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Abstract 
In recent years, an increase in the chicken meat process industry has been growing quickly, which brings a large amount 
of difficult to process waste, chicken feathers. These billions of kilograms create a serious waste problem over the world, 
furthermore, poultry feather processing is not only particularly difficult but also relatively expensive. In fact, there is no 
technology suitable for processing such huge quantities of feathers to guarantee sustainable development of the chicken meat 
industry together with processing of waste feathers. This article introduces a newly designed and original, highly efficient 
and environmentally friendly method of physicochemical hydrolysis of waste feathers. The hydrolysis is carried out in the 
presence of a weak organic carboxylic acid; thus, the resulting hydrolysate does not contain any salts or ashes. Therefore, a 
resulting hydrolysate, which includes a mixture of amino acids, peptides, proteins, glycoproteins and free fatty acids, is suit-
able for a variety of applications; e.g. as a chondroprotective agent in the treatment of joint diseases, nutrients for crop plants 
or targeted biostimulants for agriculture. This paper is focused not only on the process scale-up but also on environmental 
aspects and economic evaluations to bring general view of the process.

Graphic abstract

Bios�mulant

Vermicompost

Amino acids,
Pep�des

Acidic hydrolysis
by malic acid, 140°C

Chicken Feathers

Liquid hydrolysate
97%

Solid cake
3% Scale - up

Economic evalua�on

LCA analysis

Waste
to

valuable
products

Keywords Animal waste · Hydrolysis of chicken feathers · Green hydrolysate composition · Environmental aspects · 
Economic evaluation

 * Olga Solcova 
 solcova@icpf.cas.cz

Extended author information available on the last page of the article

http://orcid.org/0000-0001-8527-9378
http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-021-02072-5&domain=pdf


1864 O. Solcova et al.

1 3

Introduction

The chicken meat process industry has been growing 
quickly over the whole world (Kanani et al. 2020). Con-
cerning the average consumption per person, chicken meat 
represents the second position (following pork, which 
holds the first one) with 41.2 kg per year in the EU and 
59 kg in the USA, in 2016. Moreover, this consumption 
rate has a growing tendency; factually, about 5% annu-
ally over the last 15 years (Windhorst 2018). Due to the 
amount of poultry and especially due to the amount of 
chicken meat produced, chicken feathers (poultry) are a 
difficult type of waste with complicated disposal (Tes-
faye et al. 2017a, b). There is about 125 g of feathers per 
chicken in slaughter weight. This then causes problems 
with waste disposal both on a global scale (according to 
the FAO in 2018 about 124 million tons of chicken meat 
was produced—in carcass weight) and in local conditions 
of Czech poultry farms. In 2018 260 thousand tons of 
poultry meat in live weight were produced in the Czech 
Republic, of which about 90% was chicken meat (Min-
istry of Agriculture of the CR 2017). Even in the Czech 
Republic, a considerably large amount of waste (chicken 
feathers) is difficult to process, its amount can be estimated 
at about 15 thousand tonnes. These billions of kilograms 
create a serious waste problem over the world (Nahm and 
Nahm 2004); furthermore, poultry feather processing is 
not only particularly difficult but also relatively expensive.

Nevertheless, poultry feathers are rich in keratin pro-
tein, which makes them, among others, a good source of 
nitrogen fertilizer (Joardar and Rahman 2018). The pro-
duction, purification, and characterization of thermosta-
ble-alkaline keratinase from Bacillus halodurans SW-X 
(keratinase_SW-X) seems to be promising with respect to 
its applicability towards the production of white chicken 
feather hydrolysate and bioplastic starch/keratin (Kaews-
alud et al. 2020). Hydrolysis of waste feathers (Tesfaye 
et al. 2017a, b) in turn provides valuable amino acids, 
proteins and peptides in the mixture with acylglycerols and 
higher fatty acids. Prepared hydrolysate can be used as a 
common cosmetic ingredient which increases skin elastic-
ity and moisturization, usually as an additive in shampoos 
and conditioners. Neutral protein hydrolysates are also val-
uable for a dermatological use, regenerative medicine, cos-
metics, biodegradable food packaging, functional ingre-
dients in food, etc. (Sinkiewicz et al. 2018). Regrettably, 
commonly applied hydrolysis using a strong mineral acid 
(Bouhamed and Kechaou 2017) or base (Pahua-Ramos 
et al. 2017) leads to a necessary subsequent recycling of 
the process solutions, including neutralization and elimi-
nation of undesirable salts. In the literature, there are now 
dozens of studies mostly focused on the biotransformation 

of feathers by microorganisms or enzymes, unfortunately 
mostly in sophisticated treatments suitable for laborato-
ries (Kumar et al, 2011). However, there is no technology 
that would be suitable to process such huge quantities of 
feathers into high value-added products. It is, therefore, 
inevitable to search for a greener bio-waste treatment of 
a high capacity.

In terms of economic evaluation of the process of hydrol-
ysis of feathers, the valuation of the incoming material—
feathers—plays an important role. It is an application of 
the principle of opportunity cost, i.e. taking into account 
the method of current use, respectively, disposal of feath-
ers. Despite various efforts to use feathers for various, often 
non-traditional purposes, such as thermal insulation (Nar-
cos 2020), acoustic panels (Ansarullah et al. 2018), or ecof-
riendly bioplastic film (Sharma et al. 2018), its use is prob-
lematic and has the character of difficult waste. The burning 
of feathers is difficult and leads, for example, to a significant 
amount of NOx emissions (due to the relatively high nitro-
gen content). The technologies discussed and tested so far 
(chemical or biological processing of feathers) are not yet 
in a commercially usable stage (Tesfaye et al. 2017a, b). 
However, there is no technology suitable for processing such 
huge quantities of feathers into high value-added products.

This paper deals with an original, highly efficient and 
environmentally friendly method of physicochemical hydrol-
ysis of waste feathers to obtain amino acids, peptides, pro-
teins, glycoproteins and free fatty acids with their mono-, 
di- and tri-acylglycerols. The hydrolysis is carried out in 
the presence of a weak organic carboxylic acid; thus, the 
resulting hydrolysate does not contain any inorganic salts 
which are formed when the hydrolysis is initiated by inor-
ganic acids or bases. Thus, the newly designed hydrolysis 
by malic acid guarantee that the hydrolysate is suitable for 
applications as a chondroprotective agent in the treatment 
of joint diseases, similarly as nutrients for crop plants or 
targeted fertilizers. Therefore, this paper is focused not only 
on the process scale-up but also on environmental aspects 
and economic evaluations.

Experimental

The waste chicken feather hydrolysis (Hanika et al. 2019a, 
b) initiated by malic acid was performed in batch stirred 
reactors (having the volume of 2, 25 and 8000 L resp.) under 
an inert atmosphere of nitrogen or steam and at elevated 
temperature in the range of 115–139 °C. The mechanism of 
feather hydrolysis by malic acid is shown in Fig. 1. Photo-
graphs of the reactors are shown in Fig. 2, where (a) repre-
sents the reactor of the volume of 2 L, (b) of 25 L and (c) 
of 8000 L.
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Conditions of feather hydrolysis applied for individual 
reactors including their specifications are listed below.

(a) 2 L volume, blade stirrer (500 rpm): 1 L of water, 100 g 
of feathers, 7 g malic acid; 115 °C, 5 h, 0.15 MPa

(b) 25 L volume, Rushton turbine (400  rpm): 15 L of 
water, 2 kg of feathers, 100 g malic acid, 139 °C, 5 h, 
0.12 MPa

(c) 8000 L volume, radial flow agitator (15 rpm): 2500 L 
of water, 340 kg of feathers, 18 kg malic acid, 139 °C, 
16 h, 0.25 MPa.

Comparable conditions of scale-up experiments are 
shown in Table 1.

Initially, all reactors were flushed with pressurized steam, 
and the batch was heated to the Temperature of 115–139 °C 
and pressurized up to 0.15–0.25 MPa under constant stir-
ring. The typical working time for the laboratory and semi-
pilot reactors varied between 3 and 5 h (Solcova et al. 2019). 
The working time for the operational reactor consisted of 

two periods; heating period lasted for 6 h and cooling period 
to 100 °C for 10 h. The hydrolysis reaction was running 
during both periods; thus, the total reaction time was 16 h.

In all cases, waste chicken feathers (directly from produc-
tion without any treatment) with water content of approxi-
mately 35  wt.% (Rabbit Trhovy Stepanov, corp. Czech 
Republic) were used as a feedstock. The resulting product 
contained a liquid hydrolysate, and the solid residue was 
below 5%. The chicken feathers, liquid hydrolysate and solid 
residue as a filter cake are shown in Fig. 3 for the reactor of 
25 L volume.

Process scale‑up

Scale-up of any process is really difficult and brings a lot of 
challenges. It is essential not only to ensure the speed and 
efficiency of the process, appropriate with the composition 
of the final product, but also consider process economy and 
ecology. For these reasons, the study is focused on the com-
parison of hydrolysate compositions for individual stages 
of scale-up, the economics of the process in the operating 
reactor of 8000 L volume, as well as reflecting the carbon 
footprint.

The composition of the hydrolysate (Stiborova et  al. 
2020), such as the proportion of the individual amino acids, 
the amount of peptides and proteins, the elemental compo-
sition belongs to the most important characteristics of the 
hydrolysate.

Fig. 1  The mechanism of 
feather hydrolysis by malic acid

Fig. 2  Batch stirred reactors 
of the volume of a 2 L, b 25 L 
(with control and cooling units) 
and c 8000 L

Table 1  The chicken feathers and malic acid concentrations per 1 L 
water for individual reactors

Reactor scale Laboratory Semi pilot Plant operation

Feathers (g/L) 100 133 136
Malic acid (g/L) 7 6.7 7.2
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Proportions of the individual amino acids for laboratory, 
pilot and operational reactors are shown in Fig. 4. It is evi-
dent that the individual amino acid proportions of the total 
amino acids contents were nearly the same for laboratory 

and pilot reactors. In both reactors, aspartic acid was pre-
dominantly formed; 64% in the laboratory, 63.6% in the pilot 
reactor, and the amount of other amino acids varied only 
slightly—up to 6%. Regarding the operational reactor, the 

Fig. 3  a Waste chicken feathers, 
b hydrolysate, filtrate c filter 
cake

Fig. 4  Proportion of the individual amino acids: a the laboratory reactor (2 L), b the pilot reactor (25 L), c the operational reactor (8000 L)
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proportion of aspartic acid decreased slightly to around 58%, 
while the proportion of some other amino acids increased 
a little bit, e.g. serine up to 9.6%, and proline up to 7.3%.

It is obvious that the process scale-up and the reaction 
time did not affect the amino acid concentrations. This fact 
seems to be related to their limited solubility, which is only 
4.5 g/L at 20 °C for aspartic acid in water (ILO and WHO 
2017). In addition, this value may be lower in the complex 
environment of the hydrolyzate, which contains a number 
of proteins, peptides and lipid components such as free fatty 
acids and their glycerols derived from the simultaneous 
hydrolysis of keratin and fats present. The resulting reaction 
mixture contained amino acids and reaction products—pro-
teins, peptides and also lipid components.

The results of protein and peptide analyses (Stiborova 
et al. 2020) of the pilot and operational hydrolysates showed 
that a significantly higher amount was found in the hydro-
lysate prepared in the operational reactor, namely 36.9 g/L as 
distinct from 23.3 g/L in the pilot hydrolysate; see Table 2. 
Probably, an essential role was played by the reaction time; 
16 h compared to 5 h.

The results of the elemental analysis for pilot and opera-
tional hydrolysates and filtration cakes are summarized in 
Table 3, where the weight amounts of the individual ele-
ments in hydrolysates and filtration cakes prepared in the 
pilot and the operating units are compared. Apparently, both 
hydrolysates, as well as the filtration cakes, contained not 
only the same elements but also nearly the same weight per-
centages of these elements.

Based on the presented results, it can be summarized that 
the scale-up of the new environmentally friendly method of 
physicochemical hydrolysis of waste feathers was success-
fully scaled-up, and it has all the prerequisites for processing 
large volumes of waste feathers. The basic precondition for 
the hydrolysate utilization, either as chondroprotectives or 

special fertilizers, is the economic evaluation of the process, 
including ecological impacts.

Life cycle analysis must be based on a precise description 
of individual process steps, which follow. 340 kg of waste 
chicken feathers were put into the reactor of the volume of 
8000 L together with 18 kg of malic acid and 2500 L of 
water. The autoclave was washed with a pressure steam of 
200 °C, and under constant mixing, the batch was heated to 
139 °C and the pressure set to 0.26 MPa. Under these condi-
tions, the reaction mixture was maintained for 6 h, and then 
the reaction mixture was cooled slowly to 100 °C for 10 h. 
Throughout the cooling period, the hydrolytic reaction took 
place in the system as well, leading to a high conversion of 
the biomass intake at the total reaction time of 16 h.

Life cycle analysis

A comparative life cycle analysis (LCA) (Campos et al. 
2020) was performed in the openLCA software (GreenDelta, 
Germany) using the ecoinvent v.3.6 database (Ecoinvent, 
Switzerland). The APOS unit model was decided to be used 
as it follows the attributional approach in which burdens are 
attributed proportionally to specific processes. For the life 
cycle impact assessment (LCIA) was chosen one of the most 
common methods—the CML baseline v.4.4 (University of 
Leiden, the Netherlands), which contains the basic impact 
category group such as acidification, climate change, human 
toxicity, ecotoxicity (Guinee et al. 2002).

The inputs and outputs, recalculated to the production of 
1 L hydrolysate, included in the LCA assessment, are given 
in Table 4. It can be seen, that minimal variations are among 
the assessed reactors. The only one factor, the electricity 
usage, shows significant decrease from the laboratory to 
the operational reactor due to the most optimized operating 
mode of this process. To optimize the process further, also 
a variant with the usage of natural gas for the operational 
reactor heating was considered.

Basing on the achieved results, it can be seen that the 
environmental impacts of the feather hydrolysis process are 
the most significant at the laboratory scale reactor. At the 
operation scale is significantly lower, mainly due to above-
mentioned optimization of electricity usage in this process 
as the electricity usage is the most contributing aspect of 
the feather hydrolysis process, followed by the production 

Table 2  Composition of hydrolysate in individual reactors with 
respect to proteins and peptides

Autoclave type Sum of pep-
tides + proteins 
(g/L)

Pilot unit 23.3
Operational unit 36.9

Table 3  Elemental analysis 
(wt.%) of hydrolysates and 
filtration cakes

a PR Pilot reactor, OR operational reactor

Product/element Reactora C N O Na P S Cl K Ca

Hydrolysate PR 44.0 14.2 39.1 0.2 0.2 1.5 0.3 0.2 0.3
OR 40.7 15.5 42.6 0.3 0.0 0.5 0.1 0.1 0.2

Filtration cake PR 52.9 14.2 30.3 0.1 0.2 2.1 0.1 0.0 0.1
OR 52.4 13.2 32.4 0.0 0.5 1.2 0.1 0.1 0.1
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of used malic acid. It is even lower for the considered com-
bination of gas/electricity.

Table 5 shows the LCIA results of the project variants. 
Each selected LCIA category is displayed in the rows and 
the project variants in the columns. The unit is the unit of the 
LCIA category as defined in the LCIA method.

The following Fig. 5 gives the relative indicator results 
of the respective project variants. For each indicator, the 
maximum result is set to 100% and the results of the other 
variants are displayed in relation to this result.

From the point of view of individual environmental indi-
cators, the most contributing was the depletion of abiotic 
sources (fossil fuels consumption) and the climate change in 
all process scales, which are again connected to the electric-
ity used. As the electricity, production mix, CZ was consid-
ered during this LCA study, these impacts could be reduced 
by using some other electricity sources, such as natural 
gas (the variant operational G) or photovoltaics or wind, 
which are commercially accessible in the Czech Republic. 
The environmental impact of the feather hydrolysis process 

could be further enhanced by a valorisation of the produced 
waste sludge.

Economic analysis

The vast majority of feathers end up in landfills without fur-
ther use, although simple landfilling of feathers is associated 
with a risk of soil and water pollution (Prasanthi et al. 2016). 
At present, therefore, feathers can clearly be considered as 
waste for which the costs of its disposal are borne by the 
chicken producer. From this point of view, it would then 
be possible to obtain feathers for the hydrolysis process at 
a negative price, which would achieve a limited amount of 
cost savings for landfilling feathers as waste. As soon as the 
use of feathers for the production of products such as hydro-
lysate or aspartic acid starts commercially, the feathers cease 
to be waste, but a raw material that (necessarily) is needed 
by manufacturers. This in turn means that chicken producers 
will want to share in the economic effects of feather process-
ing. If there is sufficient demand for chicken feathers, this 

Table 4  Operational inputs and outputs parameters related to 1 L hydrolysate (all reactors)

Operational E—only electricity is used; operational G—natural gas is used for reactor heating, electricity for steering

Inputs Unit Laboratory Pilot Operational E Operational G

Water L 0.95 0.97 0.92 0.92
Chicken feather Kg 0.10 0.08 0.13 0.13
Malic acid g 6.65 3.88 6.63 6.63
Electricity kWh 69.87 4.16 0.20 0.03
Natural gas m3 – – – 0.024

Outputs Unit Laboratory Pilot Operational E Operational G

Liquid hydrolysate L 1 1 1 1
Waste filter cake Kg 0.052 0.053 0.053 0.053

Table 5  LCIA results

Operational E—only electricity is used; operational G—natural gas is used for reactor heating, electricity for steering

Indicator Unit/kg-eq Laboratory Pilot Operational E Operational G

Acidification potential (average Europe) SO2 2.227 ×  10−1 1.334 ×  10−2 7.663 ×  10−4 2.329 ×  10−4

Climate change (GWP100) CO2 63.65 3.797 0.195 4.447 ×  10−2

Depletion of abiotic resources (elements) Sb eq 1.018 ×  10−6 6.408 ×  10−8 9.406 ×  10−9 6.998 ×  10−9

Depletion of abiotic resources (fossil fuels) MJ 5.567 ×  102 33.342 1.962 1.494
Eutrophication (generic) PO4

3− 0.338 2.017 ×  10−2 1.021 ×  10−3 2.002 ×  10−4

Freshwater aquatic ecotoxicity (FAETP inf) 1.4-DCB 55.45 3.308 0.171 3.630 ×  10−2

Human toxicity (HTP inf) 1.4-DCB 37.11 2.220 0.1245 3.907 ×  10−2

Marine ecotoxicity (MAETP inf) 1.4-DCB 1.484 ×  105 8.845 ×  103 4.414 ×  102 86.783
Ozone layer depletion (ODP steady state) CFC-11 3.312 ×  10−6 2.003 ×  10−7 1.525 ×  10−8 1.275 ×  10−8

Photochemical oxidation (high  NOx) Ethylene 8.490 ×  10−3 5.089 ×  10−4 3.070 ×  10−5 1.075 ×  10−5

Terrestrial ecotoxicity (TETP inf) 1.4-DCB 9.940 ×  10−2 6.066 ×  10−3 5.612 ×  10−4 3.332.10−4
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will create pressure to increase the economic value of feath-
ers as a raw material. Chicken producers will not want to pay 
the (original) amounts for the disposal of feathers, but will 
accept, for example, only a zero payment for the collection 
of feathers, or will even want to pay for it.

The basic economic evaluation of the efficiency of feather 
hydrolysis is based on the process analysis of the technology, 
on the identification of the necessary technological, material 
and energy inputs, and at the same time on the identification 
of the type of output products.

The process of feather hydrolysis, which ends with the 
production of hydrolysate, can be divided into the follow-
ing parts:

1. Transport of feathers from slaughterhouses + storage at 
the place of processing

2. Preparation of the input (reaction) mixture
3. Radial flow agitator—own reaction
4. Pumping of the produced hydrolysate, storage and dis-

tribution

Cost analysis of any product can be performed from sev-
eral different perspectives—for example, from the point of 
view of total production costs (including production, sales 
and business overheads) or from the point of view of direct 
production costs only. In the case of the development of a 
new technology and the assessment of its economic viabil-
ity, the key aspect is the analysis of direct costs and all cost 
inputs directly caused by the production process using the 
given technology.

The direct costs of the assessed process can be divided 
into the costs of ensuring the operation of the plant (OPEX) 
and the costs of acquiring the equipment for the production 
of hydrolysate (CAPEX).

The basic energy and material cost inputs, which form a 
significant part of OPEX, are summarized in Table 6.

Feathers (untreated) including transport are estimated at 
zero cost, but their cost evaluation can be very variable—
see above. Steam for preparation (rinsing) radial flow agita-
tor (other cost item) is obtained either from its own energy 
management or is produced for the purposes of the process, 
for example, using an electric steam generator, the price of 
technological steam can be estimated at about 16–20 EUR/

Fig. 5  Comparison of the relative indicator results (all reactor). LR Laboratory reactor, PR pilot reactor, ORE operational reactor—electricity 
only, ORG operational reactor—gas used for heating
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GJ (supply from external distribution), the price may vary 
significantly from location to location. To heat the reaction 
mixture with a total weight of about 2850 kg to the reaction 
temperature and to cover heat losses during the first phase of 
the process (6 h), about 0.71 MWh of heat in natural gas is 
needed. Cost of energy for heating can be valued using the 
price of natural gas in the amount of approx. 34–40 EUR/
MWh (price estimate for the customer/entrepreneur) with 
consumption higher than 63 MWh/year (SunTanzer 2020). 
Cost of electricity for technology operation is based on cost 
valuation at the level of the market price of electricity—
approx. 70–80 EUR/MWh (consumption from 22 kV).

Note

• The above prices are based on estimates of current prices 
for small and medium-sized Enterprises and the price 
level of 2020.

• CZK/EUR = 25

All of the above OPEX items are in annual value directly 
proportional to the amount of feathers processed. 340 kg 
of feathers are placed in one batch, the whole production 
process, including the time for handling the product and 
feathers, is about 24 h. The direct reaction time is 16 h (6 h 
at operating temperature, 10 h cooling), to which must be 
added the time required to clean the radial flow agitator and 
prepare another batch. The total time of one production 
phase can thus be estimated (for the considered radial flow 
agitator with a volume of 8000 L) at 24 h. With an esti-
mated annual use of the technology of 200 batches, a total 
of 68 tonnes of feathers are processed, i.e. 0.45% of the total 
estimated amount of chicken feathers in the Czech Republic.

Other direct items of OPEX include personnel costs of 
employees involved in their own process, from the receipt 
of the input raw material (feathers) to the dispatch of the 
output raw material—hydrolysate. The time of the reac-
tion process is included in the cost calculation only with 
a small part of the capacity of the staff supervising the 

process. The amount of allocated work will vary greatly 
depending on the conditions of implementation in indi-
vidual production facilities. The amount of personnel costs 
can be estimated according to the current amount of the 
average wage in the Czech Republic—1360 EUR in 2020, 
which after taking into account health and social insurance 
and after recalculating the average number of working 
hours per month gives about 11 EUR/hour of personnel 
costs. If we would estimate the total labour time needed 
per one batch between 5 and 10 h, Then estimate of labour 
total cost would be app. 55–110 EUR/batch.

The costs of storing feathers and storing the final prod-
uct can be neglected in relation to other OPEX items, as 
well as CAPEX.

From the CAPEX point of view, the key device is a 
radial flow agitator. Its price can be estimated at about 200 
thousand. EUR, the service life is 10 years.

For a basic assessment of the economic efficiency of the 
feather hydrolysis technology itself, it is appropriate to use 
the levelized cost—LC method (OpenEI 2020). The basic 
formula for LC is:

where i, expected rate of return on technology investment 
[%]; T, number of years of technology lifetime [–]; CRF, 
capital recovery factor [–]; CAPEX, technology acquisition 
costs [EUR]; OPEX, annual operating expenses for a given 
production size Q [EUR]; Q, annual product production [t].

The formula of levelized cost assumes constant prices 
and does not calculate with taxation and the way of financ-
ing. CAPEX is turned into annual payments with a Capital 
Recovery Factor. In principle, levelized costs are not mere 
(accounting) costs, because they also include the expected 
rate of return on investment. For basic indicative calcula-
tions, the rate of return (when calculated at constant prices 
excluding inflation) can be estimated at 10–12% (which 
roughly corresponds to the average profitability of Czech 
industrial enterprises—(Ministry of Industry and Trade 

LC =

CRFi,T × CAPEX + OPEX

Q

Table 6  Overview of direct 
material and energy cost for the 
process per batch

Natural gas is assumed to heat the reactor. If only electricity would be used, overall electricity consumption 
would be (assuming its efficiency of utilization compared with the natural gas) app. 550 kWh

Input Amount Input Amount Input Amount

Feathers (kg) 340 Water  (m3) 2.5 Malic acid (kg) 18
Feathers (EUR) 0 Water (EUR) 4 Malic acid (EUR) 75
Natural gas (MWh) 0.71 Electricity (kWh) 100 Other cost (EUR) 2
Natural gas (EUR) 27.7 Electricity (EUR) 8 – –
Total direct material and 

energy cost per batch 
(EUR)

116.7 – – – –
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2018). This, together with the assumption of a 10-year 
life, leads to a CRF value of 0.1627–0.177 and an annual 
fixed cost of investment in the radial flow agitator of EUR 
32,500–35,400/year. Assuming 200 batches per year, the 
fixed costs per batch would be about 162.5–177 EUR.

From the above OPEX values, the amount of material 
and energy cost per batch can be estimated as approximately 
EUR 117. The two decisive items (if we consider the price 
of feathers at zero) are the cost of malic acid (this is the 
decisive item) and the cost of heating the radial flow agitator. 
The total amount of costs per batch (assuming 200 batches 
per year) is then approximately 280–294 EUR + estimate of 
direct labour cost—see Table 7. This value can then be recal-
culated to 1 kg of the output product—hydrolysate.

The presented economic analysis captures only the direct 
costs of processes directly related to the processing of feath-
ers and the production of hydrolysate. The analysis does not 
include other costs related to the overhead costs of the pro-
cessing company, nor the costs of further processing of the 
hydrolysate and its distribution to end customers. The above 
analysis serves primarily to provide a basic assessment of 
the possible economic viability of a given feather hydrolysis 
upscaling technology. At the same time, the analysis serves 
to identify key cost items in order to optimize their amount.

Conclusion

The newly designed environmentally friendly method of 
waste feather hydrolysis was successfully scaled-up to 
8000 L, which enables processing of large feather volumes. 
Scaling up the whole process leads to a significant reduction 
in the direct cost of processing feathers. Assuming a total 
of 200 batches processed per year (each batch of 340 kg of 
processed feathers), the total direct costs calculated using 
the levelized cost method are around EUR 280–294 per 
batch + direct labour cost. Key input parameters influencing 
costs include the cost of the technology itself, the malic acid, 
the cost of process heat and. the input material—feathers.

The similar conclusion was confirmed during the LCA 
analysis, the scaling up the whole process helped to reduce 
the process environmental burden, caused mainly by the 

usage of the conventional electricity mix. If green energy 
sources, such photovoltaics or wind, or even natural gas are 
used, the environmental impact of the feather hydrolysis pro-
cess will be significantly lower.
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