.53 g product/g biomass
1, 2.02 g/L'h
qQp 0.15 g product/g biomass-h

2.3. Economic analysis

TEA is a widely used tool to evaluate the technical performance and
economic feasibility by calculating costs and revenues of a new tech-
nology (Sinnott and Towler, 2019). Process simulation was employed to
estimate the mass and energy balances, as well as the equipment costs
required for various plant capacities to estimate the initial TEA results.
In this case study, the overall costs associated with different processes
were analysed to assess the economic viability of plants operating at
different capacities. These costs include capital and operational costs
(CAPEX and OPEX), encompassing equipment, raw materials, consum-
ables, utilities, and labour costs, among other factors.

Economic evaluation at the pilot scale provides insights into the
primary costs incurred in the process but does not fully reflect the
financial viability of a potential industrial scale plant. Consequently, the
pilot line was modelled using SuperPro Designer, and simulations were
conducted for various production rates. The baseline scenario was
calculated using the pilot scale inventory, with a production rate of 1.13
t of LA per year in an operating time of 7920 h per year. The approach
described in loannidou et al. (2022) was adapted to calculate the
Optimal Plant Capacity (OPC), which is identified as the point where the
Fixed Capital Investment (FCI) and production costs per kg are constant,
reaching an economy of scale. To calculate the OPC, the production rate
was increased to 60 kilotonnes (kt) per year.

The equipment cost was calculated using the Chemical Engineering
Plant Cost Index (CEPCI) (CEPCI, 2024), and the recalculation of the
equipment costs at different scales was estimated using the six-tenth
rule, a logarithmic relationship for equipment capacities that estab-
lishes that if the cost of a given item is known, the cost of a similar item
can be calculated (Eq. 5).

P=Py* (%) (5)

Where P, is the base item cost, Q and Q, are the new and base ca-
pacities of the equipment respectively, and n is the value for the expo-
nent set at 0.6. This rule is generally applied in estimations where there
is an absence of information regarding the upscaled process (Peters
et al., 2003). The Total Capital Investment (TCI) was calculated using
the parameters listed in the Supplementary Information that were
retrieved from Kim et al. (2023).

One financial indicator calculated in this case study is the Net Present
Value (NPV). The NPV calculation makes it possible to combine reve-
nues and costs arising within a defined time horizon (t) into Cash Flows
(CF), while applying a discount rate (r) to reflect the changing value of
money over time (Eq. 6).

T, CF,
NPV = P 6)
; (1+n)

A positive NPV indicates that the project is profitable, whereas a
negative value suggests it should be rejected and reconsidered. To
calculate the NPV, a DCF analysis was performed using the parameters
listed in Table 3.

The discount rate is a crucial economic parameter that will be further
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Table 3
Techno-Economic parameters.
Parameter Value Reference
Plant lifetime 30 years
Discount rate 10 %
Construction 3 years
1st year: 8 % .
Humbird et al. (2011
Investment allocation during 2nd year: 60 umbird et al. ( )
construction %
3rd year: 32 %
Salvage value 5%
Tax rate 25 % PWC (2024)
Depreciation method Straight-Line Rajendran and Han
Depreciation period 10 years (2023)

discussed in the results section. As shown in Table 3, a 10 % discount
rate is used in this study based on the work from Humbird et al. (2011).
This value can also be estimated by the Capital Asset Pricing Model
(CAPM), which estimates the expected return on an investment by
linking it to its systematic risk relative to the market, and it is often used
to determine the discount rate in valuation models, reflecting the min-
imum return required to compensate for that risk (Eq. 7).

E(R) =Rf+p (Rm—Rf) @

Where the risk-free rate Rf is estimated at 2.5 %, based on the current
yield of German 10-year government bonds, which are widely used as a
benchmark for risk-free returns in Europe (Tradingeconomics, 2025).
The market risk premium (Rm — Rf) is taken as 6.25 %, which reflects
the additional return expected from investing in the market over the
risk-free rate in Germany to go in line with the risk-free rate (KPMG,
2025), and the beta ($) is 1.20 as an estimate of the project’s sensitivity
to market fluctuations obtained for chemical production (Damodaran,
2025). This results in an Expected Return E(R) or discount rate of 10 %.

In addition to the NPV, another key financial indicator calculated is
the Minimum Selling Price (MSP). The MSP represents the lowest price
at which the product must be sold to make the project economically
viable, that is the price that results in an NPV of zero. This metric is
widely used in chemical engineering and process economics to bench-
mark the economic performance of new technologies. By comparing the
MSP of the process with similar technologies or market prices, stake-
holders can evaluate the competitiveness and potential market adoption
of the proposed technology.

Additional financial indicators, such as the Internal Rate of Return
(IRR), are commonly calculated in economic analyses to assess process
viability (Musharavati et al., 2024a, 2024b). However, in this study, the
NPV is used to calculate the MSP, setting the NPV to zero. Under this
condition, the IRR corresponds to the discount rate applied (10 %), as it
is the rate at which the NPV becomes zero. It should be noted that setting
the NPV to zero is used only to determine the MSP, and this does not
imply that the project is not profitable, but rather defines the breakeven
condition where discounted revenues equal discounted costs at the
chosen discount rate.

2.4. Environmental assessment

The LCA methodology is carried out to identify environmental hot-
spots in the production of LA from fiber sludge and to support decision-
making towards process improvement. The LCA follows the principles
and requirements of ISO 14040 and ISO 14044 (ISO, 2006a, 2006b) and
included the four standard steps: goal and scope definition, inventory
analysis, impact assessment and interpretation. The goal and scope of
the LCA, defined in section 2.1, considers 1 kg of LA produced at pilot
scale as a functional unit within a cradle-to-gate boundary.

The second step is the inventory analysis or life cycle inventory (LCI),
which comprises the collection of data and calculations necessary to
quantify the system’s inputs (energy, materials, and consumables) and
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output flows (wastes, emissions, and products). In this case study,
Foreground data were obtained from the pilot line and the process
model developed in SuperPro Designer software and Ecoinvent v3.10
(Wernet et al., 2016) was used as the background data source. The
complete LCl is presented in Table S2 and Table S3 in the Supplementary
Information, while the aggregated values are summarised in Table 4.

Regarding the assumptions for this step, a cut-off approach was
applied to the fiber sludge, as it is a side stream of the pulp and paper
industry. Consequently, no environmental impacts were allocated to its
production, and only the impacts associated with its drying and trans-
portation were considered. The energy consumption for drying was
based on the values reported in Siedlecka and Siedlecki (2021), and a
transportation distance of 100 km was assumed. Additionally, a recir-
culation of NaOH was considered at a rate of 93 % (7 % of the used
NaOH was lost for each production cycle).

In the third step, the data quantified in the inventory is converted
into potential environmental impacts through a Life Cycle Impact
Assessment (LCIA), which involves the translation of the system’s flow
exchange with the external environment into elementary environmental
burdens (emissions and resource extractions) which are converted into a
limited number of potential environmental impacts (or impact cate-
gories) through characterisation factors, generally following one or
more accepted LCIA methods. In this case study, SimaPro 9.6 software
(PRé Sustainability, 2024) was used to model the mass and energy
balance of the process. The system model “allocation, at the point of
substitution” (APOS) is applied, and the ReCiPe 2016 Midpoint (H)
impact assessment method is used to calculate the environmental im-
pacts in midpoints (Huijbregts et al., 2017).

In the final step, the potential environmental impacts obtained are
assessed and analysed.

2.5. Monetary valuation of externalities

After calculating the environmental impacts, the LCA results can be
weighted by converting them into monetary values. The internalisation
of environmental impacts into the economic analysis is considered one
of the three variants of Life Cycle Costing (LCC) (Rodger et al., 2018).

LCC is the methodology used to evaluate the economic pillar of Life
Cycle Sustainability Assessment (LCSA) and contributes to better
decision-making, being one essential tool in Life Cycle Management
(Kloepffer, 2008). There are three types of LCC according to Hunkeler
et al. (2008): conventional LCC, environmental LCC and societal LCC.
The main differences among these types are the degree of completeness
(boundaries), the monetisation of externalities, the perspective, and the
reference unit. In this study, the environmental LCC approach is fol-
lowed, as externalities are monetised and included in the economic

Table 4
Life Cycle Inventory data for the production of 1 kg of lactic acid from fiber
sludge.

Category Substance Quantity Unit
Inputs
Fiber sludge 2.19 kg
Enzymes 0.13 kg
Materials Yeast 0.26 kg
Water 68.13 1
Sodium hydroxide (NaOH) 0.59 kg
Steam 486.97 keal
Utilities Electricity 2.25 kWh
Cooling water 1621.52 keal
Chilled water 165.32 keal
Transport Fiber sludge transport 100 km
Outputs
Main product Lactic acid 1 kg
Emissions Wastewater 62.40 1
Water vapour 0.27 kg
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analysis.

Several methods exist for assigning monetary values to environ-
mental impacts in LCA, each based on different cost perspectives and
approaches. These methods include abatement costs, budget constraints
and damage costs, among others (Amadei et al., 2021; Pizzol et al.,
2015). This study adopts the Environmental Prices (EP) methodology
(de Vries et al., 2024). These prices are expressed in euros per kg of
pollutant and provide a consistent framework for monetizing the envi-
ronmental impacts. The methodology is fully aligned with ReCiPe 2016
Midpoint (H) impact categories and is undergoing further development
for Environmental Footprint categories, facilitating its integration into
standardised LCA frameworks (Fazio et al., 2018; Manfredi et al., 2012).
Since the methodology is developed specifically for ReCiPe 2016, it was
adopted in this study to ensure the coverage of all midpoint impact
categories.

The EP values, as applied in this study, are specific to the EU27
context and are based on the average emission conditions for 2019.
Although these values provide robust insights for this region, they may
require contextual adjustments for applications in other geographic or
temporal settings (de Vries et al., 2024). To account for the inherent
uncertainties in monetising environmental impacts, EP are presented as
a range of values that can be considered in sensitivity and uncertainty
analyses to enhance the robustness of decision-making by capturing
variability in environmental and socio-economic valuations.

In this study, environmental impacts are assessed at pilot scale
without considering any process optimisation, so the monetary values
are expected to be exceptionally high to be included as costs in the DCF
analysis for the industrial scale assessment. Therefore, an innovative
approach has been developed to estimate the prospective environmental
impacts at industrial scale using their monetary values.

First, the proportion of FCI, OPEX, and external costs per kg were
calculated at pilot scale. This will help to determine the share of external
costs compared to the other two financial indicators (FCI and CAPEX) at
pilot scale. Next, it is assumed that the proportion of external costs
relative to FCI and CAPEX will remain the same when scaling up to the
industrial scale. This means that while the absolute values of FCI and
CAPEX change, the percentage of external costs remains constant be-
tween the two scales. Therefore, FCI and OPEX per kg was determined
by dividing the total FCI and OPEX by the annual production at indus-
trial scale. Once the cost per kg was determined, the percentage of each
cost component (FCI, OPEX, and external costs) relative to the sum of
these components is calculated. The only unknown variable is the
external cost at the industrial scale, which was calculated using the same
proportion observed at the pilot scale. This is done by considering the
sum of FCI, OPEX, and external costs, and applying the same ratio to the
industrial scale.

2.6. Sensitivity and uncertainty analysis

To assess the error propagation from the data sources used in the
pilot plant model to the final results obtained in the industrial scale
scenario and the potential investment risk of the project, sensitivity and
uncertainty analyses were conducted on key economic parameters
influencing the MSP. Sensitivity analysis identifies the most impactful
factors by systematically varying specific parameters while keeping
others constant (Vargas-Farias et al., 2026). The parameters considered
include the tax rate, glucose quantity and cost, NaOH quantity and cost,
discount rate and external costs, as these represent critical economic
inputs in the production process providing insight into the parameters to
which the MSP is most sensitive (Thomassen et al., 2018).

For the uncertainty analysis, a PERT distribution was employed to
estimate the probability to obtain a positive NPV considering the vari-
ation of the inputs mentioned in the sensitivity analysis. The PERT
distribution captures uncertainty by defining minimum, maximum, and
most-likely values, reflecting realistic ranges for key inputs. Monte Carlo
simulation was conducted to deal with parameter uncertainty using
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stochastic sampling within the defined PERT distributions to generate
10,000 of plausible NPV outcomes, creating an NPV distribution. Each
iteration represents a unique combination of input values, allowing for
the estimation of the probability of achieving a positive NPV (Ioannidou
et al., 2022).

A summary of the information stated in this section is shown in Fig. 3
to observe the data sources and the interconnection between the
different methodologies to obtain the final results.

3. Results and discussion

This section presents and discusses the main results of the study,
encompassing economic and environmental assessments, the monetary
valuation of externalities and the sensitivity and uncertainty analyses.

3.1. Economic analysis

The FCI and production costs per kg of LA at different scales are
shown in Fig. 4. This figure only represents the costs from 1 to 60 kt per
year so the values can be observed in more detail in the graph. The OPC
is determine at a production rate of 50 kt per year, which is the point
where the economies of scale are reached because the production costs
and FCI per kg remain constant. At the OPC, the FCI per kg is 1.90€ and
production costs are 1.57€/kg. Equipment cost and other FCI parameters
at different plant capacities are listed in the Supplementary Information.

The operational costs at pilot scale were calculated considering the
information from the process in the BIOMAC project (GA 952941) in
terms of mass and energy balance. The unitary costs for the different raw
materials are listed in Table 5. The initial model was upscaled to
different production rates in which the consumption of raw materials
and energy is assumed to increase linearly. This means that the opti-
misation of the process in terms of consumption efficiency is not
considered in the industrial scenario. Labour costs are calculated in
SuperPro Designer considering 69€/hour and the remaining operating
costs are estimated by the software. Operating costs are also listed in the
Supplementary Information.

The DCF analysis was conducted using the parameters listed in
Table 3. At the OPC, the MSP for LA is 1.71€/kg, which corresponds to
1.85 $/kg using the 2024 average exchange rate (European Central
Bank, 2025). As shown in Table 6, this value is competitive with other
bio-based production routes and notably lower than the fossil-based
pathway reported by Fei et al. (2020), which ranges from 5.83 to 2.17
$/kg for a 22 kt plant capacity using natural gas. While this value is
higher than the 1.58%/kg reported by loannidou et al. (2023) for the
same OPC using organic fraction of municipal solid waste and the 1.20
$/kg calculated by Manandhar and Shah (2020) for a larger plant ca-
pacity and using a first-generation feedstock (corn grain), it falls within
the range of MSP values found in studies using lignocellulosic biomass
and agroforestry waste at different plant capacities. For example, Li et al.
(2021a, 2021b) report values between 1.38 and 1.91 $/kg for a 219 kt
plant using lignocellulosic biomass, while Mandegari et al. (2017),
Munagala et al. (2021) and Gezae Daful and Gorgens (2017) present
broader ranges depending on feedstock combinations and process as-
sumptions. Furthermore, the MSP in this study is higher than the 0.94
$/kg reported by Kwan et al. (2018) at a smaller plant capacity, which
can largely be attributed to the use of a lower discount rate (5 %) in their
analysis, whereas most other studies, including the present one, apply a
rate of approximately 10 % as shown in Table 6.

The choice of the discount rate can have a major impact on the
viability of the project as it can be used as an indicator to reflect the risk
of the project. In this case study, the 10 % discount rate applied is the
one commonly applied in chemical plant design (Humbird et al., 2011).
However, some authors indicate that a higher discount rate should be
used to analyse product development (Thomassen et al., 2019). This
parameter is further examined in the sensitivity and uncertainty ana-
lyses in section 3.4.
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Fig. 3. Data sources and methodologies applied in this study.
Table 6
2.85 Minimum Selling Prices (MSP) of lactic acid production at different plant ca-
ok pacities from different feedstocks.
Reference Feedstock Annual plant MSP Discount
245 capacity (tonnes)  (USD) rate
ED 225 Present study Fiber sludge 50,000 1.85 10 %
T Fei et al. o
¥ o205 (2020) Natural gas 22,000 217-5.83 10 %
- Munagala
wv
g 5 etal. g:g:::“e 37,960 3.21 10.36 %
(2021) 8
483 Ioannidou Organic fraction
145 et al. of municipal solid 50,000 1.58 10 %
1 10 20 30 40 50 60 (2023) waste
. Manandhar
Production rate (KT/year) and Shah Corn grain 100,000 1.20 10%
(2020)
—e—Prod. Cost / kg FCl/kg Li et al. . .
(2021a, t;i::;ﬂulomc 219,000 1.38-1.91 10%
2021b)
Flg.. 4. I.Jlxed (;ap1ta1 Investmt?nt (FCD) and Prcfductlon costs per kilogram of Kwan et al. Food waste 24,983 0.94 5%
lactic acid at different production rates (1-60 kilotonnes (KT) per year). (2018)
Gezae Daful
and Sugarcane 73,000° 1.30-5.00  9.30 %
Gorgens lignocellulose
Table 5 (2017)
Raw material costs for lactic acid production from fiber sludge. Mandegari Sugarcane
Material Unit cost Reference et al. bagasse and 71,300-93,400* 1.08-1.80  9.70 %
(2017) brown leaves
Enzyme 3.8 €/kg Mailaram et al. (2023) -
Fiber sludge 0.1 €/1b Eikelboom et al. (2018) Estimated values based on the plant operating hours and production rate per
NaOH 0.13 €/kg e-Industria (2024) hour.
Water 1.3 €¢/m°® INE (2020)
Yeast 0.0052 €/kg Chong et al. (2020)

3.2. Environmental assessment

The environmental impact results of the pilot scale production of 1
kg of LA are shown in Table 7, whereas Fig. 5 shows the relative
breakdown, showcasing the contribution of each production step (left),
and the aggregated contribution of each flow type (right) to the total
environmental impact. In this study, the main environmental hotspots of
LA production from fiber sludge are a Global Warming Potential (GWP)
of 3.87 kg CO2-eq, a Terrestrial ecotoxicity (ET) of 3.95 x 10! kg 1,4-
DCB and a Human carcinogenic toxicity (HT) of 8.75 kg 1,4-DCB.
Both the glucose production and the fermentation steps are respon-
sible for most of the environmental impact of LA production, across all
analysed impact categories except Water Consumption (WC). In fact,
glucose production alone is responsible for an average of 57 % of the
total environmental impact (Fig. 5, on the right). This is in large part due
to the necessary enzyme used to obtain glucose, since the enzyme pro-
duction is highly intense in terms of energy and steam, leading to high
environmental impacts (Gonzalez-Garcia et al., 2018).

As for the fermentation step, its high impacts are a result of the high
energy consumption of the process. It is worth noting that the electro-
dialysis step presents high impacts in the WC category, due to the high

Table 7
Life Cycle Assessment results for the production of 1 kg of lactic acid from fiber
sludge using ReCiPe 2016 Midpoint (H).

Impact Category Unit Value
Global warming potential (GWP) kg COz-eq 3.87
Stratospheric ozone depletion (OD) kg CFCl1-eq 1.29 x 1075
ITonizing radiation (IR) kBq Co-60-eq 4.67 x 107!
Ozone formation, Human health (OF) kg NOx-eq 1.57 x 1072
Fine particulate matter formation (FPM) kg PM, s-eq 4.83 x 1072
Terrestrial acidification (TA) kg SOz-eq 1.81 x 1072
Freshwater eutrophication (FE) kg P-eq 3.24 x 1073
Marine eutrophication (ME) kg N-eq 473 x 1073
Terrestrial ecotoxicity (ET) kg 1,4-DCB 3.95 x 10"
Freshwater ecotoxicity (EF) kg 1,4-DCB 2.50 x 107!
Marine ecotoxicity (EM) kg 1,4-DCB 3.16 x 107!
Human carcinogenic toxicity (HT) kg 1,4-DCB 8.75

Land use (LU) m2a crop-eq 2.08
Mineral resource scarcity (MRS) kg Cu-eq 1.32 x 1072
Fossil resource scarcity (FRS) kg oil-eq 8.63 x 107!
Water consumption (WG) m? 3.56 x 107!

chilled water input. The other purification processes, such as distillation
and ion exchange also contribute to the environmental impact profile,
but to a lesser extent.
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Fig. 5. Cradle-to-gate Life Cycle Assessment results of lactic acid production from fiber sludge, with relative impact per process and impact category (left), and
aggregated relative impact per flow type (right). Note: Global warming potential (GWP), Stratospheric ozone depletion (OD), Ionizing radiation (IR), Ozone for-
mation Human health (OF), Fine particulate matter formation (FPM), Terrestrial acidification (TA), Freshwater eutrophication (FE), Marine eutrophication (ME),
Terrestrial ecotoxicity (ET), Freshwater ecotoxicity (EF), Marine ecotoxicity (EM), Human carcinogenic toxicity (HT), Land use (LU), Mineral resource scarcity
(MRS), Fossil resource scarcity (FRS), Water consumption (WC).

Table 8
Global Warming Potential (GWP) results, assumptions and process parameters of lactic acid (LA) production in previously published literature, compared to the present
work.

Reference GWP (kg CO,- LA production Feedstock System boundaries, method, Highlights
eq/kg LA) capacity assumptions
Present work 3.87 1.13 t/year Fiber sludge (from pulp - Cradle-to-gate Pilot-scale LCA using a waste-derived
and paper industry) - ReCiPe Midpoint (H) method feedstock
-Recycled content/cut-off
approach used for fiber sludge
feedstock
Fei et al. (2020) 8.92 22,000 t/year Natural gas - Cradle-to-gate Establishes a fossil-based benchmark
- DATASMART
- Preliminary LCA focused on
energy-related emissions
Munagala et al. 4.62 37,960 t/year Sugarcane bagasse - Cradle-to-gate Pretreatment identified as main hotspot and
(2021) - ReCiPe Midpoint (H) method co-location with sugar mills improves
- Annexed to sugar mill scenario sustainability
Ioannidou et al. 2.95 (Grid 50,000 t/year Organic fraction of - Cradle-to-gate Multi-product biorefinery demonstrating
(2023) energy) municipal solid waste - CML 2001 GWP reduction and energy integration
1.49 (Renewable - Scenarios with grid and benefits
energy) renewable electricity
Gezae Daful and 0.025-0.16 576-1639 kg/h Sugarcane lignocellulose - Cradle-to-gate Six process scenarios
Gorgens (2017) - ReCiPe Midpoint (H) method
- Economic allocation and system
expansion
Li et al. (2021a, 2.79 219,000 t/year Lignocellulosic biomass - Gate-to-gate Framework with uncertainty and sensitivity
2021b) - BioSTEAM open-source model analyses
- Excludes upstream feedstock
and waste stages
Mandegari et al. 3.8 4647-19,223 kg/  Sugarcane bagasse and - Cradle-to-gate Multi-product biorefinery co-producing LA,
(2017) h brown leaves - CML-IA baseline ethanol and electricity
- Economic allocation of sugar
mill products
Ogmundarson et al. 4.2 110,000 t/year Corn, corn stover, - Cradle-to-grave Cross-feedstock comparison of different TRLs

(2020a, 2020b)

macroalgae

- ReCiPe Midpoint (H)
- System expansion for energy
and material credits
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Table 8 presents a comparison between the present work and other
studies that have estimated the environmental impacts associated with
LA production. The environmental impacts reported here are consistent
with those reported in previous studies. However, Table 8 highlights
that cross-study comparisons should be made cautiously, because there
are large discrepancies in the study assumptions, system boundaries,
allocation procedures, and impact assessment methods used. Even when
comparing impact categories with the same unit (i.e. kg CO2-eq),
caution is necessary because these methodological differences can
significantly influence the results (Ibanez et al., 2024).

Generally, studies considering LA from corn or other feedstock crops,
pinpoint both biomass production and refinery processes as environ-
mental hotspots, with potential land-use change, use of fertilizers and
energy consumption of refinery processes usually being accountable for
such hotspots (Ogmundarson et al., 2020a, 2020b). In our study, since
we assumed a recycled content/cut off approach for the fiber sludge
feedstock, this flow embodies the impacts of transportation and drying.

As shown in Table 8 the production volume in this LCA model is
lower than that in other studies. However, scaling up production results
in a directly proportional increase in resource use, meaning that only
equipment costs benefit from economies of scale, whereas mass and
energy balances remain unchanged. This perspective aligns with the
discussion by Pizzol et al. (2020), who highlight that, under a fixed
product system model and the current LCA framework, the environ-
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terms using the EP values based on the eLCC approach. As shown in
Table 9, total external costs at pilot scale reach 36.52 €/kg (central EP
values). These values are exceptionally high due to the lack of process
optimisation and the small production volume. The values obtained are
expressed per kg of LA, which causes the MSP at the industrial scale to be
out of the range of literature values.

To address this issue, external costs at industrial scale are estimated
by considering the contribution of FCI, OPEX and external costs per kg
following the description in section 2.5. First, total FCI and OPEX were
considered for each production level. In the case of the pilot scale with
an annual production of 1131 kg, the FCI is 72,480 €, and the OPEX is
206,950 €. At the industrial scale, with a production of 50 kt, the FCI is
94,898,780 €, and the OPEX is 78,391,920 €. These values are calculated
per kg of LA produced, and external costs obtained in Table 9 are
included to determine the proportion of the three indicators, and esti-
mate external costs per kg at industrial scale.

As shown in Table 10, external costs represent 9 %, 13 % and 18 % of

Table 10

Fixed Capital Investment (FCI), operational expenditures (OPEX) and external
costs at pilot and industrial scale considering the lower, central and upper
Environmental Prices values.

Pilot scale Industrial scale

mental impacts associated with producing one thousand units of a Prod kg/year 1131 50,000,000
roduct are calculated as one thousand times the impacts of producing a Fel 72,480 € 94,898,780 €
P! ! ¢ i and tu p p g OPEX 206,950 € 78,391,920 €
single unit following a linear relationship. However, they also argued
that real-world processes deviate from this straightforward multiplica- L )
. . . . . . . . . ower values
tl(?n owing to 1ndu.str1al synergies, efficiency {mprovemenFs and opti- FCl/kg 64.08 € 24 9% 1.90 € 50 %
mised system design, which make the environmental impact less OPEX/kg 182.98 € 67 % 157¢ 41 %
predictable as scale increases. Externality/kg 24.41 € 9% 0.34 € 9%
To compensate for the lack of data needed to calculate prospective TOTAL 271.47 € 3.81€
environmental impacts at an industrial scale and to provide a rapid
estimation of externalities in upscaled scenarios, the following section Central
employs the monetary valuation of LCA, which allows for the estimation FCl/kg 64.08 € 23 % L90¢€ 48 %
of external costs by extrapolating from the data available at the pilot OPEX/kg 182.98 € 65 % 1.57€ 39%
y p g ; p Externality/kg 36.52 € 13% 0.51 € 13%
scale. As such, the results presented here should be interpreted as con- TOTAL 283.58 € 3.98 €
servative approximations in the absence of detailed industrial scale
environmental data. Upper
FCI/kg 64.08 € 21 % 1.90 € 45 %
_ N OPEX/kg 182.98 € 61 % 1.57 € 37 %
3.3. Monetary valuation of externalities Externality/kg 55.01 € 18% 0.77 € 18%
TOTAL 302.07 € 4.24 €
The environmental impacts in Table 7 were translated into monetary
Table 9
Monetary valuation of environmental impacts per kilogram(kg) of lactic acid using Environmental Prices.
Impact Category Unit Value Lower Central Upper External cost lower ~ External cost central ~ External cost upper
Global warming potential (GWP) kg Co2-eq 3.87 0.05 € 0.13 € 0.16 € 0.19 € 0.50 € 0.62 €
Stratospheric ozone depletion (OD) kg CFCl1-eq 1.29x107° 1520€ 29.10€  69.60 € 0.00 € 0.00 € 0.00 €
Ionizing radiation (IR) kBq Co-60-eq 4,67 x 107! 0.00 € 0.00 € 0.01 € 0.00 € 0.00 € 0.00 €
Ozone formation, Human health (OF) kg NOx-eq 1.57 x 1072 1.38 € 217 € 2.98 € 0.02 € 0.03 € 0.05 €
Fine particulate matter formation (FPM) kg PM2,5-eq 483x107° 61.70€ 99.20€ 138.10€ 0.30 € 0.48 € 0.67 €
Terrestrial acidification (TA) kg SO2-eq 1.81 x 1072 2.66 € 5.27 € 9.30 € 0.05 € 0.10 € 0.17 €
Freshwater eutrophication (FE) kg P-eq 3.24x10°° 256¢€ 3.74 € 10.13 € 0.01 € 0.01 € 0.03 €
Marine eutrophication (ME) kg N-eq 473 x107°  7.64¢€ 14.25€  27.60 € 0.04 € 0.07 € 0.13 €
Terrestrial ecotoxicity (ET) kg 1,4-DCB- 3.95 x 10! 0.00 € 0.00 € 0.00 € 0.02 € 0.03 € 0.03 €
€q
Freshwater ecotoxicity (EF) kg 1,4-DCB- 2.50 x 107! 0.01 € 0.02 € 0.03 € 0.00 € 0.01 € 0.01 €
eq
Marine ecotoxicity (EM) kg 1,4-DCB- 3.16 x 107! 0.00 € 0.00 € 0.00 € 0.00 € 0.00 € 0.00 €
€q
Human carcinogenic toxicity (HT) kg 1,4-DCB- 8.75 2.70 € 3.99 € 6.01 € 23.63 € 34.92 € 52.60 €
eq
Land use (LU) m2a crop-eq 2.08 0.07 € 0.10 € 0.13 € 0.15 € 0.21 € 0.27 €
Mineral resource scarcity (MRS) kg CU-eq 1.32x 1072 0.00 € 0.01 € 0.08 € 0.00 € 0.00 € 0.00 €
Fossil resource scarcity (FRS) kg oil-eq 8.63x1071  0.00¢€ 0.03 € 0.16 € 0.00 € 0.02 € 0.14 €
Water consumption (WC) m3 3.56 x 107! 0.00 € 0.41 € 0.81 € 0.00 € 0.14 € 0.29 €
Total External Cost 24.41 € 36.52 € 55.01 €
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the total cost contribution considering the lower, central and upper EP
values respectively and therefore, the external costs obtained for the
three ranges of EP values are 0.34 €/kg for the lowest values, 0.51 €/kg
for the central values and 0.77 €/kg for the highest values at industrial
scale. After including these values as additional costs in the DCF analysis
for the OPC, the MSP values are 2.04, 2.21 and 2.46 €/kg of LA for the
lower, central and upper EP values respectively.

These results demonstrate that even when environmental external-
ities are internalised, the process remains within the range of literature
values where external costs are not considered (Table 6). The mone-
tisation of externalities corrects market distortions arising from
unpriced environmental and health impacts (Pigou, 2017) and offers a
transparent way to inform decision-makers about the true cost of LA
production (Bianchi et al., 2024; Kosamia et al., 2023).

Monetising externalities also clarifies trade-offs between economic
feasibility and environmental performance at different production
scales. Small decentralised bio-based systems often achieve better
environmental outcomes because of lower transport emissions and local
biomass sourcing, but they usually have higher production costs due to
limited economies of scale (Vasilakou et al., 2023a, 2023b). In contrast,
large industrial plants benefit from cost efficiency but may incur greater
environmental burdens linked to logistics, land use, or energy intensity
(Salvador et al., 2022). Including monetised externalities allows these
trade-offs to be evaluated consistently, supporting more targeted policy
decisions regarding scale, location and system design (Grilli et al.,
2024).

From a policy perspective, integrating external costs into financial
indicators such as the MSP can guide the design of carbon pricing
mechanisms, tax incentives or subsidies that level the competitive con-
ditions between fossil-based and bio-based products (Kosamia et al.,
2023; Zhan et al., 2023).

As mentioned in section 3.2, comparison between the environmental
impacts of different studies must be performed considering the same
scope and impact assessment method. Therefore, this study is limited by
the lack of a common methodology to evaluate environmental impacts
in other studies, and MSP including external costs cannot be compared
with other results from the literature where externalities are considered.
However, the sensitivity of the MSP to the variation in externalities and
other parameters is assessed in the following section.
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3.4. Sensitivity and uncertainty analysis

Several parameters have been studied for LA production to identify
their contribution to the economic viability of the process. A sensitivity
analysis was conducted to observe the inputs that most affects the MSP.

Fig. 6 illustrates the variation in the MSP based on different input
parameters. The sensitivity analysis incorporates the external costs
calculated in the previous section, with the base MSP set at 2.21 €/kg
using central EP values. The results highlight that externalities have the
strongest influence on MSP, as seen in the graph. When no externalities
are considered, the MSP reaches its minimum value of 1.71 €/kg,
whereas at its highest impact, it increases to 2.46 €/kg, which reinforces
the findings from the previous section, where external costs substan-
tially influence the economic feasibility of the process. Discount rate is
the second most influential factor. As discussed in section 3.1, the choice
of the discount rate plays a critical role in project feasibility. A low social
discount rate of 4 %, considered from a societal perspective (European
Commission, 2014), leads to a 4.34 % reduction in MSP, while from an
investor’s perspective, a higher discount rate of 22 % aligned with
literature values for product development (Suresh et al., 2018; Tho-
massen et al., 2019) results in a 14 % increase in MSP compared to the
10 % discount rate used in the baseline scenario. Tax rate variations go
from the lowest (9 %) to the highest (30 %) in the European countries
(Trading Economics, 2025), which have a moderate effect, ranging be-
tween 2.18 €/kg and 2.22 €/kg.

Glucose and NaOH costs were varied by +20 % to assess their impact
on MSP relative to the base value. This analysis highlights the potential
volatility of market prices and its effects on the project’s economic
feasibility. Both parameters influence MSP by approximately 3 %,
indicating a moderate but noteworthy sensitivity to raw material costs.
Regarding raw material quantities, glucose was also varied by +20 %,
while NaOH consumption was assumed to decrease because of its po-
tential for recycling across multiple batches. However, given the un-
certainty surrounding the actual recycling efficiency at an industrial
scale, two scenarios were considered: a 50 % reduction in NaOH usage,
leading to an MSP of 1.99 €/kg, and a 90 % reduction, further decreasing
MSP to 1.82 €/kg.

The uncertainty associated with the configuration at different pro-
duction scales is accounted for by applying a + 20 % variation to
equipment costs. As described in Section 2.3, equipment cost is esti-
mated at different plant capacities considering the six-tenth rule, being
the main variable to calculate the remaining economic parameters. This

Glucose cost |
0.16, 0.2, 0.25 (€/kg)

NaOH cost |
0.1, 0.13, 0.16 (€/kg)

Externalities |
0, 0.51, 0.76 (€/kg)

Tax rate |
9, 25, 30 (%)

Discount rate |
4,10, 22 (%)

NaOH quantity |
14, 71, 143 (kt)

Glucose quantity |
60, 67, 73 (kt)

Equipment cost |
31.1, 38.9, 46.7 (m€)

Facility-Dependent |
18, 22.5, 27 (m€)

---- Base Value (2.21)
2.27

2.29

H
.
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2.52
.
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Fig. 6. Sensitivity analysis. Tornado diagram representing the parameters that contribute the most to Minimum Selling Price of lactic acid production from

fiber sludge.
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variation leads to a MSP range of 2.14 to 2.28, which is similar to the
variation of raw materials quantities and costs. Facility-dependent costs
are also variated a &+ 20 % as they represent a critical factor in modelling
manufacturing constraints. In SuperPro Designer, these costs are
calculated based on maintenance and depreciation settings embedded in
the FCI parameter. Variations in facility-dependent costs have a greater
impact on the MSP than equipment costs, ranging from 2.11 to 2.32.

The same input parameters (glucose and NaOH quantities and costs,
externalities, tax rate, discount rate, equipment costs and facility-
dependent costs) with the same ranges indicated in the previous para-
graph are considered in an uncertainty analysis to evaluate the proba-
bility of obtaining a positive NPV. A Monte Carlo simulation was
performed using Microsoft Excel and Python to generate 10,000 itera-
tions. Each iteration represents a scenario based on a combination of the
modified parameters following a PERT distribution with the ranges
indicated in the sensitivity analysis for each parameter. As shown in
Fig. 7, the probability of obtaining a positive NPV is 85.24 %.

This result suggests that the project is highly likely to be profitable
and worth investing in, given the variables analysed. However, further
analyses are necessary to assess the uncertainty associated with future
costs and revenues, as well as the potential to introduce investment
flexibility not only in year 0 but throughout the project’s life cycle. This
flexibility should account for market conditions, process optimization
and externalities. These aspects will be discussed in the following
section.

3.5. Investment flexibility and learning potential

To address dynamic market and technological uncertainty, incor-
porating learning curves and Real Option Analysis (ROA) can enhance
the evaluation of low-TRL technologies. Learning curves estimate how
production costs decline with accumulated experience (Thomassen
et al., 2020; Vasilakou et al., 2023a, 2023b), while ROA quantifies the
value of expanding, contracting or delaying investments in response to
these trends (Compernolle et al., 2017; Welkenhuysen et al., 2017).

For LA production, learning effects can be inferred from the bio-
plastics sector, where PLA production capacity has doubled approxi-
mately every four years since 2007 (Borner and Zinn, 2024). Applying
similar learning effects allows future cost reductions to be projected and
investment timing to be optimised. ROA enables investors to postpone
projects until production costs fall below a target level or to scale up
operations once market conditions are favourable. The combination of
learning curves and ROA can enhance the assessment of emerging
technologies, as the former provides dynamic inputs of projected cost
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reductions over time, whereas the latter uses these inputs to inform
strategic decisions at critical points in the project lifecycle. The inte-
gration of ROA and learning curves has rarely been explored, with some
studies focusing on renewable energy (Gazheli and van den Bergh,
2018) and fuel cells (Johannes Poulsen and Aarup, 2016). This inte-
gration can be applied to the case study presented herein. For instance,
learning curves can model the decline in CAPEX and raw material costs
(e.g., glucose and NaOH), whereas ROA can evaluate the timing and
scale of investment based on projected cost trajectories and market
uncertainties.

Discounting also plays a critical role in assessing risk under uncer-
tainty. In ROA, different discount rates can be applied to various cash
flows to reflect their relative risks, with revenues discounted more
heavily than stable costs (De Reyck et al., 2008; Mathews et al., 2007).
This approach allows more accurate valuations that reflect both time
value and strategic flexibility (Samis et al., 2005).

3.6. Limitations and future perspectives

This study provides a comprehensive assessment of LA production
using fiber sludge, from pilot to industrial scale, integrating environ-
mental and economic impacts through the monetary valuation of ex-
ternalities. However, several limitations must be acknowledged which
could inform future research directions.

One key limitation relates to the scalability of pilot scale results.
Although the six-tenth rule was applied to estimate equipment costs, this
approximation does not fully capture the operational complexities,
optimisation options or non-linearities encountered at full industrial
scale (Pizzol et al., 2020). This study aims to provide a rapid extrapo-
lation of external costs between pilot and industrial scale considering a
proportional scaling of environmental impacts. However, raw materials
and energy consumption may differ significantly in large scale settings,
potentially affecting both costs and environmental impacts. Future
studies should address this limitation by performing complex models
that incorporate scaling exponents into digital twins of plants, enabling
sensitivity analysis for capacity changes and prospective environmental
assessments including external costs (Schweidtmann et al., 2021; Sus-
tainability Directory, 2025). In addition, while the fermentation model
integrates Monod-type kinetic equations derived from experimental
data and validated at pilot scale, future work should include re-
calibration of the kinetic parameters and incorporation of thermody-
namic refinements to improve prediction accuracy under industrial
conditions and alternative process configurations.

Another aspect that must be considered is the feedstock composition.
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Fig. 7. Uncertainty analysis to evaluate the probability to obtain a positive Net Present Value in a Monte Carlo simulation (10,000 iterations).
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In this study, it is assumed that fiber sludge composition is constant, but
in practice, their characteristics can vary depending on pulp type and
processing conditions which can influence hydrolysis efficiency, enzyme
demand and fermentation performance, with effects on LA yields and
productivity (Li et al., 2021a, 2021b). Feedstock availability must also
be considered to cover production demands at industrial scale and
ensure a responsible management of the biomass (Ghani et al., 2025).
This study considers global fiber sludge availability to cover LA pro-
duction, which is around 14,000 kt per year (Quintana et al., 2024).
Future studies should incorporate feedstock variability and availability
scenarios to better reflect real-world conditions, for instance, by
considering geospatial models as in Vasilakou et al. (2023a, 2023b).

Regarding economic modelling, uncertainties associated with raw
materials, equipment costs and market prices for bio-based LA produc-
tion at early design stage are significant. While sensitivity and uncer-
tainty analyses are included in this study, future work should explore
stochastic or probabilistic methods to quantify uncertainties more
robustly. Moreover, scenario modelling integrating carbon pricing,
policy incentives or biorefinery integration could help assess the
robustness of the business case under evolving market and regulatory
conditions (Wenger et al., 2024).

Finally, while this study focused on environmental and economic
aspects, future research should also consider social dimensions through
social LCA (S-LCA) and circularity indicators to provide a more holistic
evaluation (Alejandrino et al., 2021; Ferreira et al., 2022).

4. Conclusions

The increasing demand for sustainable alternatives to fossil-based
materials calls for quantitative frameworks that integrate environ-
mental and economic assessments. This study addresses that need by
developing and applying an integrated framework to assess the pro-
duction of bio-based lactic acid (LA) from fiber sludge, a low-cost res-
idue from the pulp and paper industry. The approach combines process
modelling, Techno-Economic Analysis (TEA), Life Cycle Assessment
(LCA) and environmental Life Cycle Costing (eLCC), providing a unified
indicator that incorporates external costs into the economic evaluation,
the Minimum Selling Price (MSP).

Results from pilot scale modelling scaled to industrial capacity
indicate an Optimum Plant Capacity of 50 kilotonnes per year and a MSP
of 1.71 €/kg, which increases to 2.04-2.46 €/kg when environmental
externalities are monetised and internalised in the financial analysis.
Environmental assessment revealed a Global Warming Potential (GWP)
of 3.87 kg CO2-eq per kg LA, associated with enzyme production and
fermentation. Sensitivity and uncertainty analyses confirmed that ex-
ternalities and discount rate assumptions are the most influential factors
for economic viability, with an 85 % probability of achieving a positive
Net Present Value, indicating a high likelihood of project profitability
under realistic variations in technical and economic conditions.

Beyond the numerical outcomes, this study demonstrates the
importance and practicality of monetising environmental impacts into
financial analysis for emerging bio-based technologies. By linking
environmental and economic dimensions through the MSP including
externalities, the framework allows direct and transparent comparison
between alternatives, supporting evidence-based policy and investment
decisions. The method is general and adaptable to other bio-based sys-
tems where pilot scale data are available, providing a structured
approach to quantify trade-offs and identify the cost implications of
sustainability improvements.

The study also highlights current limitations related to linear
upscaling assumptions, variability in feedstock composition and differ-
ences in impact assessment methodologies. Future research should focus
on refining scalability models using digital twins, incorporating feed-
stock availability and regional scenarios, and adopting advanced
financial tools to capture investment flexibility under uncertainty. These
developments would enhance the predictive accuracy and decision-

12

Environmental Impact Assessment Review 118 (2026) 108291

support potential of integrated sustainability assessments, ultimately
facilitating the sustainable scale-up of circular bioeconomy processes.
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