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Abstract
The lack of quantitative data regarding the geographical availability of secondary bioresources hinders the exploration of 
regional valorisation opportunities within the context of circular bioeconomy. The study aimed to identify the main by-
products of the food processing and manufacturing industry in eight Northern European countries, including Denmark, 
Estonia, Finland, Iceland, Latvia, Lithuania, Norway, and Sweden, and propose potential bio-valorisation solutions for 
these by-products to derive value-added products. By analysing available Food and Agriculture Organization (FAO) statis-
tics for the period between 2015 and 2020 and reviewing the scientific literature, by-product volumes were estimated and 
respective bio-valorisation methods were summarised in two separate databases. The first database lists the processed food 
products, their by-products and estimated volumes, while the second details the bio-valorisation methods applicable to these 
by-products. Estimated by-product volumes provide an understanding of their availability in the Northern European region. 
Our findings revealed that fresh whey is the predominant by-product in the region, with Denmark generating the highest 
average volume of 2318.3 kt/year. Similarly, sugar beet pulp, also highest in Denmark, averaged 1421.3 kt/year. Among the 
bio-valorisation methods studied, whey and brewer’s spent grain were the most used substrates, with xylanases, ethanol, 
and acetic acid being the primary value-added products. This research offers valuable data-driven insights to support the 
circular bioeconomy in Northern Europe while demonstrating an approach to estimating food industry by-product volumes 
using commonly reported statistical data.

Keywords Food processing · By-product · Waste quantification · Circular bioeconomy · Value-added product · 
Biotechnology

1 Introduction

Globally, food loss and food waste are identified as resource 
flows, the generation of which must be reduced or prevented 
to reach the United Nations Sustainable Development Goal 
12.3 of reducing food loss generation at post-harvest, pro-
cessing and manufacturing and distribution and halving food 
waste at the retail and final consumption stages by 2030 
[1]. Meanwhile, targeted actions to quantify by-products of 

food processing and manufacturing are not common. Even 
though by-products are an inevitable side flow formed dur-
ing food processing and manufacturing, there is a lack of 
easily accessible information on their formation, quantities, 
and handling operations. Moreover, the quantification of 
by-products generated during food processing and manu-
facturing is excluded from the mandatory reporting of food 
waste quantities in the EU [2]. If a by-product is not man-
aged as waste, it should not be classified as such. However, 
excluding by-products from quantification and reporting 
prevents generation of data and information on how such a 
resource is used and whether the selected path is the most 
desirable option in terms of optimal use of the resource. 
One of the objectives of the EU Circular Economy Action 
Plan is to add value to secondary raw materials, including 
waste and by-products, by creating a well-functioning EU 
market [3]. Accordingly, the EU Bioeconomy Strategy states 
that circular bioeconomy aims to add value to bio-waste and 
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residues [4]. Cascading is one of the strategies associated 
with a circular bioeconomy where residues or secondary 
materials, including by-products, are recycled as many times 
as possible [5]. Stegmann et al. [6] summarised product 
value within the context of circular bioeconomy: pharma-
ceuticals and fine chemicals are categorised as the highest 
value-added products, followed by valorisation into food and 
feed, bioplastics and polymers, bulk chemicals and materials 
and finally energy, heat and fuels as the lowest value-added 
products. However, to achieve a circular bioeconomy, an 
important precondition is to understand what type and what 
quantities of such by-products are available. Information 
on the type and quantity of by-products is limited. Existing 
studies that have estimated food loss and waste at the pro-
cessing and manufacturing stage address the importance of 
uniform and harmonised measurements, including common 
definitions, across different countries, as well as inclusion of 
less researched resource flows, such as by-products [7–12]. 
For instance, Hanssen et al. outlined the importance of 
reporting more detailed data than the EU minimum report-
ing requirements [8]. Hartikainen et al. stressed that there 
is a need for distinct estimates based on country of origin 
and type of food [7]. Chiaraluce et al. discussed the neces-
sity for a regional database containing quantitative data and 
information on agri-food by-products and waste, as well as 
their valorisation solutions [13]. Such a database could serve 
as a key enabler for circular economy development.

Caldeira et  al. [12, 14] used the mass flow analysis 
(input–output flows) method to estimate food waste and by-
product quantities in the EU per product groups (meat, fish, 
dairy, eggs, cereals, fruits, vegetables, potatoes, sugar beets, 
and oil crops) in various food supply stages, including food 
processing and manufacturing. A combination of statistical 
data and coefficients was used to estimate food waste and 
by-product quantities. In their study, by-products were con-
sidered resource flows that are removed from the food sup-
ply chain for use as animal feed or for valorisation. As the 
quantities of food waste and by-products were aggregated 
together, it was not possible to clearly distinguish between 
specific types of by-products. A follow-up study by de Lau-
rentiis and Caldeira [14] estimated food waste, including 
by-products, per product groups and along the whole food 
supply chain in various EU Member States. Sugar beet, cere-
als, fruits, vegetables, potatoes, oilseeds, meat, fish, eggs, 
and dairy products were covered in that study. The authors 
addressed the complexity of quantifying food loss and by-
products at the processing and manufacturing stage due to 
the different steps and transformation processes involved in 
the production of the final product [14].

Some studies have described by-products and food 
waste generated at the level of a single company, their 
uses, and potential valorisation methods [15, 16]. A study 
by Ong et al. [17] focused on food waste generation in five 

Asian countries. They discussed the generation of the main 
types of food waste and valorisation pathways, and briefly 
described possible future valorisation strategies in each 
of the countries. Various review studies focused on one 
specific by-product or a group of by-products and respec-
tive value-added products that can be obtained [18, 19]. 
Caldeira et al. [20] reviewed scientific research of various 
food waste valorisation pathways, addressing challenges 
such as the low technology readiness of the studied valori-
sation options, feedstock availability and logistics, as well 
as the scarcity of studies quantifying the potential amounts 
of food waste that is available for valorisation.

While the EU Bioeconomy Strategy [4] incentivises 
the use of secondary bio-based resources in the produc-
tion of value-added products, there is a lack of uniform 
information on what these secondary resources are and 
of quantitative data on their volumes. Moreover, targeted 
actions of food processing by-products, a type of second-
ary bio-based product, are neither clearly outlined in the 
UN Sustainable Development Agenda [1], nor defined 
under a uniform reporting procedure, such as the one for 
food loss and waste [2]. Thus, leading to a resource flow 
that is potentially under-reported and under-used in sus-
tainably managed bio-resource flows.

The aim of this study is to quantify by-products associ-
ated with the main processed food products (in terms of 
production quantity) in eight Northern European countries 
and identify their possible bio-valorisation pathways. These 
countries include Denmark, Estonia, Finland, Iceland, Lat-
via, Lithuania, Norway, and Sweden. We also found reported 
bio-valorisation pathways where each of the identified by-
products was used for obtaining value-added products. By 
covering these countries, we present the main feedstock 
streams from the food industry of the region and thus inform 
biotechnology and bio-based industry on the region’s poten-
tial for bio-valorisation development.

As a result, we have developed two related databases: one 
mapping by-products and their volumes and another detail-
ing their potential bio-valorisation pathways. This work, tai-
lored for a wide audience, not only sheds light on potentially 
overlooked secondary bio-resources but also paves the way 
for sustainable bioeconomy strategies in Northern Europe.

This paper first presents the definitions, data, and meth-
ods used for the analysis, as well as defines the boundaries 
of the studied system (Materials and Methods section). The 
Results section presents the estimated by-product volumes 
and coefficients for their calculation, as well as the value-
added products obtainable from the by-products and micro-
organisms used in the valorisation process. The paper con-
cludes with critical reflections on the data availability and 
quality of reported valorisation studies and sets the direc-
tion for further research (Conclusions and further outlook 
section).
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2  Methodology

2.1  Definitions and scope of the study

The current study is aimed at the food processing and manu-
facturing (also defined as the food industry) stage of the 
food supply chain (FSC) (see Fig. 1). All FSC stages before 
and after the food processing and manufacturing stage are 
excluded from this study. Thus, residues generated at pre-
harvest, harvest, and post-harvest stages (e.g., straw, stalks, 
leaves, stones, peels) are outside the scope of this study.

For this study, a by-product (also referred to as a side-
stream, side-flow, or residue) is defined as a product that 
is formed during the food processing and manufacturing 
process, generation of which is unavoidable; a by-product 
is not the target processed edible food product [21–23]. In 
this study, by-products are classified as a separate category 
that does not fall under the overall definition of food loss or 
food waste.

Primary processed product (PPP) is a processed food 
product that is produced primarily for human consumption 
during the production and manufacturing stage using the 
feedstocks (crop or livestock) from the primary production 
(e.g., farming, fisheries). For this study, the term second-
ary processed product (SPP) was introduced, defined as 
a product produced using PPP as its main ingredient. For 
instance, wheat flour is an example of PPP, while bread is 
an SPP, because wheat flour is produced from wheat grains, 
while bread is produced from wheat flour. Tertiary processed 
product (TPP) is a processed product produced using SPP 
as its main ingredient.

We looked at the process as a whole and did not distin-
guish at which sub-stage a by-product is generated. Produc-
tion and manufacturing process efficiency and its impact 
on by-product generation were not considered either. Water 
content, such as water loss (due to evaporation) or water 
addition during processing and production, was not esti-
mated separately in this study.

Food loss and wastewater were excluded from the esti-
mations. According to the FAO definition [21], food loss is 
defined as an unintended decrease in the quantity and quality 

of edible food before it reaches the final consumption stage. 
Thus, food that is lost due to spoilage, spillage, technical 
faults, or mistakes made during the production and manu-
facturing stage is not included in the estimates of this study.

2.2  Food production data

To identify the main processed food products, we first col-
lected statistical data on production quantities of processed 
crop and livestock products for the eight Northern European 
countries: Denmark, Estonia, Finland, Iceland, Latvia, Lith-
uania, Norway, and Sweden. The FAOSTAT database “Food 
Balances: Supply Utilization Accounts” [24] was used as the 
source of statistical data. The data were compiled for the 
years from 2015 to 2020. At the time of writing this article, 
the year 2020 was the latest year for which production data 
were available in the FAOSTAT database. From this data-
base, we selected production data of processed crop prod-
ucts and production data of processed livestock products. 
The database contained the total production quantity of the 
commodity during a calendar year, referred to as Item [25]. 
We assumed that if a product was produced then by-products 
were also generated at the point of production. Thus, import 
and export data were not considered in this study, because 
the aim was to estimate the volume of by-products generated 
at the point of production. As we do not have more detailed 
data (i.e., company level), estimations were made at a coun-
try level. The total number of unique processed products 
downloaded from the database amounts to 174 items. Down-
loaded data were cleaned to acquire the necessary dataset for 
the analysis (see Fig. 2).

We excluded products derived from slaughtered animals 
such as meat and animal fats because animal-based by-
products are heavily regulated [26] and multiple solutions 
have been identified and applied for their use efficiently [27, 
28]. We also identified processed food products for which 
the exact feedstocks were not known, or processed prod-
ucts were made from multiple feedstocks, the proportion 
of which was not known. We excluded these products from 
further analysis because it was not possible to identify the 
exact type and share of by-product generated.

Fig. 1  Scope of the study
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We used data from the FAOSTAT Supply Utilization 
Accounts’ section “Definitions and standards” to extract 
descriptions (definitions) of each item, as well as the 
FAOSTAT Commodity List (FCL) codes. Descriptions were 
used to identify processed products (primary and secondary) 
and their by-products as production data from FAOSTAT 
also include some products that are by-products (e.g., fresh 
whey, barley bran, or wheat germ). FCL codes were used to 
identify processed products (first, second, and third level) 
and by-products that are summarised in the FAOSTAT com-
modity trees [29]. Thus, items were classified into primary 
processed products (PPPs), secondary processed products 
(SPPs), tertiary processed products (TPPs), by-products 
(BPs), and intermediate products (IPs), e.g., barley malt. 
Processed products in the first level were classified as PPP. 
Second and third-level processed products were classified as 
SPPs and TPPs, respectively. All items that refer to by-prod-
ucts were classified as by-products regardless of the level. 
After the exclusion of meat products, products of unknown 
or multiple feedstocks, as well as by-products and intermedi-
ate products, the dataset included 91 items.

We subsequently calculated the annual average produc-
tion volumes (measured in t/year) for each country from 
2015 to 2020. From these calculations, we identified the top 
20 processed products (both PPPs and SPPs) for each coun-
try. By excluding processed products that were not present 
among the top 20 products in any of the countries, the final 
number of unique items analysed in our study is 40. Prod-
ucts such as skim milk, beer of barley, cheese from whole 
cow milk, wheat flour, buttermilk, rye flour, fresh cream, 
butter from whole cow milk, as well as skim milk and whey 
powder are among the top 20 produced products in all the 
analysed countries.

Table 1 lists the 40 items included in our study, indicat-
ing each item’s product category (livestock—L, crop—
C), class (PPP or SPP), annual average production volume 

between 2015 and 2020 in each country, and by-products. 
In some studies, by-products are indicated as indirect by-
products. An indirect by-product is a by-product that is not 
formed during the processing and production of a given 
product but is formed during the production of another 
food product (e.g., PPP) that is also used as an ingredient 
in the production of a given product (SPP). An example 
could be bran and germ of wheat as indirect by-products 
of pasta production. Wheat flour is used as an ingredi-
ent in pasta production, and germ and bran of wheat are 
direct by-products formed in wheat flour production. In 
this study, we assumed that PPPs are the final target prod-
ucts that are then distributed as food or feed. We assumed 
that in FAOSTAT production data, PPP production quanti-
ties do not include quantities that are used as ingredients 
in the production of SPPs.

The highest annual average production volumes of more 
than 100 kt/year were observed for these five products: beer 
of barley (285 kt/year), wheat and meslin flour (280 kt/year), 
raw cane or beet sugar (157 kt/year), refined sugar (138 kt/
year), as well as cheese from whole cow milk (106 kt/year). 
Of these products, Sweden accounted for the largest pro-
duction volumes of wheat and meslin flour, while Denmark 
accounted for the largest production volumes of the other 
four products. At a national level, beer of barley is the most 
produced product in Denmark, Estonia, Finland, and Ice-
land, while wheat and meslin flour—in Latvia, Lithuania, 
Norway, and Sweden. Moreover, all these products were pro-
duced in each of the analysed countries during the analysed 
period (Table 1).

Based on the annual average production values of the top 
20 products, the five least produced products in the region 
during the analysed period were eggs (2703 t/year), wine 
(2640 t/year), tomato juice (2354 t/year), cocoa powder 
(1056 t/year), as well as cocoa butter, fat and oil (936 t/year). 
At a country level, eggs were among the top 20 most pro-
duced products only in Estonia and Latvia. Wine was among 
the top 20 products only in Estonia, tomato juice—in Latvia, 
and cocoa powder and cocoa butter, fat and oil—in Iceland.

The production data show that the production of some 
products was more distinct in a particular country. For exam-
ple, 94% of potato starch, 92% of orange juice, and 74% of 
potato flour produced in the Northern European region was 
produced in Denmark; 88% of all soya bean oil—in Norway; 
65% of wheat starch—in Lithuania (See Table SM1.6 of 
supplementary material SM1).

According to the FAOSTAT production data, the fol-
lowing by-products were also used as animal feed: bran of 
cereals (barley, maize, oats, pulses, rice, rye, wheat), the 
germ of maize and wheat, maize and wheat gluten, cocoa 
husks and shells, as well as fresh whey. These products are 
also included in the FAOSTAT production quantity data 
[24]. However, we classified these products as by-products, 

Unique items from the FAOSTAT 
(n=174)

Items a�er excluding slaughtered 
livestock products (n=150)

Slaughtered livestock products 
(meat) excluded  (n=24)

Items a�er excluding products for 
which the feedstocks are unknown 

(n=109)

Unspecified food products 
excluded (n=41)

Items a�er excluding by-products 
and intermediate products (n=91)

By-products and intermediate 
products excluded (n=18)

FAOSTAT Food balances: Supply U�liza�on Accounts

Items included in the analysis 
(n=40)

Processed products not among 
the top 20 products  in any of 
the countries excluded  (n=51)

Fig. 2  Data cleaning procedure
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because they are not the primary target products of food 
processing and manufacturing (Fig. 2).

As can be seen in Table 1, for multiple products, mainly 
dairy products, no by-products are listed. In the case of but-
ter and cream, buttermilk or skimmed milk are formed as 
secondary products, but we did not classify those as by-
products because they can further be used as food or in 
food processing and manufacturing. We assumed that for 
condensed, evaporated, or dried dairy products there are no 
by-products, but water is partly or fully removed, based on 
the processing technique (evaporation, drying, condensation 
etc.) used to produce the final product. Water loss was not 
estimated in this study. There are multiple fermented dairy 
products, like skyr yoghurt, Greek yoghurt, and quark, the 
production of which is associated with the generation of 
acid whey [39]. We assumed that yoghurt is not any of those 
types of fermented products because we do not precisely 
know the production share of such products in each country.

2.3  Quantification of by‑products

To estimate the by-product quantities at both the country 
and regional levels, we compiled information on by-products 
formed during food processing and manufacturing (Table 1). 
Additionally, we analysed the proportion or weight of by-
products relative to the PPP or SPP from which they origi-
nate. Secondary data sources such as scientific literature 
and reports were used to collect such information. In the 
literature, data on by-product quantities are expressed in 
various formats. Studies provide by-product proportion or 
quantity (weight basis) with respect to the raw material used, 
or output target product (PPP or SPP). Some studies provide 
average values, while others provide a range from minimum 
to maximum (see Table SM1.7 of supplementary material 
SM1). Also, by-products are not defined uniformly across 

different studies. Therefore, in the supplementary material, 
we provide definitions of the by-products analysed in this 
study (see Table SM1.1 of supplementary material SM1).

One of the information sources used for the collection of 
conversion factors was the FAOSTAT publication “Techni-
cal Conversion Factors for Agricultural Commodities” [29]. 
The technical conversion factor is a unitless coefficient used 
to convert from one commodity to another. The publica-
tion lists the sequence of products from the primary (unpro-
cessed) product, indicating which products and by-products 
are formed, and contains information on the share of primary 
products that can be converted to processed products and by-
products, including average, minimum, and maximum val-
ues. Figure 3 shows that a by-product (Level 1 By-product) is 
formed in the production of PPP. For example, wheat bran is 
a by-product of wheat flour production. In turn, wheat flour 
can then be used to produce SPP, e.g., wheat starch. In this 
process, wheat gluten is formed as a by-product (Level 2 By-
product). In the case of wheat starch production, wheat bran 
can be considered an indirect by-product, as it is generated 
during the production of wheat flour. A by-product can also 
be used in the production of another processed product. For 
example, wheat bran is used in breakfast cereals, residues 
from virgin oil extraction are used to extract more oil, or 
whey is processed into nutritional products (whey powder, 
lactose, proteins, vitamin  B12).

In the calculation of by-products, understanding input 
product characteristics is crucial (see Fig. 3), as that directly 
affects the results of by-product volumes. For example, in 
this study, we assume that maize used in the production of 
maize products only includes maize (or corn) grains. Maize 
cob and husks, inevitable parts of maize, are thus not taken 
into consideration in this study. We assume that these by-
products are formed in the primary production (Level 0 By-
product), not the processing and manufacturing stage.

Fig. 3  Product and by-product 
sequence. Examples of products 
and by-products in a sequence 
are provided in Italics. Own 
elaboration based on the 
FAOSTAT [29]

Primary product
Example: Wheat

Primary 
processed 

product
Wheat flour

By-product
Wheat bran

Secondary 
processed 

product
Wheat starch

By-product
Wheat gluten

Level 0 Level 1 Level 2

Primary 
produc�on Processing and manufacturing

Level 3

Secondary 
processed 

product
Breakfast cereals

Ter�ary 
processed 

product 
Isoglucose

By-product
...

By-product
...

By-product
Wheat straw

By-product
Wheat germ
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We used the conversion factors to determine a by-
product coefficient illustrating the amount of by-product 
generated per tonne of the target output product—either 
PPP or SPP (see Eq. 1). By knowing the by-product coef-
ficients, we assessed how much food processing and 
manufacturing by-products can potentially become avail-
able in a region for conversion into value-added products 
and/or energy. For the by-products listed in Table 1, we 
estimated minimum, average, and maximum by-product 
coefficients (cBP,i). If a conversion factor representing the 
average value was available, we first estimated the average 
by-product coefficient (see Eq. 1).

where cBP,avg,i—average by-product coefficient; i—item, i.e., 
processed crop or livestock product (Table 1); BPavg,i—aver-
age share or weight of by-product with respect to the pri-
mary product for the respective item (i); PPavg,i—average 
share or weight of the processed product with respect to 
primary product for the respective item (i).

Minimum and maximum by-product coefficient values 
were estimated based on data availability. If the average 
conversion factor value was known, then Eqs. (2) and (3) 
were used. While, if the average conversion factor value 
was not known, then Eqs. (4) and (5) were used.

where BPmin—minimum share or weight of by-product 
with respect to the primary product for the respective item 
(i); BPmax—maximum share or weight of by-product with 
respect to the primary product for the respective item (i); 
PPmin—minimum share or weight of the processed product 
with respect to primary product for the respective item (i); 
PPmax—maximum share or weight of the processed product 
with respect to primary product for the respective item (i).

In the estimation of indirect by-products, the following 
approach was used:

(1)cBP,avg,i =
BPavg,i

PPavg,i

,

(2)cBP,min,i =
BPmin,i

PPavg,i

(3)cBP,max,i =
BPmax,i

PPavg,i

(4)cBP,min,i =
BPmin,i

PPmax,i

(5)cBP,max,i =
BPmax,i

PPmin,i

,

where PPPavg,i—average share or weigh of primary pro-
cessed product with respect to primary product for the 
respective item (i); SPPavg,i—average share or weight of the 
secondary processed product with respect to the primary 
processed product (i).

Minimum and maximum indirect by-product coefficient 
values were estimated based on data availability. If the 
average value was known, then Eqs. (7) and (8) were used. 
While, if the average value was not known, then Eqs. (9) 
and (10) were used.

where SPPmin,i—minimum share or weight of processed 
product with respect to primary product for the respective 
item (i), SPPmax,i—maximum share or weight of processed 
product with respect to primary product for the respective 
item (i).

The annual by-product volumes (expressed in tonnes 
per year) were estimated (see Eq. 11) for each country 
using the production data (Table 1) and the expressed by-
product coefficients.

where BPi,j—the volume of the by-product of the corre-
sponding item in the respective country, t/year; PPi,j—pro-
duction volume of the corresponding item in the respective 
country, t/year; cBP,i—average, minimum or maximum by-
product coefficient; i—item, i.e., primary processed crop or 
livestock product; j—respective country.

The derived by-product coefficient values are presented 
in the Results section. Also, all coefficients, i.e., raw data 
extracted from the FAOSTAT database and other litera-
ture sources used to determine the by-product coefficient 
values are available in the table SM1.7 of supplementary 
material SM1. All by-products were estimated on fresh 
weight (wet basis).

(6)cBP,avg,i =
BPavg,i

PPPavg,i ∙ SPPavg,i

,

(7)cBP,min,i =
BPmin,i

PPPavg,i ∙ SPPavg,i

(8)cBP,max,i =
BPmax,i

PPPavg,i ∙ SPPavg,i

(9)cBP,min,i =
BPmin,i

PPPmax,i ∙ SPPmax,i

(10)cBP,max,i =
BPmax,i

PPPmin,i ∙ SPPmin,i

,

(11)BPi,j = PPi,j ∙ cBP,i,
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2.4  Valorisation of by‑products

After identifying the top 20 processed crop and livestock 
products produced in each of the Northern European coun-
tries, i.e., a list of 40 unique items (Table 1), we conducted 
a literature review on biological valorisation methods of the 
identified by-products. We used information only from origi-
nal research articles and excluded review articles. For this 
study, we defined biological valorisation (bio-valorisation) 
as any valorisation, which uses living organisms (microor-
ganisms, macroscopic fungi) or enzymes that are produced 
by these organisms. Valorisation methods, which require the 
use of multiple types of by-products, were included only if 
all these by-products were derived from the studied crop and 
livestock products. Methods, that require the use of one type 
of by-product and a different type of waste (non-food waste, 
for example, manure), were excluded.

We focused our research on bio-valorisation as biotech-
nology is a rapidly growing research field with new bio-
logical transformation methods being developed constantly, 
while, e.g. chemistry is a more established field. Bio-val-
orisation methods are often developed to replace chemical 
methods because they tend to create less harm to environ-
ment. Chemical transformation methods often require high 
temperatures and the use of toxic reagents while in biotech-
nology this is mostly avoided.

In total, 62 original research articles fit the criteria (see 
References_Table SM2.1 of supplementary material SM2). 
The selected articles were very different. Some focused on 
improving the bio-valorisation process (including geneti-
cally modifying microorganisms) to increase the amount 
of product that can be gained from it, while others tried to 
test whether a certain strain of bacteria is able to produce 
any valuable compounds from a food industry by-product. 
What all included articles have in common is that they used 
microorganisms to obtain value-added products from food 
industry by-products.

From the selected articles, we gathered information, such 
as the function of the by-product in value-added product 
production, the concentration or amount of by-product used, 
methods used for by-product pre-treatment, the technology 
used for valorisation, the organisms used, organism biomass 
concentration, specific growth rate, the scale of the process, 
setup type, oxygen availability to the organisms and its satu-
ration, system pH and pH control method, the temperature of 
the process environment, supplementary carbon and nitrogen 
sources and their concentrations, the concentration of carbon 
source that was consumed, the value-added products that 
were produced and their concentrations, type of value-added 
products, and downstream processing methods. See Table 
SM2.1 of supplementary material SM2 for more detail. By-
product function in the valorisation process was classified 
into four categories: carbon source, nitrogen source, carbon 

and nitrogen source, and other. These categories were based 
on the most common uses of by-products in valorisation 
processes. If the by-product function in the valorisation pro-
cess was not explicitly stated, then it was determined based 
on other components used in the process. For example, if 
no other carbon source was listed in the composition of the 
fermentation medium then it was inferred that the by-product 
was used as the carbon source.

Pre-treatment methods were considered any processes 
that the by-product was involved in before its conversion to 
a value-added product. Uncommon, very specific methods 
and ones used in only one paper were grouped under the 
category other. Mechanical reduction of particle size of the 
by-product was not included as a pre-treatment method.

Biological valorisation technologies were divided into six 
categories: submerged fed-batch fermentation, submerged 
batch fermentation, solid-state fermentation, submerged con-
tinuous fermentation, enzymatic hydrolysis, and other. The 
scale of the process was expressed in terms of working volume. 
This parameter was grouped into four categories: less than 1 L, 
1 L to 10 L, 10 L to 50 L, and more than 50 L. Higher volumes 
were not included because most of the reviewed articles were 
written about lab-scale processes with small working volumes. 
In the cases where solid-state fermentation was used and the 
amount of substrate used was expressed in grams (as opposed 
to g/L), we assumed 1000 g of solid substrate used would cor-
respond to 1 L of working volume.

The setup types used for the valorisation process were clas-
sified into two categories: flask and bioreactor. If the setup 
type was not mentioned in the text, then it was determined 
based on the culture conditions. For example, if stirring speed 
or aeration rate was mentioned in the Materials and Methods 
section, then the bioreactor setup was selected. Conversely, 
if incubation on a shaker or agitation speed was mentioned, 
then the flask setup was chosen. The flask category included 
not only Erlenmeyer flasks, but also glass jars, Roux bottles, 
and Petri dishes. The bioreactor category included not only 
the stirred-tank bioreactors that are commonly used for sub-
merged fermentation but also tray bioreactors and packed-bed 
bioreactors that are used in solid-state fermentation.

The value of biomass concentration at the beginning and 
end of the process was expressed in the units that were used 
in the reviewed articles (e.g., CFU/mL, OD, spores/g of 
the substrate). If biomass concentration was not mentioned 
in the text, in some cases, its approximate value could be 
determined based on graphs in the article. Such values were 
marked as approximate using the “ ~ ” sign.

Oxygen availability in the process environment was 
described using three categories: anaerobic, aerobic, and 
microaerobic. The default category was aerobic, and all pro-
cesses were assumed to belong to that category unless stated 
otherwise. Oxygen saturation was expressed in percent. 
Information about the parameter was only available for the 
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processes performed in bioreactors where the oxygen satura-
tion is controlled.

The pH control in the process environment was classified 
into three categories: continuous control, pH buffer, and none. 
Continuous control of pH can only be achieved in a bioreac-
tor. In flasks, the only options to control the pH are by adding 
a buffer to the medium at the beginning of the process or not 
to control the pH at all. We also recorded the reported pH 
value of the process environment throughout the process (if 
continuous pH control was employed) or at the beginning of 
the process if no pH control or a buffer was used.

We defined supplementary carbon or nitrogen sources if 
the by-product had a different function in the valorisation. In 
some cases, supplementary carbon or nitrogen sources were 
also used in addition to the by-product even if it was meant 
to function as a carbon or nitrogen source. We defined down-
stream processing methods as any method that was used after 
the value-added product production phase to obtain a crude or 
purified value-added product.

We classified all the value-added products that were 
reported in the reviewed articles into eight categories: acids, 
alcohols, antioxidants, enzymes, polymers, proteins, sugars, 
and other. The acid category contains products, such as ace-
tic acid, lactic acid, and succinic acid. The alcohol category 
contains ethanol, xylitol, and 2,3-butanediol. If an acid is 
known as an antioxidant, then it was placed in the antioxidant 
category, rather than the acid one. The antioxidant category 
contains carotenoids, red pigment, bacteriochlorophyll, and 
polyphenols. If a product was an enzyme, it was placed in 
the enzyme category and not the protein one. The enzyme 
category contains products, such as CMCase, avicelase, and 
xylanase. Poly-acids (polyhydroxyalkanoates) were placed in 
the polymer category. The sugar category contains products, 
such as galacto-oligosaccharides, xanthan gum, and alginate. 
Amino acids, fatty acids, and other products not mentioned 
previously, such as phosphates, lipids, and biosurfactants, were 
put into the category other.

To assess if by-product composition has an impact on the 
types of obtainable value-added products, we divided the 
by-products into groups based on their composition: carbo-
hydrate-rich, fibre-rich, protein-rich, lipid-rich, and high in 
inorganic compounds. We defined a by-product as being rich 
in a component if it contained more than 30% (or 30 g/100 g 
dry weight) of the specific component.

3  Results 

3.1  By‑product coefficients

Table 2 lists all by-products that arise during production 
of the processed products analysed in this study (listed in 
Table 1). Each by-product is characterised by minimum, 

average, and/or maximum by-product coefficient value illus-
trating the amount of by-product generated per tonne of the 
respective target output product. The table should read as, 
for example, [brewer’s spent grain] from [beer of barley, 
malted] is generated on an average amount of 0.12 t/t. An 
empty cell in Table 2 indicates that the respective by-product 
coefficient was not estimated in the study due to insufficient 
quantitative data.

3.2  By‑product estimates and value‑added 
products

The by-product coefficient estimates show that the produc-
tion of various items such as raw cane or beet sugar, cheese, 
rapeseed and soya bean oil, potato flour, and starch results 
in a higher proportion of by-product compared to the target 
product (see Table 2). In terms of food production volume, 
beer of barley and wheat and meslin flour are the most abun-
dant food products in the region (see Table 1). However, 
when considering the volume of by-products, the produc-
tion of cheese from whole cow milk, raw cane or beet sugar, 
potato starch, and rapeseed oil generates a higher volume 
of by-products compared to the production volume of beer 
of barley and wheat and meslin flour. This is due to the by-
product to processed food product ratio.

Figures 4, 5, 6, 7, 8, 9, 10, 11 and 12 show the distribu-
tion of by-product volumes resulting from the production 
of PPP and SPP. In the figures, the bars represent the aver-
age values of the by-product volumes, and the error bars 
represent the possible range between the minimum and 
maximum values of the by-product volume based on the 
estimated minimum and maximum by-product coefficient 
values. A missing bar or error bars indicates that no average 
or minimum, or maximum by-product coefficient value was 
determined (see Table 2), and thus no by-product volume 
was quantified. Graphs are presented in descending order of 
by-product volumes.

3.2.1  Dairy

The highest average annual by-product volume was esti-
mated for fresh whey, a by-product of cheese from whole 
cow milk production. Average volume of whey in the ana-
lysed Northern European region amounted to 4442.3 kt/year. 
Denmark covered 52% of cheese production in the whole 
region in the respective period, thus, accounting for the 
highest generation of fresh whey, on average 2318.3 kt/year 
(Fig. 4). The lowest volume of fresh whey was estimated in 
Iceland, an average of 68.9 kt/year.

Whey (including whey permeate) was among the most 
used by-products in the analysed valorisation research. 
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Table 2  By-product coefficients for the analysed 40 items (see Table 1 for products and Table SM1.7 of supplementary material SM1 for all cal-
culations)

↑—An upward arrow indicates that in the production of a particular product, the amount of the by-product is greater than the amount of the tar-
get product (PPP or SPP).

By-product Item (product in the 
production of which the 
by-product arises)

Type of by-product Item group By-product coef-
ficient value

Northern European 
country with the highest 
by-product volume

Min Ave Max

Brewer’s spent grain Beer of barley, malted Direct Brewery and winery 0.12 Denmark
Brewery spent yeast Beer of barley, malted Direct Brewery and winery 0.02 Denmark
Marc of grapes Wine Direct Brewery and winery 0.14 0.29 0.43 Estonia
Bran of maize Flour of maize Direct Cereals 0.13 0.24 Sweden
Germ of maize Flour of maize Direct Cereals 0.07 0.1 Sweden
Bran of rye Flour of rye Direct Cereals 0.18 0.21 0.35 Finland
Bran of oats Oats, rolled Direct Cereals 0.28 0.38 0.57 Finland
Oat hulls Oats, rolled Direct Cereals 0.53 0.57 0.6 Finland
Barley hulls Pot barley Direct Cereals 0.12 Lithuania
Bran of barley Pot barley Direct Cereals 0.26 0.42 Lithuania
Maize gluten Starch of maize Direct Cereals 0.13 Lithuania
Bran of maize Starch of maize Indirect Cereals 0.18 Lithuania
Germ of maize Starch of maize Indirect Cereals 0.10 Lithuania
Wheat gluten Starch of wheat Direct Cereals 0.04 Lithuania
Bran of wheat Starch of wheat Indirect Cereals 0.13 Lithuania
Germ of wheat Starch of wheat Indirect Cereals 0.03 Lithuania
Bran of wheat Uncooked pasta, not 

stuffed, or otherwise 
prepared

Indirect Cereals 0.23 Latvia

Germ of wheat Uncooked pasta, not 
stuffed, or otherwise 
prepared

Indirect Cereals 0.03 Latvia

Bran of wheat Wheat and meslin flour Direct Cereals 0.13 0.23 0.33 Sweden
Germ of wheat Wheat and meslin flour Direct Cereals 0.03 0.03 0.04 Sweden
Fruit pulp for feed Orange juice Direct Fruit and vegetables 1.00 Denmark
Molasses Raw cane or beet sugar 

(centrifugal only)
Direct Fruit and vegetables 0.29 Denmark

Sugar beet pulp, wet Raw cane or beet sugar 
(centrifugal only)

Direct ↑ Fruit and vegetables 3.57 Denmark

Tomato pulp Tomato juice Direct Fruit and vegetables 0.25 Latvia
Rapeseed cake Rapeseed or canola oil, 

crude
Direct ↑ Oils and fats 1.18 1.58 1.58 Denmark

Soybean cake Soya bean oil Direct ↑ Oils and fats 4.39 Norway
Groundnut shells Prepared groundnuts Indirect Pulses, nuts, and oil-

seeds
0.83 Norway

Potato peels Flour, meal, powder, 
flakes, granules, and 
pellets of potatoes

Direct ↑ Roots and tubers 0.68 2.22 Denmark

Potato pulp, dry Starch of potatoes Direct Roots and tubers 0.19 0.34 Denmark
Potato pulp, wet Starch of potatoes Direct ↑ Roots and tubers 1.91 3.38 Denmark
Cocoa husks and shells Cocoa butter, fat, and oil Indirect Stimulants 0.53 Sweden
Cocoa husks and shells Cocoa powder and cake Indirect Stimulants 0.47 Sweden
Coffee silverskin Coffee, decaffeinated, or 

roasted
Direct Stimulants 0.05 Sweden

Whey, fresh Cheese from whole cow 
milk

Direct ↑ Dairy 2.00 8.50 Denmark

Eggshells Eggs, liquid Direct Eggs 0.14 Latvia
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Whey was used as a carbon source in most cases, but it was 
also used as both a carbon and nitrogen source or had other 
uses in a few cases. Except for solid-state fermentation, 
every reviewed technology category was used in at least one 
study on whey valorisation. Among the obtained products in 

the analysed research on whey valorisation into value-added 
products are an alcohol (ethanol), acids (galactonic, acetic, 
tartaric), an antioxidant (red pigment), enzymes (lipase, fla-
vanone 3-hydroxylase, chalcone 3-hydroxylase), a polymer 
(polyhydroxyalkanoates), sugars (galacto-oligosaccharides, 

Fig. 4  Annual average volume 
(2015–2020) of fresh whey—
the by-product of cheese (from 
fresh cow milk) production
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Fig. 5  The annual average 
volume (2015–2020) of sugar 
beet pulp (wet basis) and molas-
ses—the by-products of sugar 
production (Estonia, Iceland, 
Latvia, Norway—no production 
data)
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Fig. 6  The annual average 
volume (2015–2020) of a fruit 
pulp—the by-product of orange 
juice production (Estonia, 
Finland, Iceland, Lithuania, 
Norway, Sweden—no produc-
tion data) and b tomato pulp—
the by-product of tomato juice 
production (Estonia, Iceland, 
Norway—no production data) 0
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Fig. 7  The annual average 
volume (2015–2020) of potato 
pulp (wet basis) and potato 
peels—the by-products of 
processed potato products, i.e., 
potato starch (Estonia, Finland, 
Iceland, Norway, Sweden—no 
production data) and flour 
(Estonia, Iceland, Lithuania—
no production data)
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xanthan gum), and other products not classified in the above 
categories, such as lipids and surfactin (for details see Table 
SM2.1 in the Supplementary material SM2).

3.2.2  Fruits and vegetables

In the fruit and vegetable item group, pulp and molasses are 
the main by-products. The highest average annual volumes 
of sugar beet pulp (wet basis) were estimated for Denmark 
and Sweden (1421.3 kt/year and 1190.7 kt/year, respec-
tively). The generation of molasses was significantly lower 
than sugar beet pulp (Fig. 5).

In by-product valorisation studies, sugar beet pulp, molas-
ses, and pectin were used as a carbon source. Most often the 
technology used for the valorisation of these by-products 

was submerged batch fermentation, though submerged 
fed-batch fermentation, solid-state fermentation, and enzy-
matic hydrolysis were also used. Studies reported solutions 
to valorise sugar production by-products into acids (acetic, 
succinic, ferulic, lactic), alcohols (ethanol, 2,3-butanediol), 
enzymes (xylanase, exo-polygalacturonase, laccase) and 
other products (L-lysine, hydrogen, 5-aminolevulinic acid, 
acetoin).

Orange fruit pulp was generated in Denmark and Lat-
via where orange juice production was reported (Fig. 6a). 
Tomato pulp was the least generated by-product in the item 
group, with production data available for Denmark, Finland, 
Latvia, Lithuania, and Sweden (Fig. 6b).

In valorisation studies, fruit pomace (grape, lemon, 
orange, tomato) was mostly used as both a nitrogen and 

Fig. 8  The annual average vol-
ume (2015–2020) of rapeseed 
cake and soybean cake—the by-
products of rapeseed and soya 
bean oil production
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Fig. 9  The annual average 
volume (2015–2020) of bran 
of wheat, germ of wheat, and 
wheat gluten—the direct by-
products of wheat and meslin 
flour production (wheat gluten 
represents the maximum values, 
not the average values)
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Fig. 10  The annual average 
volume (2015–2020) of a bran 
of wheat, an indirect by-product 
of starch and pasta production; 
b germ of wheat, an indirect 
by-product of starch (Denmark, 
Estonia, Finland—no produc-
tion) and pasta (Denmark, Esto-
nia, Iceland, Norway, Sweden—
no production) production 0
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carbon source, or as a carbon source or a nitrogen source. 
In all cases, the valorisation technology used for these by-
products was submerged batch fermentation in flasks with 
a working volume of under 1 L. Obtained value-added 
products belonged to the acid (acetic acid), alcohol (etha-
nol), enzyme (xylanase), and protein (single-cell protein) 
categories.

3.2.3  Roots and tubers

Potato pulp represents the by-product of potato starch 
production (produced only in Denmark, Latvia, and 
Lithuania), while potato peels—the by-product of potato 
flour production, produced in all countries except Esto-
nia, Iceland, and Lithuania. As Denmark had the highest 
production of potato flour and potato starch in the region, 
i.e., 74% and 94% respectively, it also accounted for the 

highest volume of these by-products (Fig. 7). Potato pulp 
(wet basis) amounted to 467.0 kt/year and potato peel to 
353.9 kt/year in Denmark. The smallest volume of potato 
pulp and peels was estimated for Latvia, 4.7 kt/year and 
186.0 t/year, respectively. While the total production 
quantity of potato starch was smaller than the quantity 
of potato flour, it had higher volume of by-products than 
potato flour.

Four research articles on the valorisation of potato 
peels were analysed. In three out of the four studies, this 
by-product was used as a carbon and nitrogen source in 
submerged batch fermentation. In the remaining study, it 
was used as a carbon source in solid-state fermentation. 
The value-added products produced from potato peels 
included enzymes (laccase, manganese peroxidase), 
a sugar (alginate), and a product in the other category 
(lipids).

Fig. 11  The annual average 
volume (2015–2020) of a bran 
of rye—the by-product of rye 
flour production; b bran of 
oats (average value) and oat 
hulls (maximum value) —the 
by-products of oat product pro-
duction (Iceland—no produc-
tion data); c bran of barley and 
barley hulls—the by-products 
of barley product produc-
tion (Iceland—no production 
data); d bran of maize, germ of 
maize, and maize gluten—the 
by-products of maize flour 
(Latvia, Lithuania, Norway—no 
production) and maize starch 
(Denmark, Estonia, Finland, 
Latvia, Norway, Sweden—no 
production) production
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Fig. 12  The annual average vol-
ume of a brewer’s spent grain 
and brewery spent yeast—the 
by-products of beer production 
and b marc of grapes—the by-
product of wineries (Denmark, 
Finland, Iceland, Norway, 
Sweden—no production) 0
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3.2.4  Oils and fats

Rapeseed cake was formed in all the analysed countries, 
with the highest volume in Denmark, 374.7 kt/year (Fig. 8). 
While the smallest volume was estimated in Iceland, on 
average 129.0 t/year. Soybean cake was formed in all coun-
tries, except Estonia. The highest soybean cake volume of 
346.6 kt/year was observed in Norway, as 88% of all soya 
bean oil in the region was produced there. The smallest vol-
ume was estimated in Lithuania, 746.0 t/year.

Different oil crop (rapeseed, soybean) cake and meal uses 
in valorisation processes fell under all the defined by-prod-
uct use categories (carbon source, nitrogen source, both or 
other), but they were mostly used as a carbon source or as 
both a carbon and nitrogen source. All valorisation technolo-
gies, except continuous fermentation, were used for oil crop 
cakes or meals at least once. These by-products were con-
verted into antioxidants (carotenoids, bacteriochlorophyll), 
enzymes (xylanase, lipase, pectinase, avicelase), a protein 
(single cell protein), a sugar (carbohydrates), and other prod-
ucts (e.g., uridine and acetoin). One study was also devoted 
to the simultaneous valorisation of wheat bran and rapeseed 
meal. Here, the bran served as a carbon source and the rape-
seed meal as a nitrogen source. Submerged batch fermenta-
tion of these two by-products yielded an enzyme (xylanase).

3.2.5  Cereals

Among cereal crops, wheat bran was the most abundant by-
product in the whole Northern European region, with the 
highest volume of 136.2 kt/year in Sweden and the lowest 
volume of 3.1 kt/year in Iceland. Bran of wheat and germ of 
wheat are both direct by-products of wheat and meslin flour 
(PPP) production. In turn, wheat gluten is a direct by-prod-
uct of wheat starch (SPP) which was produced in Iceland, 
Lithuania, Norway, and Sweden. The highest wheat gluten 
volume was estimated for Lithuania, while the lowest—for 
Latvia.

Wheat starch and pasta are SPPs that are produced from 
wheat flour (PPP). While the bran of wheat and germ of 
wheat are not direct output flows of wheat starch and pasta 
production, these by-products can be considered indirect by-
products produced in the previous stages of food production. 
Bran of wheat (Fig. 10a) and germ of wheat (Fig. 10b) are 
also indirect by-products of SPPs, wheat starch, produced in 
all countries except Denmark, Estonia, Finland, and pasta, 
produced only in Finland, Latvia, and Lithuania.

Bran of rye is a direct by-product of rye flour production 
with the highest average volume of 23.8 kt/year in Finland 
and the lowest of 77.0 t/year in Iceland (Fig. 11a).

The highest volume of oat hulls and oat bran was esti-
mated for Finland, 16.8 kt/year and 11.2 kt/year respectively. 
The lowest volume was estimated for Estonia, 492.0 t/year 

and 328.0 t/year respectively (Fig. 11b). Bran of barley and 
barley hulls are by-products of pot barley production. In 
Fig. 11c, the bran of barley represents the annual average 
value. The highest volume of barley bran (10.5 kt/year) was 
estimated for Lithuania, while the lowest value (194.0 t/year) 
was for Norway. The volume of barley hulls is represented 
with an error bar indicating the maximum available value 
(no average values were estimated due to the lack of by-
product coefficients).

Bran and germ of maize are by-products of maize flour 
(PPP), produced in all countries, except Latvia and Nor-
way. The highest volume of these by-products was esti-
mated for Sweden, 6.5 kt/year of bran and 3.5 kt/year of 
germ (Fig. 11d). In turn, maize gluten is a by-product of 
maize starch (SPP) production, which was produced only in 
Lithuania and Iceland, amounting to 1.6 kt/year and 0.4 kt/
year, respectively.

Bran of various cereals (barley, maize, oat, rice, rye, 
wheat) was used in valorisation as a carbon source or as 
both a carbon and nitrogen source. The use of wheat and rice 
brans was reported most often. Value-added products from 
bran were produced using all technologies, except continu-
ous fermentation. In most cases, the process was performed 
in flasks with a working volume below 1 L. In a few stud-
ies, where rice bran valorisation was performed, the process 
was done in bioreactors with a working volume in the range 
of 1–10 L. The products obtained from different types of 
bran were alcohols (ethanol, isoamyl alcohol), acids (acetic, 
ferulic, lactic), an antioxidant (red pigment), enzymes (e.g., 
phytase and xylanase), a sugar (polysaccharides), and other 
products (e.g., isovaleric acid and lipids).

Hulls (husks) from barley, rice, or soybean were used 
in value-added product production as carbon sources or as 
carbon and nitrogen sources. All research studies, except for 
one, employed submerged batch fermentation. Most studies 
were conducted using the flask setup with a working volume 
under one litre. The products that were obtained from dif-
ferent types of hulls included an alcohol (ethanol), enzymes 
(α-amylase, laccase, peroxidase), a sugar (microcrystalline 
cellulose), and other products (biosurfactants, lipids).

3.2.6  Brewery and winery

Brewer’s spent grain was identified as the main by-prod-
uct of beer production, with the highest volume of 69.8 kt/
year in Denmark and the lowest of 2.8 kt/year in Iceland 
(Fig. 12a). Hot trub (spent hops), another beer production 
by-product, is formed from spent hops, if used in the brew-
ing process. While not included in the graph, the highest 
average hot trub volume of 0.6 kt/year was estimated for 
Denmark. Also, comparatively smaller amounts of grape 
marc, a by-product of wine production, were generated in 
the region (Fig. 12b).
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Brewer's spent grain was among the most studied by-
products in the analysed valorisation research. Brewer's 
spent grain was used as a carbon source or as both a 
nitrogen and carbon source in submerged batch or solid-
state fermentation. This by-product was valorised to pro-
duce different alcohols (ethanol, xylitol), antioxidants 
(polyphenols), enzymes (e.g., laccase and cellulase), and 
polymers (polyhydroxyalkanoates, polyhydroxybutyrate).

3.2.7  Other by‑products

The highest volume of eggshell by-products was gen-
erated in Latvia, equalling to on average 0.59 kt/year. 
In turn, the smallest volume was estimated for Estonia, 
0.14 kt/year. Eggshells were valorised together with 
brewery wastewater. Even though we did not quantify 
wastewater that is generated during food manufacturing 
processes, we included this valorisation case [40] in our 
study by assuming that food processing generates enough 
wastewater to be valorised. In that study, eggshells were 
used as a  CaCO3 source and immobilization support for 
cells, and brewery wastewater was a carbon and nitro-
gen source. One acid (fumaric) and one alcohol (etha-
nol) were produced in submerged batch fermentation of 
these by-products. One study reported the valorisation 
of eggshell membrane that was used in submerged batch 
fermentation as a carbon and nitrogen source. Protein 
hydrolysate was produced in that process.

Coffee (decaffeinated or roasted) was reported to be pro-
duced in Denmark (though not among the top 20), Sweden, 
Finland, Norway, and Iceland. The highest average volume 
of coffee silverskin, a direct by-product of coffee roasting, 
reaching 4.5 kt/year, was estimated for Sweden.

Groundnut shells are an indirect by-product of prepared 
groundnuts. Prepared groundnuts were only produced in 
Denmark and Norway and their minimum by-product, i.e., 
groundnut shells, volume amounted to 3.1 kt/year and 5.6 
kt/year in Denmark and Norway, respectively.

Cocoa husks and shells are indirect by-products of 
cocoa powder and cake, as well as cocoa butter produc-
tion. While produced in all the analysed countries, they 
ranked among the top 20 products only in Iceland. How-
ever, Iceland had the lowest average volume estimates 
among the analysed countries. Cocoa husks and shells 
produced from cocoa powder and cake amounted to 81.6 
t/year, while those from cocoa butter, fat, and oil produc-
tion amounted to 81.5 t/year. The highest volume esti-
mates were made for Sweden, amounting to 980.4 t/year 
and 980.2 t/year, respectively.

Apart from eggshell by-products, for the other by-prod-
ucts outlined in this section, no bio-valorisation methods 
were found through literature analysis.

3.3  By‑product bio‑valorisation into value‑added 
products: characterisation

In this study, bio-valorisation methods were identified for all 
the analysed by-products, except the germ or gluten, brew-
ery spent yeast, cocoa husks and shells, coffee silverskin, 
groundnut shells, hot trub, oat hulls, and potato pulp. All 
the compiled biological valorisation methods include the 
use of fermentation technologies or enzymatic reactions. 
Among the analysed research articles, bacteria were used in 
food industry by-product valorisation more often than fungal 
species (bacteria used in 34 articles (Fig. 13a), fungi (other) 
used in 27 articles (Fig. 13b), fungi (yeast) used in 22 arti-
cles (Fig. 13c)). Saccharomyces cerevisiae and Escherichia 
coli were the most used species. Both are popular model 
organisms with available genetic engineering protocols and 
known optimal growth conditions, which could explain why 
they were used most often. In fact, E. coli was genetically 
engineered in all the studies where it was used.

E. coli, Kluyveromyces marxianus, Bjerkandera adusta, 
Fomes fomentarius, and Schizophyllum commune were the 
microorganisms that were reported to produce the high-
est diversity of different products. E. coli could produce 
enzymes, alcohols, and other products, and K. marxianus 
produced alcohols and other products, while the latter three 
species could only produce enzymes. In fact, most of the 
fungi not classified as yeast could only produce enzymes, 
while the value-added products obtainable from most of 
the yeast species were alcohols and acids. The reason why 
many different products could be produced by E. coli lies in 
genetic engineering.

Figure 14 shows the different value-added product types 
producible using by-products belonging to different compo-
sition groups. Four out of five defined composition groups 
were represented in the analysed scientific articles on by-
product valorisation (excluding lipid-rich by-products). Oat 
and rice by-products, i.e., bran and hulls, as well as whey, 
sugar beet by-products and maize cake, are examples of car-
bohydrate-rich products. Cereal (wheat, rye, maize) bran, 
potato peels, marc of grape, and tomato pulp are examples 
of fibre-rich products. Rapeseed and soybean cake and meal, 
maize and wheat gluten and eggshell membranes are exam-
ples of protein-rich products. In many cases, the composition 
data was incomplete (the sum of all components was not 
close to 100% or 100 g/100 g). As a result, some by-products 
(e.g., hot trub, orange fruit, and citrus pulp) were not catego-
rised in any of the five composition groups. This could also 
mean that some by-products could belong to other groups, 
not just the ones identified in this study (see Table SM2.2 of 
supplementary material SM2 for more detail).

There is no observable relation between the by-product 
composition group and the types of obtainable value-added 
products. Conversely, differences in the range of value-added 
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products produced depending on the group of microorgan-
isms can be observed in Fig. 13. Most fungi (other) pro-
duced enzymes, while most fungi (yeast) produced alco-
hols and acids. Therefore, knowledge about the by-product 

composition appears not to be useful for determining the 
type of value-added products that could potentially be pro-
duced. However, this data can be useful for ensuring that 
the microorganism selected for the process can utilise the 

Fig. 13  Different value-added product types producible from food 
processing and manufacturing by-products by a bacterial species; b 
fungal (other than yeast) species; c fungal (yeast) species. The num-

ber in parentheses after each species represents the number of times 
this species was used in by-product valorisation research

Fig. 14  Different product types 
produced from by-products 
belonging to different composi-
tion groups. Numbers in paren-
theses after the name of the 
composition group represent the 
number of studied by-products 
that belong to the group
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selected by-product. All terrestrial plants, including crop-
derived by-products, contain hemicellulose [41]. To fully 
utilise such by-products, it is necessary to use a microor-
ganism species which can metabolise hemicellulose. For 
example, brewer’s spent grain, a carbohydrate-rich sub-
strate, can be used by fungal (other) species Aureobasidium 
pullulans to produce the enzyme xylanase [42]. The choice 
of microorganism depends not only on the composition of 
the substrate to be used but also on the desired value-added 
product. While the natural characteristics of a species can 
be changed using genetic engineering the approach is not 
always straightforward. Therefore, it is necessary to assess 
the feasibility of using genetic engineering to introduce new 
pathways for value-added product production or chemical 
compound utilisation.

In most cases, macroelements, microelements, vitamins, 
or additional substrates were also added to the fermentation 
medium. These additives might increase the cost and the 
impact on the environment of the process. Thus, it could 
be beneficial to research the composition of by-products to 
determine if they contain any of the macroelements, micro-
elements, or vitamins necessary for value-added product 
production and their potential as a cheaper alternative to 
pure compounds. In most cases, the by-product used was 
also subjected to various pre-treatments to make it more 
available for microbial degradation or modification, which 
can also increase the cost of the valorisation. Hence, more 
research on developing sustainable and cheap pre-treatments 
is needed.

3.4  Types of value‑added products obtained 
through valorisation

Among the analysed studies, xylanases emerged as the pre-
dominant value-added product, being produced in 22 out 
of 107 analysed by-product valorisation approaches (see 
Table SM2.1 of supplementary material). The second most 
common product was ethanol (produced in 16 valorisa-
tion approaches), followed by acetic acid (produced in nine 
approaches).

Xylanases are enzymes that break down xylan, a constitu-
ent of hemicellulose [43]. They can be used as a substitute 
for  ClO2 in the bleaching process of paper production, which 
would make this process more sustainable [44]. Xylanases 
can also be used to improve the quality of bread, decrease 
the viscosity of fruit juice, and increase feed digestibility 
[45]. As can be seen in Fig. 14, most by-products used in 
the analysed studies are carbohydrate-rich and judging by 
the microorganisms’ ability to produce xylanases, many of 
the analysed carbohydrate-rich products contain hemicel-
lulose. Hence, the organisms that can break down and use 
hemicellulose-containing by-products as a carbon source can 
produce xylanases.

While the units used to express the concentrations of 
value-added products varied in all the product groups, the 
enzyme group’s products had by far the most variability 
in units. Thus, the results concerning enzyme production 
were the most difficult to interpret. The effectiveness of 
enzyme production was most often reported in units per 
gram (U/g) or units per millilitre (U/mL). Authors of most 
of the studies failed to define the enzyme unit (U) that they 
used. The international enzyme unit (IU) is defined as the 
amount of enzyme it takes to catalyse the transformation 
of 1 µmol of substrate per minute [46]. Although the IU 
was most likely used in most studies, the used unit should 
still be clearly defined in each study to avoid confusion. 
This uncertainty made it difficult to name a study where 
a product from the enzyme group was produced in the 
highest concentration, but Antoine et al. [47] probably 
reached the highest production level of xylanase. When 
xylanase concentration was expressed in U/g of the sub-
strate, Antoine et al. [47] achieved 18,895 ± 778 U/g of 
substrate using soybean cake as the substrate. The highest 
result expressed in U/mL was achieved by Torkashvand 
et al. [48]. They produced 108.5 U/mL xylanase from 
tomato pomace.

Ethanol is an alcohol that can be produced by many 
microorganisms during carbohydrate fermentation [49]. In 
the analysed research articles, when ethanol was one of the 
value-added products, yeast species were commonly used as 
the producing organism. Acetic acid was produced mostly 
as an additional product in ethanol or other acid produc-
tion by yeast and bacteria. The highest titre for ethanol was 
19.5 g/L in a study by Ozmihci and Kargi [50], where they 
used whey as the carbon and nitrogen source in continuous 
fermentation. The highest titre of acetic acid (ca. 15 g/L) 
was obtained by Marzo et al. [51] using sugar beet pulp as 
a carbon source. They also produced 30 g/L of lactic acid 
during the same fermentation.

Overall, in the alcohol group, Erian et al. [52] achieved the 
highest titre for a product. They obtained 56.3 g/L ± 2.0 g/L 
of 2,3-butanediol using sugar beet molasses as a carbon 
source. In the acid group, lactic acid reached the highest 
titre of 123 g/L which was achieved by Li et al. using rice 
bran as a carbon source [53].

The highest titre for an antioxidant expressed in g/L was 
achieved by Saejung and Sanusan [54]. They produced ca. 
2 g/L of bacteriochlorophyll using soybean meal as a carbon 
and nitrogen source. They simultaneously obtained another 
antioxidant, carotenoids, achieving a titre of 331.1 mg/L. In 
addition to the two antioxidants, carbohydrates, lipids, and 
single cell protein were also obtained.

Products in the protein group were produced from lemon 
pulp, orange pulp, eggshell membrane, and soybean meal. 
All studies, where single cell protein was produced, achieved 
a titre below 2 g/L [54, 55].
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The highest titre for a product in the sugar group was 
achieved for galacto-oligosaccharides. Simovic et al. [56] 
produced 62 g/L of this product from whey. Some of the 
highest titres for products in the group other were for 
uridine, acetoin, and L-lysine. Fan et al. [57] produced 
uridine and acetoin simultaneously, achieving titres of 
40.62 g/L and 60.48 g/L for these products, respectively. 
Soybean meal was used as a pH-neutralising agent in the 
study. He et al. [58] produced 45.89 g/L of L-lysine using 
sugar beet molasses as a carbon source.

The highest result in polymer production was achieved 
by Domingos et al. [59] and Llimós et al. [60]. Domin-
gos et al. [59] produced 10.62 g/L polyhydroxyalkanoates 
using whey as a carbon source. Llimós et al. [60] produced 
9.0 ± 0.44 mg/g of substrate of polyhydroxyalkanoates 
using brewer’s spent grain as a carbon source.

In the analysed studies, often a pre-treated food by-
product was used in valorisation, making it difficult to 
estimate the actual amount of untreated by-product used. 
For example, reporting the amount of deproteinised whey 
used in fermentation. Often the amount of by-product 
used in the fermentation medium was reported as sugar 
equivalents, which means that the amount of by-product 
was adjusted so that a certain sugar concentration in the 
fermentation medium would be reached. Thus, the spe-
cific amount of by-product in the medium was not known. 
Sometimes the volume of the by-product was mentioned, 
instead of the weight.

In 79% of all compiled valorisation studies, flasks were 
used as the setup for value-added product production, and 
in 85% of cases, the working volume for the process was 
under 1 L. No study reported the use of a working volume 
exceeding 50 L (see sheet Summary_SM2.1. of supplemen-
tary material SM2). This clarifies that all the valorisation 
methods described in the analysed literature have been tested 
at the lab scale. Although it may be interesting to compare 
the different by-product valorisation methods based on the 
amount of product that could be produced, this information 
might lead to misleading conclusions as most studies were 
conducted using small working volumes. Yet, more studies 
are needed to assess whether scaling up these valorisation 
methods is possible and economically viable, particularly 
for the Northern European region given the obtained by-
product estimates.

To some extent, the information availability of differ-
ent value-added products from by-products is influenced 
by by-product composition and the frequency of that by-
product’s use in research. For example, carbohydrate-rich 
by-products, from which the highest number of value-added 
products could be produced, were the most abundant and the 
most-researched by-products in the analysed research arti-
cles (brewer's spent grain, whey and whey permeate). Thus, 
further research is needed to form a robust knowledge of 

how by-product composition affects obtainable value-added 
products.

4  Conclusions and further outlook

The circular bioeconomy promotes the cascade principle, 
giving priority to the production of value-added products. 
Several recent studies, including Caldeira et al., provide an 
overview of various transformation pathways, linking sec-
ondary substrates (food waste) to value-added products and 
their applications [20]. However, in reviewing the databases 
available to obtain up-to-date information on biorefinery 
feedstocks, processes, and products, Mukamwi et al. con-
cluded that their usability is largely limited by the lack of 
detail of the information provided and the infrequency with 
which a database is updated and maintained [61].

In this study, we established a uniform method for esti-
mating food industry by-product volumes in Northern Euro-
pean countries, drawing on FAO food production statistics 
and by-product information in the literature. The unique 
aspect of the study is the quantitative estimation of specific 
food processing by-products based on geographical area and 
the relation of these by-products to potential value-added 
products. Thus, providing new knowledge on the possible 
development of a circular bioeconomy in a regional context. 
This assumption is supported by Haller et al. study, which 
points out that resource quantification allows the identifi-
cation of potentially underutilised resource flows whose 
transformation into value-added products could contribute 
to circular regional development [62].

However, it should be noted that the estimated by-product 
volumes refer to the overall situation in each of the analysed 
countries. A case study would be needed to assess the practi-
cal implementation of bio-valorisation in a specific region. 
Due to the lack of country-specific data in available litera-
ture, we quantified and applied uniform by-product coeffi-
cients across all countries. Nevertheless, this study offers a 
structured overview of by-product availability. Leveraging 
statistical data commonly reported to the FAO shows prom-
ise for potential assessment of by-product volumes in other 
countries too. Furthermore, a comprehensive examination of 
bio-valorisation methods within this study revealed diverse 
strategies to derive value-added products, fitting within the 
framework of the circular bioeconomy.

Although the valorisation of by-products into value-added 
products is in line with the EU’s bioeconomy strategy, vari-
ous environmental, technical, economic, and social aspects 
are still insufficiently or not explicitly explored [20]. The uti-
lisation of by-products into value-added product production 
could reduce waste [63], but environmental impact assess-
ment of biorefineries is still a matter for study. Circular 
economy models require the exchange of information on the 
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availability of secondary resources [64]. Cooperation among 
different stakeholders is essential to ensure continuity of by-
product availability. Moreover, in the event of disruption in 
distribution networks it is crucial to ensure process continu-
ity by access to alternative sources of the respective by-prod-
uct. Considering that food by-products are easily perishable 
resources, they must be treated soon after they are generated 
or be stored at suitable conditions to prevent spoilage before 
they reach the valorisation stage. Thus, proximity between 
the source where the by-product is generated to where it 
is transformed into the value-added product is important 
too. This could lead to potential uncertainty and increased 
costs and environmental impacts associated with storage and 
transportation before conversion into value-added products 
can take place. In addition, most studies on bio-valorisation 
using by-products are at an early stage of research and need 
to be scaled up. It is unclear whether the microbial processes 
will produce good results when scaled up. More research is 
needed to understand whether the reported microbial pro-
cesses can be used for large-scale by-product valorisation. 
The implementation of valorisation should also be based 
on the needs and affordability of potential users, as well as 
possible future trends.

This study presented a comprehensive overview of by-
product coefficient estimates and value-added products 
using bio-valorisation. Highlighting specific findings, 
whey and sugar beet pulp emerged as the predominant by-
products in Northern Europe by fresh weight. Denmark 
with its advanced food industry, recorded the highest by-
product volumes, indicating its prime position for setting 
up scaled-up by-product valorisation facilities. In terms of 
bio-valorisation research, whey and brewer’s spent grain, 
both carbohydrate-rich resources, were frequently utilised as 
substrates in the analysed bio-valorisation studies. This often 
led to the production of xylanases, ethanol, and acetic acid as 
the value-added products. However, refining by-product esti-
mations and evaluating their suitability for producing value-
added products remains an area needing further research. 
Aligning by-product availability with a region’s potential 
for circular bioeconomy growth is crucial. Thus, further 
research is needed to provide data driven insights into by-
product availability. In conclusion, while the circular bio-
economy and bio-valorisation pose various challenges, the 
intertwined environmental, technical, economic, and social 
aspects need to be further explored to ensure an efficient and 
equitable transition to a circular bio-economy and achieve 
sustainable development goals.
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