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Abstract

The agri-food sector faces the dual challenge of reducing waste and meeting the growing
demand for sustainable plant-based ingredients. This study investigated the valorization
of rejected peas through two alternative pathways, pea flour production and pea protein
production, with the aim of identifying the most suitable option for industrial implementa-
tion. A two-stage methodology was adopted. First, a preliminary screening comparison
was carried out using qualitative criteria related to process complexity, implementation
time, sustainability, expected material yield, market relevance, investment requirements,
and operating costs. This initial assessment identified pea flour as the more feasible route
under the industrial conditions considered. Second, the selected pea flour pathway was
investigated in greater detail through process mapping, mass and energy balances, pre-
liminary equipment sizing, and early-stage economic assessment. The results show that
pea flour production can be organized as a flexible process combining seasonal upstream
preprocessing with stabilized downstream conversion supported by freezing and controlled
thawing. Under the base case considered, the route achieves an annual packaged-flour
recovery of 46.5% relative to the recoverable rejected peas. Overall, the study indicates
that pea flour represents a practical and scalable first-step valorization strategy, whereas
pea protein remains a potentially valuable but more complex alternative requiring further
dedicated development and quantitative assessment.

Keywords: rejected peas; pea protein; by-products valorization; industrial feasibility;
techno-economic assessment

1. Introduction

Effective waste management plays a pivotal role in the agri-food sector by reducing
environmental impacts while improving resource efficiency across production, processing,
and distribution phases. Indeed, valorizing agricultural and food-processing residues sup-
ports circular economy principles, enhancing overall sustainability and system resilience.
In this framework, economic assessments are essential to ensure an effective and sustain-
able implementation of these strategies at an industrial scale. Hence, a robust economic
assessment of costs and potential market viability can support decision-making processes,
guiding research and development and facilitating the adoption of suitable technologies.
In this sense, the early-stage economic assessment is crucial to steer the design of processes
under development by identifying cost drivers, possible bottlenecks, and opportunities
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for value creation. Under this light, a preliminary investigation has highlighted the val-
orization of rejected peas as a promising alternative for further development. Indeed,
large quantities of plant-based raw materials are excluded from primary food processing
streams because they do not comply with commercial quality specifications, even when
they retain substantial nutritional and functional value. In vegetable-processing chains,
rejection is often associated with visual and sorting criteria such as irregular size, shape,
color, or other appearance-related defects, rather than with intrinsic unsuitability for food
use [1]. Peas (Pisum sativum) represent a relevant example, since rejected peas still contain
significant amount of starch, protein, and fiber and may therefore constitute a potentially
valuable feedstock for food ingredient rather than being directed to low-value recovery
routes Published studies indicate that rejected fractions in relevant vegetable- and pea-
processing contexts may reach values around 15% of total production, highlighting the
practical relevance of developing feasible valorization strategies for these streams [2,3].

Despite this potential, the valorization of rejected peas is not straightforward in
industrial practice. The industrial valorization of side streams remains challenging because
such materials are often heterogeneous and may require additional sorting, storage, and
preprocessing before integration into established production routes [1]. In the specific case
of peas, feedstock variability can also affect fractionation efficiency and the quality of the
recovered constituents, further complicating industrial implementation [4]. As a result,
rejected vegetable streams are often directed to lower-value recovery routes rather than
being systematically upgraded into food ingredients, even when their residual composition
remains suitable for further food use [5]. Extensive research has focused on the valorization
of pulses and pulse-derived side streams through dry and wet processing routes, including
milling, air classification, protein extraction, and mild fractionation. These approaches
differ markedly in process intensity, resource demand, equipment requirements, and the
functionality of the resulting ingredients, which makes route selection a crucial early
design decision [6,7].

While technical performance is a fundamental aspect of process development, the
successful transition from conceptual design to industrial implementation requires care-
ful consideration of large-scale feasibility [8]. Technically sound processing routes may
face significant barriers in industrial environments related to equipment availability, pro-
cess integration, operational robustness, and economic constraints [9]. For this reason,
industrial feasibility assessment plays a central role in determining whether proposed
valorization strategies for agri-food by-products can be realistically implemented within
existing production infrastructures.

In this context, the identification of the key processing steps, equipment requirements,
and operational bottlenecks is essential to determine whether a given valorization route is
compatible with the characteristics of the stream under investigation and with the indus-
trial setting in which it is to be implemented. Early-stage economic assessment is widely
recognized as a key step in process development, particularly when alternative valorization
pathways are compared before pilot validation, because of the capacity of identifying the
most promising alternatives and guide further development and investments At the concep-
tual design stage, detailed plant data are rarely available; therefore, the most informative
approach is a transparent screening analysis based on explicit assumptions, first-principles
balances, and order-of-magnitude equipment and utility estimates [8,10].

Although pea flour and pea protein are already established industrial products, their
conventional production routes are generally designed for standard feedstocks and op-
timized operating conditions rather than for rejected pea streams characterized by non-
standard quality profiles, seasonal concentration, and additional handling constraints.
In this context, this study investigates the feasibility of valorizing rejected peas through
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two alternative pathways, pea flour production and pea protein production, from an indus-
trial perspective. The work was structured in two sequential stages: first, a preliminary
comparison to identify the most feasible valorization route for rejected peas under the
considered industrial conditions; second, a more detailed technical and economic assess-
ment of the selected pathway. Therefore, the contribution of the study lies not in proposing
a new core processing technology per se, but in assessing which existing valorization
logic is more realistically implementable for a rejected-pea stream within a consistent
industrial scenario.

2. Materials and Methods

The study was structured in two consecutive stages. First, a preliminary screening
comparison was carried out to evaluate two alternative valorization pathways for rejected
peas, namely pea flour production and pea protein production, from an industrial feasibility
perspective. Second, following route selection, the pea flour pathway was investigated
in greater detail through mass and energy balances, preliminary equipment sizing, and
early-stage economic assessment. This two-step structure was adopted to distinguish
clearly between route selection and detailed process evaluation. The first part of the work
is intentionally positioned at the screening level: the objective is to compare routes under
a consistent base case, identify dominant technical and economic drivers, and make all
assumptions explicit so that the calculations can be reproduced and progressively refined
for the selected process.

2.1. Preliminary Screening of Valorization Routes

A preliminary comparison between pea flour and pea protein production was con-
ducted to identify the most feasible valorization pathway for rejected peas under the indus-
trial conditions considered. The comparison was based on seven criteria (Table 1): process
complexity, implementation time, sustainability, material retention potential, market rel-
evance, investment requirements, and operating costs. The material-retention criterion
was used at the screening level only, as an indicator of the proportion of rejected biomass
that could be converted into a usable output stream. It was not intended to represent the
economic value of the final product, which was considered separately through market
relevance and preliminary economic feasibility. In this study, market relevance was inter-
preted as the expected alignment of each product with current food-industry demand and
application potential. Each criterion was assessed qualitatively using a three-level scale
(low, medium, high), where the most favorable condition for industrial implementation was
assigned the highest rating. No numerical aggregation or weighted score was introduced
at this stage because the objective was not to rank alternative designs through a formal
multicriteria model, but to support transparent route selection at the screening level. The
outcome of this preliminary assessment was used to identify the route to be investigated in
greater detail in the subsequent sections.

Table 1. Qualitative screening criteria were adopted for the preliminary route selection.

Criterion Meaning in the Screening Step
Technical complexity Number of unit operations, control requirements, and process interdependence
Implementation time Expected effort needed for industrial deployment and commissioning
Sustainability Expected resource use and environmental burden at process level
Material retention potential Potential to recover usable product from the rejected stream
Market relevance Alignment with current demand and industrial applicability
Investment requirements Relative CAPEX expected for plant implementation
Operating costs Relative OPEX associated with utilities, water, chemicals, and handling
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2.2. Process Mapping

Process flow diagrams (Figure 1) were initially developed for both routes in order
to support the preliminary screening comparison and identify the main unit operations,
material transformations, and resource requirements associated with each pathway. In
the pea flour case, the mapped sequence included cleaning, optical sorting, blanching,
freezing, frozen storage, thawing, grinding, air drying, final milling, and packaging. In
the pea protein case, the mapped route followed a conventional wet-fractionation scheme
including protein solubilization, high-pressure homogenization, solid-liquid separation,
isoelectric precipitation, washing, and drying, in line with current pulse-protein processing
literature [6,11,12]. Following the preliminary comparison, the pea flour route was selected
for more detailed quantification because it showed greater industrial implementability
under the considered context, owing to its simpler process structure, lower expected
resource demand, and more robust integration with seasonal raw-material availability.
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] | Packaging / -
/ \\ storage /' Washing

Output: pea flour Output: pea protein powder

R maFerlaI Cleaning > Opt|_ca| — Blanching — Freezing —— ARFER
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Figure 1. Process route diagram comparison for rejected-pea valorization. A common upstream
preparation stage is followed by two alternative downstream pathways: the selected pea flour
route, which is quantified in detail, and the pea protein route, which is retained as a screening-
level benchmark.

To ensure methodological consistency, each unit operation was defined using informa-
tion compiled from peer-reviewed literature, FAO technical documents, food engineering
textbooks, openly available industrial references, and commercial vendor sources. Scientific
and technical references were used to support process selection and operating ranges,
whereas supplier catalogues and online listings were used as indicative screening-level
benchmarks for preliminary equipment sizing, utility demand, and approximate cost.

2.3. Mass and Energy Balances for the Selected Pea Flour Route

Once the preliminary route selection had been completed, detailed mass and energy
balances were developed for the selected pea flour route only. The objective of this stage
was to quantify the main material transformations, identify dominant utility requirements,
and support preliminary equipment sizing under a transparent and reproducible screening
framework. The pea protein route was not quantified at the same level of resolution and
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therefore remains part of the preliminary comparative screening rather than the detailed
process assessment.
For each unit operation i, the outlet mass flow was calculated as:

Mout,i = 1iMiy i 1)

where 7; is the stage efficiency obtained in this work and reported in Section 3.2. When
reliable stage-specific values were available from literature or supplier information, these
values were used directly; otherwise, efficiencies typical of industrial food-mechanical
operations were conservatively assumed in the range 0.90-0.98. Ideal behavior (beta = 1)
was adopted only for stages acting primarily as transfer or buffering steps, and for which
no defensible loss estimate could be assigned at the screening level.

Thermal duties were estimated from the steady-state heat-balance expression:

_ mcpAT )
Ntn
with 7, as the thermal efficiency, while electrical consumption was obtained from:
E=Pxt 3)

where P is the peak power from the machinery and t the time. This formulation is
consistent with standard food-engineering and process-design practice for early-stage
assessment [8,13].

Preliminary equipment sizing was subsequently carried out to verify that com-
mercially available equipment could satisfy the required duty and throughput of each
stage. The selection criteria were compatibility with the calculated process loads, tech-
nological maturity, industrial availability, and suitability for food-grade operation. This
type of preliminary sizing is consistent with standard conceptual-design practice, where
the purpose is to establish feasibility and bottlenecks rather than to produce a final
mechanical design [8,13].

To ensure comparability between pathways, a common base case was defined. The

annual feedstock available for valorization was 1,350,000 kg year !

, corresponding to
90% of the approximately 1,500,000 kg year~! of peas discarded by a representative proces-
sor because of visual or sorting defects rather than intrinsic unsuitability for food use. For
the pea flour route, the process was divided into two operating windows: (i) an upstream

~1, run in two 8-h shifts day~!, during which clean-

seasonal campaign of 60 days year
ing, sorting, blanching, freezing, and frozen-storage loading were performed; and (ii) a
downstream conversion phase distributed over 208 working days year! at 8 h day !,
during which the production of pea flour was achieved. This decoupled configuration is
essential to interpret the mass-flow results correctly, because the discontinuity between
frozen storage and thawing reflects throughput regulation and inventory management
rather than a physical yield loss. For the seasonal upstream pea flour campaign, the nomi-
nal hourly feed rate corresponded to 1406 kgh~! from the annual feedstock available for
valorization and the total time for harvesting (60 days x 16 h day~!). For the downstream
line, the working logic is different: the frozen intermediate is progressively released over
the available post-harvest operating window, so the effective downstream feed rate is regu-
lated by the thawing capacity rather than by the seasonal upstream rate. This distinction
follows standard process-balance logic and avoids conflating operational scheduling with
material conversion.

This distinction is crucial for reproducibility. In the base case, the frozen stock accu-
mulated during the campaign is processed over 208 working days at 8 h day~!, which
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gives a stabilized downstream operating time of 1664 h year~!. Accordingly, the mean
downstream feed to grinding and drying is lower than the seasonal upstream throughput.
Therefore, ratios computed across the thawing step must not be interpreted as process yield.
Instead, three different indicators should be kept separate: stage yield (mass efficiency of a
single operation), downstream conversion yield (product mass relative to thawed mass),
and annual feed-to-product recovery (final annual product relative to annual rejected peas
entering the valorization system).

For the pea protein route, the same annual feedstock basis was retained for preliminary
comparison, while process complexity, resource demand, and expected economic burden
were assessed qualitatively on the basis of the wet-fractionation sequence reported in
recent literature [6,11,12].

2.4. OPEX and CAPEX Estimation

A preliminary economic assessment was carried out for the selected route, whereas
the other route was retained as a qualitative benchmark for comparative interpretation
only. Once the material flows to be handled at each stage had been defined for the selected
route, commercially available equipment was identified on the basis of its ability to process
those capacities under the required operating conditions, while maintaining a reasonable
margin to avoid undersizing. In this context, the CAPEX estimate referred mainly to
the main equipment needed to carry out the core steps of the process, together with
directly associated auxiliary units when required. To extend this equipment-based estimate
to an overall plant-level CAPEX, a Lang-factor approach was also applied. Since the
selected pea flour route is based mainly on solid-processing operations typical of the
food industry, a factor of 3.10 corresponding to a solid process plant was adopted as a
preliminary scaling tool to move from the cost of the main equipment to an estimate of
the total installed plant cost. Further details on the assumptions and models considered
for the economic assessment at this stage, in accordance with the current literature [14-24],
are included in the Supplementary Materials. It should be noted, however, that this
approach is more representative of a new stand-alone installation dedicated to rejected-pea
valorization. In practice, two implementation scenarios may be considered: the process
may be integrated into an existing food-processing facility, taking advantage of already
available infrastructure, utilities, storage areas, and part of the operational organization, or
it may be developed as a new dedicated plant. Therefore, the Lang-factor-based estimate
should be interpreted as a first-order approximation for the second scenario, while the
actual capital requirement could be lower if the valorization route were partially integrated
into an existing industrial site [14]. Table 2 reports the CAPEX details used in this study.

Table 2. CAPEX detail.

Opesr:let;)onal Supplier (Model) Estlma}tee)d Cost
Cleaning Hebei Taobo Machinery Co., Ltd., Shijiazhuang, Hebei, China (5TB-5C) 8896
Optical sorting ~ Shenzhen Sanhezhong Technology Co., Ltd., Shenzhen, Guangdong, China (CCDS 64) 10,696 *
Blanching Shenzhen Sanhezhong Technology Co., Ltd., Shenzhen, Guangdong, China (TSPT-12) 28,000
Freezing Guangzhou Icesource Co., Ltd., Guangzhou, Guangdong, China (SLD Series) 275,747
Frozen Storage FRICONTROL Sistemas de Refrigeracion, S.L., 248 862
g Segur de Calafell, Tarragona, Spain (Customized Service) 4
Thawing FRICONTROL Sistemas de Refrigeracion, S.L., 7243
Segur de Calafell, Tarragona, Spain (Customized Service)
Grinding Brightsail Industries Group Co., Ltd., Jiangyin, Jiangsu, China (BSDF-650) 22,030
Air Drying Henan Baixin Machinery Equipment Co., Ltd., Gongyi, Henan, China (BX-29M) 40,780
Milling Brightsail Industries Group Co., Ltd., Jiangyin, Jiangsu, B

China (BSDF-650, same unit reused)
Packing Foshan Land Packaging Machinery Co., Ltd., Foshan, Guangdong, China (LD-720D) 10,227
Palets.net, Mélaga, Mélaga, Spain (Recycled EPAL Class A pallets)

Storage + Esmelux Estanteria Répida, S.L., M6stoles, Madrid, Spain (Industrial pallet racks) 271,615
TOTAL BASE 924,096
TOTAL COST 2,864,697

* Two air pressure units (AHB-7A) needed for optical sorting included in the operational step estimated cost.
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OPEX was estimated from the main recurring annual costs directly associated with
process operation, including energy consumption, water service, packaging, direct oper-
ating labor, maintenance, insurance, and local taxes. In this context, energy consumption
included both the annual direct electricity demand of the line and the thermal energy
required for blanching. Since the blanching thermal duty was assumed to be supplied
by electric resistances, this contribution was valued as electricity-equivalent consump-
tion in the OPEX calculation, while water service included water supply, sewerage, and
wastewater depuration charges associated with the annual process water demand. Other
cost items, such as rejected-pea feedstock purchase, transport and distribution, additional
on-site wastewater treatment beyond standard service tariffs, external cleaning services and
sanitation consumables not directly quantified in the base case, quality-control analyses,
plant overhead, depreciation, financing charges, and marketing-related expenses, were
excluded unless explicitly stated. Their inclusion would be necessary in a more comprehen-
sive economic assessment aimed at capturing the full plant-wide operating-cost structure.
All calculation bases and assumptions adopted for the preliminary OPEX assessment are
summarized in Table 3. Since the purpose of the analysis was to support a screening-level
industrial assessment rather than to produce a fully detailed economic design, the result-
ing values were interpreted as order-of-magnitude estimates consistent with early-stage
techno-economic evaluation. Accordingly, the economic assessment should be interpreted
as a transparent screening-level estimate of the selected route, rather than as a detailed
plant-wide cost model or bankable techno-economic analysis.

Table 3. OPEX assumptions.

OPEX Item

Basis of Calculation/Assumption

Energy consumption

Water service
Packaging
Direct operating labor

Maintenance
Insurance
Local taxes

Calculated from the total annual energy demand of the line valued using industrial
energy tariffs.

Estimated from the annual mass entering blanching and a specific water-generation
factor for peas, and valued using industrial water, sewerage, and depuration tariffs.
Calculated from the annual amount of packaged flour and an explicit unit cost per bag.
Estimated from a sectoral pulse-flour processing benchmark and valued using annual
working hours and labor-cost data.

Estimated as a percentage of the installed plant CAPEX.

Estimated as a percentage of the installed plant CAPEX.

Estimated as a percentage of the installed plant CAPEX.

Taking these considerations into account, each OPEX item included was evaluated
separately according to its corresponding calculation basis and assumptions, resulting in
the annual cost breakdown summarized in Table 4.

Table 4. OPEX detail.

OPEX Item Annual Cost (€/year)

Energy consumption 69,248
Water service 4207

Packaging 16,008
Direct operating labor 146,395
Maintenance 85,941
Insurance 14,323
Local taxes 28,647
Total annual OPEX 364,769
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2.5. Economic and Profitability Assessment

Once CAPEX and OPEX had been estimated, the economic assessment was extended
to include revenue generation and simple profitability indicators. The objective of this
step was to evaluate whether the selected pea flour route could generate sufficient income
to offset the annual operating costs and recover the initial investment under a defined
market scenario. The calculation was based on the annual packaged-flour production
obtained from the mass balance, together with the CAPEX and OPEX values previously
calculated. No additional cost categories were introduced at this stage; therefore, the
economic boundary remains the same as that defined in the CAPEX and OPEX assessment.

A direct-sale scenario was considered, using an assumed selling price of
7.72 € kg1 [25,26]. This value was taken as the average selling price of two commer-
cially available pea flour products. The scenario also assumes that the whole annual
production is sold.

The profitability indicators used were calculated according to the general cost-
estimation framework reported in [27] where simple indicators such as return on investment
and payback period are defined from the relationship between capital investment and
annual net income.

The annual revenue was calculated as:

R = Mflour ) Pselling  fsold 4)

where R is the annual revenue, My, is the annual packaged-flour production, Pselling 18
the assumed selling price, and f,;, is the fraction of annual production sold.
The annual operating profit was calculated as:

OP = R — OPEX (5)

The unit operating cost was calculated as:

OPEX
Cunit = m (6)
and the unit operating profit was calculated as:
OPypit = Pselling — Cunit @)
The operating margin was calculated as:
p
om = 2P 100 8)
R
The simple return on investment was calculated as:
or
ROI = CAPEX 100 )
The simple payback time was calculated as:
CAPEX
p k= ——w— 1
aybac OP (10)
The OPEX-only break-even selling price was calculated as:
OPEX
Pyreak—even = ——— 11
break—even Mflour (11)
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Finally, the selling price required to recover the investment within a target payback

time n was calculated as: CAPEX
OPEX + ===

12
Mflour 12

Prequired,n =

3. Results
3.1. Preliminary Comparison Between Pea Flour and Pea Protein Routes

The first outcome of the study was the preliminary screening comparison between
the two valorization pathways considered for rejected peas, namely pea flour production
and pea protein production. This comparison was carried out using the qualitative criteria
defined in the methodological section and aimed to identify the route showing the most
suitable profile for industrial implementation under the considered context. The pea flour
route emerged as the more immediately feasible option. Its process configuration is based
mainly on conventional mechanical and thermal food-processing operations, with limited
phase changes, relatively simple process integration, and reduced dependence on auxiliary
inputs such as water and chemicals. The route is also compatible with a production
logic in which seasonal upstream pre-processing can be decoupled from downstream
conversion through freezing and thawing, thereby improving operational flexibility and
plant utilization. By contrast, the pea protein route showed greater process complexity and
higher implementation requirements. The wet-fractionation sequence involves multiple
physicochemical transformation steps, liquid-handling operations, separation stages, and
tighter operating control. In addition, the route is associated with higher water and
chemical demand, more complex side-stream management, and a less straightforward
integration into a screening-level industrial configuration. On this basis, the pea flour
pathway was selected for more detailed quantification and early-stage techno-economic
assessment. Although both pathways were assigned a high market-relevance rating, this
reflected different market logics: pea flour was considered relevant because of its broad
formulation versatility, whereas pea protein was considered relevant because of the demand
for concentrated plant-based protein ingredients. Table 5 reports the qualitative assessment
considered for the study.

Table 5. Qualitative comparison of key technical criteria for pea flour and pea protein
processing routes.

Criterion Pea Flour Pea Protein
Technical complexity Low High
Implementation time Low Medium

Sustainability Medium Low-Medium
Material yield High Medium
Market relevance High High
Investment requirements Low Medium
Operating costs Low Medium

The following sections therefore report detailed results for the selected pea flour
route, while the pea protein pathway is retained as the alternative benchmark within the
comparative interpretation.

3.2. Resulting Production Rate and Stage-by-Stage Mass Yield of the Selected Pea Flour Route

Table 6 reports the mass flow calculated for each process step and the corresponding
yield considered.

https://doi.org/10.3390/pr14101519
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Table 6. Process stage mass specifications.

Processing Stage Outlet Mass Flow (kg/h) Effective Stage Yield (%)
Sieving and cleaning 1406.00 100.0
Optical sorting 1406.00 100.0
Blanching (90 °C, 1 min) 1336.00 95.0
Freezing (—18 °C) 1336.00 100.0
Frozen storage 1336.00 100.0

Thawing (4 °C) 770.75 -*

Grinding (2 min) 755.33 98.0
Air drying (50 °C) 388.99 51.5
Grinding (5 min) 377.32 97.0
Packaging and storage 377.32 100.0

* The thawing stage does not represent a material transformation yield but a throughput regulation step required
to reconcile seasonal upstream processing with continuous downstream operation.

At the interface between frozen storage and thawing, the upstream hourly flow of
1336 kg h~! is converted into a stabilized downstream feed of 770.75 kg h~1. This reduction
does not represent a transformation yield. Rather, it reflects the decision to distribute
downstream processing over 1664 h year~! after the harvest campaign, so that thawing
acts as a buffer-regulation step linking seasonal preprocessing to year-round production.

Downstream of thawing, mass variations are associated with actual physical trans-
formations. The first grinding stage reduces the flow from 770.75 to 755.33 kg h ™!, corre-
sponding to a stage yield of 98.0%. Air drying reduces the mass to 388.99 kg h~! owing to
moisture removal, corresponding to a stage yield of 51.5%. Due to the lack of direct studies
on moisture loss during pea flour drying at 50 °C, the mass loss estimation was performed
by contrasting equivalent and proportional information from primary sources. Green
peas exhibit an initial moisture content of 63.5% [28], which is reduced to approximately
15% after convective drying at 50 °C [29]. On this basis, the drying stage was repre-
sented in the screening model by an effective mass yield of 51.5%, used as a simplified
process assumption to capture the dominant mass reduction associated with moisture
removal. Final milling then decreases the stream to 377.32 kg h—!, corresponding to a stage
yield of 97.0%. Packaging and storage do not introduce additional process losses in the
screening model.

Upstream operations show limited losses. Re-cleaning and optical sorting were con-
servatively treated as nearly lossless at the balance level because the selected feedstock
had already been defined as the recoverable fraction after industrial rejection screening.
Blanching was the first stage to introduce an explicit yield penalty, reducing the mass from
1406 to 1336 kg h ™! (95.0%), while freezing and frozen storage were assumed not to alter
product mass.

To avoid ambiguity, route performance can be reported through two complementary
indicators. First, the downstream conversion yield from thawing to packaged flour is
377.32/770.75 = 48.95%, which is consistent with the stage yields used for grinding, drying,
and final milling. Second, the annual recovery of packaged flour relative to the annual
recoverable rejected peas (kg/yr) is approximately 627,770/ 1,350,000 = 46.5%. The differ-
ence between upstream campaign flow and stabilized downstream throughput primarily
reflects inventory regulation across different operating windows rather than process yield
loss. Actual material losses occur downstream of thawing and are dominated by air drying
(51.5%), which defines the main mass reduction within the conversion sequence.
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3.3. Energy Demand and Identification of Energy-Intensive Operations in the Selected Pea
Flour Route

Based on the operating throughput and mass flow distribution established, the energy
demand of the pea flour processing line was quantified by evaluating the electrical and
thermal requirements of each unit operation under steady-state conditions. The analysis
follows the sequential order of the process, distinguishing between upstream seasonal op-
erations, year-round cold storage, and downstream processing adapted to market demand.
Electrical and thermal energy demands are reported in Table 7.

Table 7. Summary of installed power and annual energy demand for the pea flour processing line.

. . Installed Power Operating Time Annual Ener
Unit Operation Energy Type (kW) P th/Yean Demand (Wh/Yean
Re-cleaning (2x graders) Electrical 15.0 960 14,400
Optical sorting Electrical 0.9 960 864
Air compressor Electrical 7.5 960 7200
Blanching Thermal 135.0 960 129,600
Freezing (refrigeration system) Electrical 35.15 960 33,744
Frozen storage Electrical 3.75 8760 32,850
Thawing room Electrical 3.75 4992 18,720
Grinding (1st stage) Electrical 15.0 1664 24,960
Air drying Electrical 79.76 1664 132,808
Grinding (2nd stage) Electrical 15.0 1664 24,960
Packaging Electrical 3.0 1664 4992
Total (direct electrical) - - - 295,498
Total (blanching 3 3 129,600

electricity-equivalent demand)

3.3.1. Mechanical Cleaning and Optical Sorting

The first energy-consuming operations correspond to mechanical re-cleaning and
optical sorting performed during the harvest campaign. The re-cleaning system consists
of two grading machines installed in series, each with a rated electrical power of 7.5 kW,
resulting in a combined installed power of 15 kW. These units operate for 960 h per year.

The optical sorting unit operates at a constant electrical power of 0.9 kW, while the
associated air compressor requires 7.5 kW for continuous operation during the same period.
Owing to their moderate power demand and limited operating time, these preprocessing
stages contribute a relatively small share of the total annual electrical energy consumption.

3.3.2. Blanching

The blanching operation (90 °C, 1 min) represents the primary thermal energy
input during upstream processing. Using Equation (2) with m = 1336 kg/h,
cp = 3.91 kJ/kg-K [30] as the specific heat capacity of peas, AT = 70 K the tempera-
ture increase, and 1 = 0.75 the overall thermal efficiency of the blanching system, the
net thermal power transferred to the product was calculated as approximately 101 kW.
When additional thermal losses and water-replenishment effects are incorporated, the
operational thermal demand rises to approximately 135 kW. This value was therefore
retained as the reference thermal load for the blanching stage in the comparative energy
assessment. Although preliminary, the explicit reporting of the governing equation, the
assumed specific heat, and the thermal-efficiency term makes the thermal section repro-
ducible and allows future refinement with plant-specific inlet temperatures or measured
exchanger efficiencies [13].
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In the present screening assessment, the blanching thermal duty was assumed to be
supplied by electric resistance. Therefore, although the blanching requirement was first
calculated as a thermal duty, it was treated as electricity-equivalent energy consumption in
the OPEX and Scope 2 emission calculations.

3.3.3. Freezing and Frozen Storage

Following blanching, the peas are frozen to —18 °C to enable long-term storage and
decouple seasonal preprocessing from downstream production. The refrigeration system
used for freezing exhibits a measured electrical power consumption of 35.15 kW and
operates for 960 h per year during the harvest campaign.

Frozen storage is maintained continuously throughout the year to preserve product
quality and ensure operational flexibility. Based on equipment specifications and operating
conditions, the electrical power demand associated with frozen storage was estimated at
3.75 kW under continuous operation (8760 h per year).

3.3.4. Thawing

The thawing stage operates at +4 °C and represents the interface between frozen
inventory management and downstream processing. The thawing chamber was assumed
to operate continuously during working days to guarantee thermal stability and a constant
feed to the downstream line. Accordingly, the electrical power demand of the thawing
system was estimated at 3.75 kW over 4992 h per year.

Although the specific power demand of thawing is limited, its extended operating
time results in a non-negligible contribution to the annual electrical energy balance.

3.3.5. Grinding and Air Drying

Downstream size-reduction and dehydration operations dominate the electrical energy
demand of the processing line. Both grinding stages are performed using BS-650 mills with
a rated electrical power of 15 kW each and operate during the downstream production
period (1664 h per year).

Air drying represents the most energy-intensive downstream operation. The dryer
exhibits an effective electrical power consumption of 79.76 kW during operation and runs
for the same annual operating time as the grinding units. As a result of its high-power
demand and extended operation, air drying accounts for the largest share of the total
annual electrical energy consumption of the system.

3.3.6. Packaging

The final packaging stage is carried out using an automatic vertical form-fill-seal
machine with a rated electrical power of 3 kW. This unit operates during the down-
stream production period (1664 h per year) and contributes marginally to the overall
energy demand.

3.3.7. Scope of the Energy Assessment

The energy demand reported in this section accounts exclusively for the main process-
related unit operations directly involved in product transformation and thermal condi-
tioning, as shown in Table 7. Auxiliary electrical consumptions associated with material
handling (e.g., conveyors), facility lighting, control systems, and general utilities were not
explicitly quantified. These contributions are typically marginal compared to the domi-
nant thermal and mechanical loads identified and are not expected to alter the relative
distribution of energy-intensive operations.
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3.4. Indirect Greenhouse Gas Emissions Associated with Electricity Consumption

The greenhouse-gas assessment was restricted to indirect emissions associated with
purchased electricity, i.e., Scope 2 emissions. Direct emissions from on-site fuel com-
bustion and broader upstream/downstream contributions were intentionally excluded
because the objective of this study was limited to a screening-level assessment of process
electricity demand. Accordingly, this section should be interpreted as a preliminary en-
vironmental indicator rather than as a comprehensive sustainability assessment of the
valorization route.

In the base-case economic scenario, the blanching thermal duty was assumed to be
supplied by electric resistances. Therefore, the electricity demand considered for the Scope 2
estimate included both the direct electrical demand of the processing line and the electricity-
equivalent thermal duty associated with blanching. Using a total electricity-equivalent
demand of E,; = 425,098 kWh year~! and an Italian electricity-consumption emission
factor of 0.32 kg COy-eq kWh ™!, the resulting indirect emissions amount to 1.36 x 10° kg
CO,-eq year !, i.e., approximately 136.0 t CO,-eq year™ .

Because the emission estimate depends directly on the assumed grid factor and on the
base-case assumption of electrically supplied blanching, the value should be interpreted
as a transparent screening result rather than as a full carbon-footprint calculation [31].
The result is useful for screening because it identifies the stages that dominate purchased-
electricity impacts, but a more comprehensive environmental assessment would need to
include refrigerant management, upstream burdens associated with packaging and auxil-
iary materials, and other plant-wide emissions not considered in this screening calculation.

3.5. Comparative Interpretation Against the Pea Protein Alternative

The detailed results obtained for the selected pea flour route can be interpreted against
the screening-level benchmark represented by pea protein processing. Relative to the
wet-fractionation route, pea flour production combines lower process complexity, fewer
phase changes, a simpler utility structure, and greater tolerance to seasonal operation. The
protein route remains attractive in terms of potential ingredient value, but at the screening
stage, it is associated with higher resource demand, stronger process interdependence, and
greater implementation effort. This comparison is restricted to technical outcomes derived
from the process models and literature-based parameters, without economic interpretation,
which is addressed separately in the subsequent section.

The pea flour route is characterized by a linear and relatively simple process config-
uration dominated by dry mechanical and thermal operations. The processing sequence
consists mainly of cleaning, blanching, freezing, controlled thawing, size reduction, air
drying, and final milling. Throughout the process, material flows remain predominantly in
the solid phase, and the number of auxiliary streams generated is limited. As a result, the
process exhibits low technical complexity and high operational robustness.

In contrast, the pea protein route follows a conventional wet fractionation scheme
involving multiple physicochemical transformation steps. In addition to mechanical pre-
processing, this route requires protein solubilization, high-pressure homogenization, solid—
liquid separation, isoelectric precipitation, washing of the precipitated protein fraction, and
subsequent drying. These operations introduce several liquid streams and recycle loops
and require precise control of parameters such as pH, temperature, and residence time,
leading to a significantly higher level of process interdependence.

From a material efficiency perspective, pea flour production achieves 46.5% overall
recovery from rejected peas to packaged flour, dominated by moisture removal during air
drying (51.5%). Conversely, pea protein production results in the partitioning of the raw
material into multiple output streams, and the overall recovery of protein from raw peas
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can be expected to remain in the low-to-moderate range relative to the initial feed mass, as
peas typically contain about 20-25% protein and conventional wet fractionation processes
often recover only part of that fraction [11].

Energy demand patterns also differ markedly between the two routes. As shown
previously, the energy consumption of the pea flour route is dominated by a limited
number of unit operations, primarily air drying and freezing, while upstream mechanical
stages contribute marginally to the overall energy balance. In the pea protein route, energy
demand is distributed across a larger number of operations, including thermal conditioning,
mechanical disruption, separation processes, and drying, resulting in a higher cumulative
energy requirement.

3.6. Preliminary Economic Assessment (CAPEX and OPEX)

A preliminary economic analysis was developed quantitatively for the selected pea
flour route, while the pea protein route was retained as a qualitative benchmark for com-
parative interpretation. For the flour route, the economic assessment included preliminary
CAPEX and OPEX estimation together with simple profitability indicators under a de-
fined direct sale scenario. For the protein route, the comparison remained qualitative
because publicly reproducible cost data at comparable detail were not available for the
full wet-fractionation sequence considered here. For this reason, the economic discussion
is deliberately framed as relative rather than absolute, which is consistent with early-
stage TEA practice [8,10]. A qualitative summary of the main economic characteristics of
both valorization pathways is presented in Table 8, highlighting the relative differences
in capital and operating cost intensity derived from the process analysis. The prelimi-
nary economic results for the selected pea flour route are reported in Tables 9-11, while
Tables 2—4 summarize the capital basis, OPEX assumptions, and annual OPEX breakdown
used in the analysis.

From a capital-expenditure perspective, the pea flour route benefits from the use of
commercially widespread food-processing equipment, whereas the protein route would
require additional wet-processing assets and ancillary systems for pH adjustment, liquid
handling, separation, and drying. This implies not only higher purchased-equipment
costs, but also higher installation complexity, utilities integration, cleaning validation, and
effluent-management needs.

Table 8. Qualitative comparison of preliminary economic characteristics for pea flour and pea
protein routes.

Economic Criterion Pea Flour Pea Protein
Relative capital expenditure Lower Higher
Relative operating expenditure Lower Higher
Main cost contributors Utilities Utilities, water, chemicals
Cost structure complexity Low High

Table 9. Economic indicators.

Indicator Value
Annual packaged-flour production 627,770 kg/year
Assumed selling price 7.72€/kg
Fraction of production sold 100%
Annual revenue 4,846,384 €/year
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Table 10. Profitability indicators for the direct-sale scenario.

Indicator Value
Operating profit 4,481,615 €/year
Unit operating cost 0.58 €/kg
Unit operating profit 714 €/kg
Operating margin 92.5%
Simple ROI 156.4%
Simple payback time 0.64 years
Simple payback time 7.7 months

Table 11. Break-even and target-payback selling prices.

Indicator Required Selling Price
OPEX-only break-even price 0.58 €/kg
Price required for 5-year payback 1.49 €/kg
Price required for 3-year payback 2.10€/kg
Price required for 2-year payback 2.86 €/kg
Price required for 1-year payback 514 €/kg

The same logic applies to OPEX. In the flour route, the dominant cost drivers are
electricity-intensive operations and packaging/storage. In the protein route, the cost struc-
ture would additionally include large water flows, chemicals for solubilization and precipi-
tation, more complex sanitation, and management of multiple side streams. Therefore, the
comparative economic interpretation between both routes was restricted to CAPEX/OPEX
characteristics, while revenue and profitability indicators were calculated only for the
selected pea flour route under a defined direct-sale scenario.

For the selected pea flour route, the comparative CAPEX/OPEX discussion was
complemented with the profitability indicators defined in Section 2.5. The resulting values
are summarized in Tables 9-11. Under the hypothetical direct-sale scenario in which the
whole annual production is sold, the indicators suggest a highly favorable economic profile,
with revenue exceeding the annual operating costs and investment recovery occurring
within a short time horizon. However, this result should be interpreted as a screening-level
direct-sale scenario rather than as a bankable profitability assessment, since it depends
strongly on the assumed selling price and on the full-market-absorption assumption.

3.7. Equipment Sizing Results

Based on the established throughput and operating schedule, preliminary equipment
sizing was carried out to verify the physical feasibility of the pea flour line. The aim was not
a detailed mechanical design, but confirmation that the required duties could be met with
standard industrial equipment and without excessive oversizing. The analysis confirms that
the main processing capacities are compatible with commercially available units. Upstream
operations were sized to accommodate the short seasonal campaign, whereas downstream
units were sized against the stabilized thawing-controlled throughput. This is another
reason why the thawing stage is a key design element: it defines the maximum continuous
feed rate to grinding, drying, milling, and packaging.

A practical consequence of this result is that frozen storage and thawing are not merely
preservation steps; together, they constitute the scheduling and inventory-management
device that makes the route industrially flexible. The required refrigerated volume at
thawing was therefore sized from the daily processed mass rather than from the annual
campaign flow.
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Downstream equipment, including drying, milling, and packaging units, was then
selected to match this regulated throughput and to avoid bottlenecks. The resulting config-
uration is modular and supports the possibility of integrating additional raw materials or
product campaigns outside the pea season without changing the core balance logic adopted
in this study.

The sizing exercise therefore supports the central conclusion of the paper: pea flour is
attractive not only because it is technically simpler, but also because its process architecture
can be aligned with realistic agricultural seasonality and year-round plant utilization.
A summary of the main equipment-sizing outcomes is provided in Table 12.

Table 12. Summary of preliminary equipment sizing results for the pea flour route.

Unit Operation Sizing Basis Functional Requirement
Frozen storage Seasonal accumulation Capacity sufficient to retain campaign output
Thawing Daily processed mass Refrigerated volume sized for stabilized production rate
Drying Continuous throughput Capacity matched to thawing output
Milling Flow rate continuity Milling capacity aligned with drying stage
Packaging Final product flow Packaging rate compatible with continuous operation

4. Discussion
4.1. Interpretation of Technical and Economic Results

The results should be interpreted in light of the two-stage structure of the study. First,
a preliminary comparison was used to identify the most feasible valorization pathway
between pea flour and pea protein production. Second, a more detailed technical and
economic assessment was developed only for the selected pea flour route. This distinction
is essential to avoid interpreting the present work as a fully symmetrical quantitative
comparison between the two alternatives. The results obtained in this study highlight clear
differences between the two valorization pathways considered, both from a technical and
an economic perspective. The pea flour route exhibits a simpler process structure, lower
operational complexity, and greater implementation flexibility, which collectively contribute
to its favorable performance in terms of feasibility and scalability. These characteristics
are reflected in the reduced number of unit operations, limited phase changes, and stable
material flows observed throughout the process.

In contrast, the pea protein route, while technologically mature and capable of produc-
ing high-value ingredients, involves a significantly higher level of process integration. The
presence of multiple physicochemical transformation steps and liquid-handling operations
increases sensitivity to operating conditions and amplifies both capital and operating re-
quirements. As a result, the protein route presents greater challenges for implementation at
an early industrial stage when compared to the flour-based alternative.

From an economic standpoint, the qualitative assessment of capital and operating
expenditures aligns with these technical differences. Processes dominated by dry me-
chanical and thermal operations, such as pea flour production, inherently require less
complex infrastructure and exhibit lower maintenance and operational demands than wet
fractionation systems. This reinforces the suitability of pea flour as a first-step valorization
strategy for pea by-products.

4.2. Role of Production Decoupling and Operational Flexibility

A key aspect of the proposed process design is the temporal decoupling between raw
material availability and final product manufacturing. The use of freezing and controlled
thawing enables the concentration of upstream operations within the limited harvest period,
while allowing downstream processing to be distributed over the remainder of the year.
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This strategy reduces peak capacity requirements, stabilizes production rates, and improves
overall plant utilization.

The thawing stage plays a central role in regulating downstream throughput, acting
as a buffer between seasonal storage and continuous processing. By defining a stabilized
feed rate at this point, the process gains flexibility to adapt production volumes to market
demand without modifying upstream operations. This approach is particularly relevant for
agricultural side-stream valorization, where raw material availability is inherently seasonal.

Moreover, the modular nature of the downstream equipment allows for potential
integration of additional raw materials or alternative products during periods of reduced
pea processing, further enhancing the adaptability and resilience of the system.

Consistent with this operational logic, the finished-product storage system was con-
ceived not only to accommodate the full potential annual output of packaged pea flour
but also to preserve additional capacity for future integration of other valorized food
products outside the pea-processing season. This conservative sizing approach reinforces
the flexibility of the proposed process and supports the possibility of extending the same
infrastructure to additional seasonal campaigns without modifying the core balance logic
of the system.

4.3. Industrial Relevance and Scalability

The proposed pea flour route is well aligned with existing industrial food-processing
practices. The reliance on standard unit operations facilitates rapid implementation and re-
duces technical risk, especially when integrated into facilities already handling similar raw
materials. The moderate equipment sizing requirements and limited footprint identified in
this study further support scalability across different production capacities.

While pea protein production remains an attractive option for higher value creation,
its implementation typically requires greater capital commitment, longer commissioning
periods, and more stringent process control. For companies seeking incremental valoriza-
tion strategies with limited upfront risk, the flour-based route therefore represents a more
accessible entry point.

It should be emphasized, however, that the choice between valorization pathways
ultimately depends on strategic objectives, market positioning, and available infrastructure.
The present results do not preclude future integration of protein extraction processes once
operational experience and market confidence have been established.

4.4. Limitations of the Study and Future Work

This study is subject to several limitations inherent to its preliminary and literature-
based nature. First, many process parameters were derived from open literature and
supplier specifications rather than pilot-scale experimentation. A key limitation of the
study is that the pea protein route was assessed at the screening level only, whereas the pea
flour route was quantified in greater detail. Accordingly, the work should be interpreted
as a staged comparison followed by a selected-route assessment, rather than as a fully
symmetrical techno-economic analysis of both alternatives.

In addition, the economic assessment remains highly sensitive to assumptions re-
garding selling price, market channel, packaging format, and commercial scenario. The
economic boundary was intentionally restricted to cost items for which sufficiently trace-
able and reproducible calculation bases could be established from process balances, sup-
plier information, published tariffs, or standard preliminary cost-estimation factors. Cost
categories for which robust screening-level values could not be defined were therefore
excluded from the base case. This choice improves transparency and avoids introduc-
ing poorly supported assumptions, but it also limits the completeness of the economic
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assessment. Consequently, the results should be interpreted as screening-level indicators
rather than as a bankable profitability assessment. Future work should refine the most
influential assumptions through pilot tests and supplier quotations, explicitly quantify the
protein-route balances at the same level of detail as the flour route, and perform sensitivity
analyses on electricity price, campaign duration, drying yield, packaging format, and
selling price. Additional work should also distinguish more rigorously between product-
mass yield, dry-matter recovery, and throughput regulation to avoid misinterpretation of
process performance.

5. Conclusions

This study combined a preliminary comparison of two valorization pathways for
rejected peas with a more detailed technical and economic assessment of the selected pea
flour route.

The pea flour route combines technological simplicity with operational flexibility. Its
unit operations are standard, robust, and largely based on established mechanical and
thermal food-processing steps. Most importantly, the route can be organized into a short
seasonal preprocessing campaign followed by a stabilized downstream conversion phase
supported by frozen storage and controlled thawing.

When the scheduling logic is stated explicitly, the apparent discontinuity at thawing
is correctly interpreted as throughput regulation rather than as process inefficiency. On
a mass basis, the downstream conversion yield from thawed peas to packaged flour is
48.95%, while annual packaged-flour recovery relative to recoverable rejected peas is 46.5%.
These values reflect realistic material efficiency dominated by moisture removal during
air drying.

The energy assessment identifies air drying and refrigeration as the dominant contrib-
utors to electricity demand, while blanching is the main thermal load. Using the assumed
Italian grid-emission factor, the electricity-related Scope 2 emissions are approximately
136 t CO,-eq year ! Although simplified, this estimate provides a transparent baseline for
future environmental refinement.

From an economic standpoint, the flour route benefits from lower process complexity
and a simpler cost structure than the protein route. Under the direct-sale and full-market-
absorption scenario, the selected pea flour route also showed favorable screening-level
profitability indicators, although these results remain strongly dependent on the assumed
selling price and market absorption. The protein alternative remains attractive in terms of
potential product value, but its wet-fractionation logic entails higher utility demand, more
auxiliary streams, stronger control requirements, and greater implementation risk at the
screening stage.

Overall, the results support pea flour as a viable and scalable first-step strategy for the
valorization of rejected peas within a circular-economy framework.
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