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I. INTRODUCTION 

According to the World Bank’s projection, in 2050 the 
world population will be approximately 9 billion people 
compared to our current population of 7.5 billion people [1]. 
Therefore, food demand will increase by 50% between 2012 
and 2050 [2], causing uncertainty of how the current food 
system will be able to provide and sustain the world 
population by 2050.  

Additionally, producing more food using a “business as 
usual” approach could lead to depletion of natural resources 
and contribute to climate change. It is necessary to use a 
different strategy in order to achieve a sustainable food and 
agriculture system [3]. 

Another challenge visibly linked to population growth will 
be the increase of waste generation, global annual waste 
generation is expected to rise to 3.4 billion tonnes over the 
next 30 years, up from 2.01 billion tonnes in 2016. Solid 

waste related emissions are expected to increase to 2.6 billion 
tonnes of CO2-equivalent per year by 2050 if no 
improvements are made in the sector [4]. 

Furthermore, energy consumption has a large contribution 
to greenhouse gas (GHG) emissions and therefore several 
countries or organizations have already made efforts to 
accelerate the process of energy transition by structuring 
strategies to increase renewable energy sources (RES) and 
energy efficiency improvement. 

For example, the Nordic countries (Denmark, Finland, 
Iceland, Norway and Sweden) planned to be fossil free by 
2050. The International Energy Agency (IEA) carried out the 
Clean Energy Transitions Programme to facilitate global 
energy transition. China also has set short-term strategies at a 
regional level. Over the last decade, the European Union (EU) 
has pursued a proactive climate policy and has integrated a 
significant percentage of RES into the energy system [5]–[9]. 

The report “Fostering Effective Energy Transition 2020 
Edition” by the World Economic Forum 2020 analyses the 
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progress of energy transition by country, creating an Energy 
Transition Index (ETI). This index measures each country’s 
readiness for the energy transition, allowing achieve an 
overview and insight of how countries are delivering their 
strategies and tracking progress on energy transition [10]. 

Focusing on the EU geographical area, due to the urgency 
of addressing the challenges described above, most recently 
the European Commission (EC) released The European 
Green Deal. Citing the Commission, the new strategy aims to 
“transform the EU into a fair and prosperous society, with a 
modern, resource-efficient and competitive economy where 
there are no net emissions of greenhouse gases in 2050 and 
where economic growth is decoupled from resource use”. In 
this deal, there are several areas of intervention namely 
energy, building efficiency, smart mobility, industry, food 
systems, biodiversity, and others. 

The production and use of energy across economic sectors, 
is responsible for more than 75% of the EU’s GHG emissions. 
Therefore, decarbonizing the energy system is essential to 
reach the climate goals in 2030 and 2050, which can be 
achieved by increasing the share of RES but at the same time 
energy supplying must be secure and affordable for 
consumers. 

The industry sector accounts for 20% of the EU’s GHG 
emissions, becoming the leading player in this transition, the 
EC has adopted an EU industrial strategy, which together 
with the Circular Economy Action Plan, offers this sector 
new sustainable opportunities including modernizing the 
economy. This circular approach will guarantee a cleaner and 
more competitive industry by reducing environmental 
impacts, decreasing competition for limited resources, and 
reducing production costs [11], [12]. 

Facing the urgent challenges discussed above, there is a 
need to develop new business and economic models that in 
their essence are resource and energy efficient, promoting 
waste valorization and renewable energy (RE) integration. 

New models are emerging such as Circular Economy (CE), 
Bioeconomy (BE) and more recently Circular Bioeconomy 
(CBE). These models are being widely discussed and 
promoted by business advocacy bodies and government 
entities such as the Ellen McArthur Foundation and the EC 
[13]–[15]. 

In 2012 the EC adopted the strategy “Innovating for 
Sustainable Growth: A Bioeconomy for Europe”, that aims to 
“pave the way to a more innovative, resource efficient and 
competitive society that reconciles food security with the 
sustainable use of renewable resources for industrial 
purposes, while ensuring environmental protection” [16].  

The most recent model is CBE and is characterized by the 
overlap between CE and BE. This concept was emphasized 
in the revision of the EC’s Bioeconomy Strategy [17]. 
Biomass waste is recognized as promising feedstock in 
setting a BE, where food waste (FW) can be considered as a 
potential source of bio-based products and bioenergy [18].  

Therefore, FW valorization has gained interest since many 
bio-based products can be derived from them, besides 
bioenergy and biofuels [19]. Within the EU-28 industrial FW 
quantities are significant, ranging between 19% and 39% of 
the total FW in the EU-28 food supply chains, becoming an 
interesting source in terms of its characteristics and 
bioavailability [20]. 

Circularity opportunities, that can help to speed the EU 
energy transition, have already been identified to apply 
industrial symbiosis in valorizing FW from the processing 
industry. Additionally, FW valorization has the potential to 
provide economic, social, and environmental benefits [21]. 

Regarding the increase of RE share in energy systems, this 
could be achieved by promoting the integration of different 
renewable energy technologies (RET). Besides bioenergy, we 
chose to focus on solar energy (photovoltaic (PV) and solar 
thermal (ST). The two solar energy technologies were chosen 
due to their rapid growth perspective and the high increase in 
levels of channeled investment, being one of the most 
promising markets in the field of RE around the world [22], 
[23]. 

To discuss and develop the topics introduced above, this 
article firstly presents the definition of the concepts 
associated with the new economic models. Then a literature 
review of the total energy supply (TES) regarding non-
renewable energy sources (NRES) and RES is carried out. 
Afterwards, the most up to date data and projections for the 
next decades regarding energy is systematized. Particular 
focus is given to the Fruit and Vegetable processing industry 
(FVPI) due to its large production of biowaste and its 
potential to implement new business models such as CBE. 
Finally, a conceptual model integrating different RET to 
promote circularity and increase RE consumption in FVPI is 
proposed. 
 

II. METHODS 

In order to gather the relevant scientific and technical 
literature for this review, three types of information sources 
were accessed: scientific articles, reports and databases. 

For scientific articles, a planned search was performed 
through two online platforms Science Direct (SD) and Web 
of Science (WoS). Using both platforms search engines 
directly, search settings were selected to narrow down to only 
relevant results.  

The following search filters were set: 
• 3-5 specific keywords; 
• The search period from 2015-2020; 
• Both research and review articles were considered. 

The following exclusion factors were also set: 
• All duplicate documents were excluded; 
• All titles were read and articles that had no relation 

to the research topic were excluded; 
• All abstracts and keywords were read and articles 

that had no relation to the theme were excluded. 
The selected research and review articles were all available 

in English.  
Regarding reports and databases, the official entities 

named below were chosen as sources of information: 
• World Bank (WB); 
• International Energy Agency (IEA); 
• Food and Agriculture Organization of the United 

Nations (FAO); 
• Organisation for Economic Co-operation and 

Development (OECD); 
• European Commission (EC); 
• International Food Policy Research Institute 
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(IFPRI). 
Focusing on data, datasets were downloaded through 

databases available on the official entities website. Regarding 
the selection of the period, it was set from 2010 up to the most 
recent and complete available data. Regarding the geographic 
selection, two categories were selected:  

• World – Includes OECD Total; Africa; non-OECD 
Asia (excluding China); China (P.R. of China and 
Hong Kong, China); Non-OECD Americas; Middle 
East; Non-OECD Europe and Eurasia. 

• EU-28 – Austria, Belgium; Bulgaria; Croatia; 
Cyprus; the Czech Republic; Denmark; Estonia; 
Finland; France; Germany; Greece; Hungary; 
Ireland; Italy; Latvia; Lithuania; Luxembourg; 
Malta; the Netherlands; Poland; Portugal; 
Romania; the Slovak Republic; Slovenia; Spain; 
Sweden and the United Kingdom. 

An up-down approach was adopted, i.e., start by analyzing 
a general scope and narrowing down to a more specific 
context and geographical area. 

Utilizing Microsoft Excel, specific and relevant data was 
selected, systemized, and summarized in order to be 
translated into clear and robust charts for a direct and friendly 
visualization. 
 

III. NEW ECONOMIC MODELS – DEFINITION OF CIRCULAR 
ECONOMY, BIOECONOMY AND CIRCULAR BIOECONOMY  

A. Circular Economy (CE) 
This concept, although currently extremely popular, dates 

back to the 1960s, when the economist Kenneth Boulding 
wrote the first notions of CE in the essay “The economics of 
the coming Spaceship Earth”, which was a pioneering 
contribution for the concept. Boulding defends a vision of the 
economic system opposite to the model that he classifies as 
the “cowboy economy”, an exploitative, individualist 
economy constantly consuming resources that are finite.  

Another major contributor and promoter of CE is Walter 
Stahel, who is known for the pioneer term “cradle to cradle” 
which is one of the fundamentals for CE. He sketched the 
concept in 1976 in his research report to the European 
Commission “The Potential for Substituting Manpower for 
Energy” [27], [28]. 

Thus, the CE has a long history, but the concept only 
became popular in the 1990s with China as a response to their 
economic growth and natural resources limitation, since it is 
the largest producer of manufactured goods. Nowadays, the 
concept of CE has been adopted across the world and been 
promoted by several organizations. 

The concept of CE is now a mainstream concept widely 
discussed to tackle environmental challenges and promote 
sustainable development.  

However, there is not a consensus of its definition from 
business, scientific and research approach. Korhonen et al. 
[13], [29] identify, discuss, and develop the various 
definitions available in emerging literature. The authors 
systemized several definitions in a business and academic 
approach. In the business approach, definitions generally 
reference and adopt the Ellen MacArthur Foundation 
definition [30]–[34] whereas the academic approach is based 

on other researchers [35]–[40]. 
The business approach definitions focus more on the 

economic and business logic embedded in the CE concept 
whereas academic approach is based on relevant research 
background or an adopted definition from researchers. 

Korhonen et al. [13] suggest that a solid definition for CE 
could tackle severe limitations and challenges in the practical 
application, consequently the authors developed the concept 
based on current knowledge that is in line with academic, 
policy, industry, or economic areas.  

Considering Korhonen et al. [29] definition, and in 
accordance with industrial and academic context, in this 
review the following definition of CE is proposed: “CE aims 
to higher resource and energy efficiency, minimizing bio-
waste production and incentivizing the cyclical material 
flows and cascading use of bio-waste, contributing for three 
dimensions (economic, social and environmental) of 
sustainable development.” 

B. Bioeconomy (BE) 
The term “bioeconomics” can be traced back to Zeman and 

Georgescu-Roegen in the 1960s and 1970’s respectively, the 
term meant “a new economic order” with the purpose to 
recognize the biological base of any economic activities.  

The concept of bioeconomy became more popular in the 
2000s when decision-makers in the EU brought it up to tackle 
food security, managing natural resources sustainably, 
reducing dependence on NRES, mitigating and adapting to 
climate change, creating jobs, and maintaining European 
competitiveness [16]. The EC defines the bioeconomy as 
"encompassing the production of renewable biological 
resources and the conservation of these resources and waste 
streams into value added products, such as food, feed, 
biobased products and bioenergy" [16]. 

There are two approaches in the many definitions proposed 
[26], [41]–[46], the “biotech-oriented bioeconomy” and the 
“biomass-oriented bioeconomy”. 

Based on the several definitions from authors mentioned 
above and this article being driven by the environmental and 
energy areas, a biomass-oriented BE is more appropriate, and 
the following definition is adopted: “Bioeconomy focus on 
the use of renewable biological resources for the production 
of a biobased product, converting biowaste into value added 
production such as food, feed and bioenergy, contributing 
from both social and economic areas.”  

C. Circular Bioeconomy (CBE) 
The concepts of BE and CE have similar targets, such as 

low carbon economy and reducing the use of fossil fuels, 
although they have different definitions, they are 
complementary approaches.  

The two concepts are not complete without each other 
therefore the circular bioeconomy is defined as the 
intersection or cross-section of BE and CE. It is a very recent 
concept and it’s present in several European organization’s 
agenda, there are different definitions [47]–[50].  

Fig. 1 represents the intersection of CE and BE 
fundamentals which originate the concept definition of CBE. 
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Fig. 1. Circular Bioeconomy concept based on Review of the EU 

bioeconomy strategy and its action plan [51]. 
 
Given the scope of this article, CBE can be defined as a 

“circular bio-based economy that works towards a greater 
resource and energy efficiency, these resources are biological 
and renewable, such as biowaste, which is recovered and 
reused through a cascading use, increasing as much as 
possible the life cycle of these products.” 

Applying this economic model (CBE) in a FVPI could 
enable energy and resources reutilization by maximizing 
circularity at its fullest. In order to better comprehend how 
this model can improve energy systems a careful analysis of 
energy supply and consumption data must be performed. 
 

IV. TOTAL ENERGY SUPPLY  

To address global energy-related challenges, energy 
systems will need to go through a Clean Energy Transition 
(CET). An effective CET is a timely transition towards a 
more inclusive, sustainable, affordable, and secure energy 
system through cleaner sources and technology that provides 
solutions while creating value for economy, environment and 
society [10]. 

Given the complexity of energy systems, official entities 
have set long-term roadmaps and objectives [52], [53]. To 
comprehend the progress in achieving these objectives, the 
most up to date data regarding the world’s and EU-28’s TES 
from NRES and RES, scenarios and projections needs to be 
analyzed. This analysis will also posteriorly allow the 
assessment of the Industry sector’s impact on energy systems 
and how they can contribute and benefit from the CET. 

Based on data available on IEA’s World Energy Balances 
database [54] the world’s TES in 2018 was approximately 
14280 Mtoe, of which 86% comes from NRES (Coal, Oil, 
Natural Gas and Nuclear) and 14% comes from RES (Hydro, 
Wind, Solar, etc. and Biofuels and Waste (Biofuels and waste 
includes solid biofuels, biogases, liquid biofuels, industrial 
waste and municipal waste). 

There is still a high percentage of energy sourced from coal 
(27%) which has a crucial role in the industry sector. When 
comparing with other energy sources, coal is the highest CO2 

emitter regarding the emissions from fuel combustion. 
Combining these aspects with the fact that only a small 
percentage of energy is coming from RES in 2018, greater 
concerns could be raised regarding the achievability of the 
Paris Agreement GHG emissions reduction target for 2050. If 
there is not an investment and commitment from all countries 
to increase shares of RE in each country’s energy system it 
could result in a major setback globally [54], [55]. 

Focusing only on the EU geographical area, the EC has set 
an ambitious target of at least 32% of energy to be supplied 
by RES by 2030 will drive an acceleration of clean energy 
commitment in all sectors and therefore leveraging a swift 
CTE [56]. 

The TES in the EU-28 for 2010 and 2018 was 1729 and 
1630 Mtoe respectively, which translates in a 5.7% decrease. 
Concerning the NRES, although Oil share increased 1% 
whereas shares of Coal and Natural Gas decreased 2% and 
Nuclear 1% since 2010. On the other hand, RES share grew 
from 11% to 15% (4% growth in 8 years), thereby if this 
growth tendency is maintained, the EC energy targets will not 
be achieved by 2030. 

In the IEA’s 2020 Renewables Information: Overview 
Statistical Report, in 2018 the world’s TES was 14 280 Mtoe, 
of which 14% was from RES [57]. 

Biofuels and waste have the largest share of the world’s RE 
supply (66.4%), mainly due to the use of solid 
biofuels/charcoal (58.9%), mostly in developing countries for 
residential heating and cooking, the remaining share concerns 
liquid biofuels and biogases. The second largest source of RE 
is hydropower with 18.8%.  

A positive aspect is that since 1990, RES has grown at an 
average annual rate of 2.0%, which is slightly higher than 
world’s TES growth rate of 1.8%.  

This growth has been particularly high for solar PV and 
wind power with 36.5% and 23% annual growth respectively 
(Fig. 2). Solar thermal has a growth rate of 10.9%. In 
countries where resources (sun and wind) and accessible 
financing are available, wind and solar PV plants will 
challenge existing fossil fuel industry. Solar projects in 
particular, now offer the lowest-cost electricity in history 
[58]. 

Biogases, including that from anaerobic digestion (AD), 
has the third highest growth rate at 11.5%, followed by liquid 
biofuels (9.7%). 

 

 
Fig. 2. Average annual growth rates of world renewables supply from 1990 

to 2018 adapted from IEA (2020). Renewables Information: Overview 
2020. All rights reserved. 
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Pertaining only to the EU-28, from 1990 to 2018 (Fig. 3), 
the RE share went through considerable change. In 1990 the 
RES were mainly hydro, solid biofuels and renewable 
municipal waste (obtained from biodegradable fraction of 
municipal waste) corresponding to a TES of 72.18 Mtoe.  

From that year to 2018 this sector increased 70% (72.18 
Mtoe to 242.14Mtoe with new RES appearing and 
contributing for this increase. 

Also, wind and bioenergy (solid biofuels, liquid biofuels, 
renewable municipal waste, and biogas) are the sources of 
energy that experienced the highest increase, making up to 
74% of all renewable energy sources in 2018. 

 

 
Fig. 3. EU-28 Total Energy Supply by Source 1990 and 2018 in  

Mtoe – Based on Energy statistical datasheets European Union Open Data 
Portal [59]. 

 
Through this analysis it is possible to see how much the RE 

sources became a key asset in the energy sector in EU-28 with 
an exponential growth since 1990. But it is important to 
commit and accelerate this transition through innovative 
energy solutions, so that the targets set by the EU are achieved 
by 2030 and consequently GHG emissions related to energy 
consumption are reduced. 

Biogas and biomethane have been considered promising 
biofuels that can use renewable sources as feedstock, such as 
biowaste. Providing an analyses and insights on the most up 
to date, the overall potential and data and trends for 2030 and 
2040 under different scenarios for these specific biofuels 
could help to better understand the role of these biofuels in 
the overall energy transition. 

Recently the IEA released the “Outlook for biogas and 
biomethane: Prospects for organic growth” [60]. This report 
provides estimations of the sustainable potential for biogas 
and biomethane supply and projections on different scenarios 
for 2030 and 2040, based on the scenarios presented in the 
annual World Energy Outlook [61]. IEA’s analysis includes 
only the technical potential of feedstock that can widely be 
considered sustainable. This is defined as “feedstocks that can 
be processed with existing technologies, which do not 
compete with food for agricultural land and that do not have 
any other adverse sustainability impacts (e.g., reducing 
biodiversity)”, therefore designating it as: “sustainable 
bioenergy potential”. 

Fig. 4 presents the 2018 biogas and biomethane production 
against the sustainable potential globally. This analysis 
considers feedstocks that include crop residues, animal 
manure, municipal solid waste, wastewater and for 
gasification forestry residues. 

Regarding the biomethane potential, the report considers 

two main production pathways: upgrading biogas and the 
gasification of biomass. For biogas upgrading, the same 
feedstocks assessed for biogas have been considered, on the 
assumption that these can be used either for biogas production 
or for upgrading biogas to biomethane. The second pathway 
to biomethane production is gasification which uses two 
additional sources of solid biomass feedstock: forestry 
residues and wood processing residues. 

It can be observed that there is a huge potential that is not 
being explored. Biogas and biomethane production in 2018 
were roughly 35 million Mtoe, only a fraction of the 
estimated overall potential. Full utilization of the sustainable 
potential could cover some 20% of today’s worldwide gas 
demand [60]. 
 

 
Fig. 4. Biogas and biomethane production in 2018 against the sustainable 
potential adapted from IEA (2020). Outlook for Biogas and Biomethane. 

World Energy Outlook Special Report. All rights reserved. 
 
Focusing only on biogas, Fig. 5 shows that in 2018, Europe 

(EU group region, Albania, Belarus, Bosnia and 
Herzegovina, North Macedonia, Gibraltar, Iceland, Israel, 
Kosovo, Montenegro, Norway, Serbia, Switzerland, Republic 
of Moldova, Turkey, and Ukraine) was leading the way on 
biogas production with roughly 18 Mtoe, mostly from crops 
(which includes energy crops, crop residues and sequential 
crops) followed by animal manure, municipal solid waste, 
and municipal wastewater. 
 

 

 
Fig. 5. Biogas production by feedstock type, 2018 adapted from IEA 

(2020). Outlook for biogas and biomethane: Prospects for organic growth. 
All rights reserved. 

 
Municipal solid waste (which includes some industrial 

waste from food processing industry (FPI)) is the third 
highest feedstock for biogas production. Given that industrial 
waste is the highest-yielding feedstock, able to provide 
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around 0.40 toe of energy per tonne [60], it suggests that there 
is an unexplored potential regarding the use of this feedstock 
and therefore there is a special interest in the industrial sector 
for biogas production.  

There is a vast range of possible outcomes for global 
energy systems, which depend on technological innovation, 
the ambition of energy policies, market progress, societal 
trends, and several other factors.  

Therefore, it is essential to give an insight on how biogas 
demand will evolve through 2030 and 2040 under different 
scenarios and consequently its potential compared with other 
types of bioenergy. This analysis could contribute to better 
understand how biowaste’s producing industries could 
contribute to supply biogas’s demand in the future and 
ultimately contribute for a CET. 

Regarding projections for 2030 and 2040, the Outlook for 
Biogas and Biomethane Report [60] focuses on two 
scenarios: the Stated Policies Scenario (STEPS) and the 
Sustainable Development Scenario (SDS) that are described 
in the IEA’s 2019 World Energy Outlook as: 

• The Stated Policy Scenario (STEPS) “reflects the impact 
of existing policy frameworks and today’s announced policy 
intentions. The aim is to hold up a mirror to the plans of 
today’s policy makers and illustrate their consequences for 
energy use, emissions and energy security.” 

• The Sustainable Development Scenario (SDS) “maps out 
a way to meet sustainable energy goals in full, requiring 
rapid and widespread changes across all parts of the energy 
system. This scenario charts a path fully aligned with the 
Paris Agreement by holding the rise in global temperatures 
to “well below 2°C … and pursuing efforts to limit [it] to 
1.5°C”, and meets objectives related to universal energy 
access and cleaner air.” [62] 

Fig. 6 shows that global biogas and biomethane start from 
a low base but are the fastest developing types of bioenergy. 
Biogas demand globally in a STEPS scenario will increase 
76% (36 Mtoe to 150 Mtoe) from to 2018 up to 2040. For the 
SDS scenario biogas production will have a greater increase 
89% (36 Mtoe to 325 Mtoe) by 2040.  

 

 
Fig. 6. Global bioenergy demand by scenario adapted from IEA (2020). 
Outlook for biogas and biomethane: Prospects for organic growth. All 

rights reserved. 
 
It is clear that biogas and biomethane have a huge untapped 

potential and with the appropriate policies and investments 
there could be a rapid technological growth and consequently 
a production increase, improving waste management but also 
leverage the energy transition by 2050. 
 

V. ENERGY CONSUMPTION IN THE INDUSTRY SECTOR 
After analyzing the TES, it is important to analyze in which 

sector this energy is consumed and from what energy sources. 
Given the scope of this article, the focus will be on the 
industry sector, particularly the food industry which includes 
FVPI. This analysis will help understand if this sector could 
be a key player for the CET in EU-28. 

Based on data from the EC regarding the Final Energy 
Consumption (FEC) by sector in the EU-28 [63], in 2018 the 
Industry Sector (including FPI) accounted for 25% of the 
FEC (263.6 Mtoe), being the Transport Sector the highest 
final energy consumer (328.6 Mtoe) followed by Households 
(283.2 Mtoe).  

Therefore, the industry sector can be identified as an 
essential element to tackle the high energy consumption and 
help meet the energy transition goals.  

This sector includes several subsectors that are quite 
different from each other. The top four energy consumers 
were Chemical and Petrochemical 20% (52.6 Mtoe), Non-
metallic minerals 14% (36.2 Mtoe), Paper, Pulp & Printing 
13% (33.8 Mtoe), and the Food, Beverages, and Tobacco 
12% (30.5 Mtoe) industries.  

Considering the significance of Food, Beverage, and 
Tobacco industry, it is important to analyze the type of energy 
sources and how much they account for in this subsector.  

This industry uses a wide range of technologies designed 
to make the final products safe, stable, and desirable by the 
consumer. These technologies are used in several processes 
such as heating, cooling, freezing, trituration, high-
pressuring, etc., leading to energy consumption along the 
production steps [64]–[66].  

The FEC by energy source in the EU-28, in 2018 the 
highest sources of energy were natural gas which accounts for 
47% and Electricity (mix of NRE and RE) for 34%. Only 4% 
of the FEC derives from Renewables and Biofuels.  

With such low percentage of RES, it could be valuable to 
evaluate the applicability of RET in food industry, to increase 
the share of RE in the FEC.  

Campiotti et al. [67] studied the energy consumption in 
several FVPI in the Mediterranean region. In these industries, 
the energy consumption accounts mainly for electricity used 
by the process of cooling and refrigeration, heating for both 
treatments and for infrastructure buildings, and thermal 
energy for hygiene and sterilization. 

Based on this study, Table 1 lists the more common 
industrial processes in a FVPI, and report all energy related 
consumptions, distinguished in electricity, thermal energy, 
and electricity for water pumping. In total a FVPI plant 
consumes 427kWh per ton of processed product. 

According to the latest FoodDrinkEurope report [68], in 
the EU 99,2% of the companies in the food and drinks sector 
are small and medium enterprises. 

Therefore, assuming that in a medium-scale FVPI plant 
around 50 000 tons per year of F&V are processed [69] and 
that according to Caldeira et al. [70] 66% of the total input is 
converted into product, 33,000 tons of processed product 
would be generated. As a result, the energy needs in this plant 
would be around 14.1 GWh per year. 
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TABLE I: MAIN TRANSFORMATION PROCESSES IN A FVPI AND THEIR 
AVERAGE ENERGY CONSUMPTION IN KWH PER TON OF PROCESSED 

PRODUCT (BASED ON [67]) 

Transformation process 

Electrical 
energy 

(KWh/ton 
processed 
product) 

Thermal 
energy 

(KWh/ton 
processed 
product) 

Electricity 
for water 
pumping 

(KWh/ton 
processed 
product) 

Raw material reception 3.4 - - 
Washing, sorting, and 

sizing 2.1 51 - 

Cutting, grinding, 
calibration, peeling, etc. 3.4 72 3 

After-treatment 
operations, checking and 

packaging 
3 50 - 

Heat treatment for 
stabilization - 229 8 

Cooling 1.1 - - 
Storage 1 - - 

Total energy 14 402 11 

 
These energy needs could be partially met by 

implementing RET in the FVPI plant to produce energy for 
self-consumption, therefore, a data assessment and a deeper 
examination of these industries is critical to understand the 
potential of converting biowaste into bioenergy and at the 
same time maximizing circularity. 
 

VI. BIOWASTE PRODUCTION IN FOOD INDUSTRY 

Along the production processes that take place in a FVPI 
different type of wastes are generated [71]. This article will 
focus on biowaste. 

There are many definitions for biowaste and FW [72], and 
the most suitable biowaste definition in the context of this 
article is from the European Commission [73]: “Bio-waste is 
defined as biodegradable garden and park waste, food and 
kitchen waste from households, restaurants, caterers and 
retail premises, and comparable waste from food processing 
plants. It does not include forestry or agricultural residues, 
manure, sewage sludge, or other biodegradable waste such 
as natural textiles, paper or processed wood. It also excludes 
those by-products of food production that never become 
waste.” 

And for FW definition, Stenmarck et al. [5] defines as 
“Fractions of ‘food and inedible parts of food removed from 
the food supply chain’ to be recovered or disposed (including 
- composted, crops ploughed in/not harvested, anaerobic 
digestion, bioenergy production, co-generation, incineration, 
disposal to sewer, landfill or discarded to sea).”  

About 88 million tonnes of food are wasted annually in the 
EU from primary production up to consumption, with 
associated costs estimated at 143 billion euros [5] and the FW 
rate is expected to rise if no action is taken. For this reason, 
the EC has identified FW as one of the top priority areas of 
the European Circular Economy Action Plan. 

FW can be valorized by being transformed into 
biomaterials or bioenergy, through cascade use for example, 
which contributes to bioeconomy and simultaneously to 
closing the loop of food systems while reducing 
environmental impacts and helping social developing [74]. 

In a study by Caldeira et al. [70], the total amount of FW 

(Meat, Fish, Dairy, Eggs, Cereals, Fruit, Vegetables, 
Potatoes, Sugar beets, and Oil Crops) along the food supply 
chain in EU-28 (Primary Production, Processing & 
Manufacturing, Retail & Distribution and Consumption) was 
129.2 Mt. Around 24% (30.6Mt) of this waste occurred in the 
Processing & Manufacturing stage, providing an opportunity 
and potential to implement waste circularity. 

The highest amounts of FW waste, in Processing & 
Manufacturing stage, are the Oils Crops (10 Mt), Fruit (6.1 
Mt), Fish (3.1Mt), Meat (2.9 Mt) and Vegetables (2.6 Mt). 

Supplementary data from Caldeira et al. [70] shows more 
detailed data of FW production in Processing & 
Manufacturing stage. From a total of 68.2 Mt of Fruit & 
Vegetables (F&V) entering as input raw material, 
approximately 28% (18.8 Mt) is rejected as fruit and 
vegetables waste (FVW), making this biowaste interesting 
regarding quantities and availability. 

Taking this into account, converting FVW into bioenergy 
has a real potential to increase circularity while producing 
RE. From the several RET, AD can be an attractive option by 
using FW as feedstock to produce biogas consequentially 
converted into energy [75], [76]. 

In section IV of this review, we analyzed projections 
regarding the production of biogas, therefore it is also 
important to analyze projection regarding FVW generation to 
better understand its future potential use and contribution for 
biogas production. 

Considering that no data or relevant studies about 
projections for FW by type were found, we used projections 
data from the International Food Policy Research Institute 
[77] for food production by commodities. Table 2 shows the 
projections for the total production (million metric tonnes) of 
Cereals, Meat, F&V, Oilseeds, and Roots and Tubers, in EU-
28 for 2030 and 2050. Results are shown for two “baseline” 
scenarios “without climate change” and “with climate 
change” – one considers the impacts of climate change, 
whereas the other assumes no climate change (for 
comparison) [78]. 
 

TABLE II: TOTAL PRODUCTION BY COMMODITY IN EU-28 FOR 2030  
AND 2050 UNDER TWO SCENARIOS BASED ON INTERNATIONAL FOOD 

POLICY RESEARCH INSTITUTE (IFPRI), 2019,  
WITH AND WITHOUT CLIMATE CHANGE 

 

Total production (million metric tons) 
Without climate 

change 
With climate 

change 
2030 2050 2030 2050 

Cereals 304 318 301 323 
Meat 50 54 50 53 

Fruit & Vegetables 200 246 188 216 
Oilseeds 52 59 51 56 
Pulses 7 8 7 8 

Roots and Tubers 73 77 68 66 
 

In both scenarios it can be observed that up to 2050 
Cereals, F&V and Roots and Tubers are the top three 
commodities to be produced in terms of quantities. 

As projections indicate an increase in the production of 
F&V, an increase in FVW production is expected. Based on 
Caldeira et al. [70], approximately 51% of F&V production 
is forwarded to Processing & Manufacturing stage and 
approximately 28% from this input of raw material is 
converted into FVW. This means that according to the 
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projections for 2050, “without climate change” and “with 
climate change”, around 38 Mt and 31 Mt of FVW will be 
produced, respectively. These amounts of FVW are 
considerable and therefore FVPI could benefit from 
converting FVW into bioenergy.  

In general, chemical, and physical characteristics of FVW 
have a high content of water and biodegradable compounds, 
with 8–18% total solids (TS) and 86–92% of total volatile 
solids (VS) content. The organic composition includes about 
75% easy biodegradable matter (sugars, carbohydrates, 
lipids, and proteins), 9% cellulose and 5% lignin [79], [80]. 
These characteristics show that FVW is suitable for AD [75], 
[81]–[83].  

AD is a useful and excellent process that can convert waste 
into valuable material and energy. There are several benefits 
related to the AD process such as decreased GHG emission, 
production of digestate for application in agriculture and the 
generation of high-quality renewable fuel (biogas). Digestate 
can have fertilizing or amending properties due to its nutritive 
characteristics. Digestate contains various kinds of organic 
matters (C), macronutrients (N, P) and micronutrients (K, Na, 
Ca, and others), which have the potentials for agricultural 
valorization and consequently increasing circularity within 
the biogas production system [84], [85]. 

The AD is a multi-step biochemical process that can be 
divided into four stages i.e., hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis. In the AD procedure, 
various kinds of bacteria degrade the organic substance 
continuously in different stages via parallel reactions. There 
are several factors that influence bacteria performance and 
consequently biogas production. 

Biogas production is highly influenced by temperature. 
The AD process can take place at various temperatures, 
which are normally classified into three types, i.e., 
psychrophilic, mesophilic, and thermophilic temperatures. 
The mesophilic and thermophilic temperature ranges are 
between 20-40 °C and 50-65 °C, respectively. A lower 
temperature reduces FW degradation rates and bacterial 
development, consequently decreasing biogas production 
[75]. 

An alternative to AD is anaerobic codigestion (AcoD), 
which is the simultaneous digestion of two or more different 
substrates as feedstock. Mixing the carbon-rich and nitrogen 
rich substrates, such as manure and FVW, can improve 
process stability, nutrients for microorganisms and biogas 
production. [86], [87]. 

Several authors [88]–[90] have analyzed the co-digestion 
of different substrates (mixed sewage sludge, cow manure 
and poultry manure) with FVW and concluded that it 
improved the microbial consortium and consequently 
increased the biogas yield, when compared to mono-
digestion.  

The process of AcoD using FVW and other substrates is a 
very interesting waste management solution. Therefore, more 
studies on this topic should be developed, regarding 
substrates and their availability in FVPI, pre-treatments and 
other factors that influence the AcoD process aiming to 
increase the quality and quantity of biogas and digestate, 
consequently improving the whole circular cycle. The 
possible integration of AcoD and other RET is worth 
analyzing. 

VII. RENEWABLE TECHNOLOGIES INTEGRATION 

In this section, two conceptual model approaches for 
Agrifood system are suggested and analyzed, a conventional 
energy system (CoES) (as the reference one) and an 
integrated renewable energy system (IRES). Fig. 7 and 8 
illustrate the two different conceptual approaches, presenting 
the inputs, processes, and outputs. 
 

 
Fig. 7. Conventional Energy System (based on Sims et al. [66]). Icons 

made by Freepik from www.flaticon.com. 
 
Fig. 7 shows that a mix of RES and NRES (mostly NRES) 

supply the electrical grid and posteriorly is consumed by 
FVPI. It is possible to observe that this CoES is linear from 
an energy and waste perspective and that by applying RET in 
a strategic and integrative vision would increase energy and 
waste circularity assisted by a CBE approach. Therefore, 
combining the integration of RET and a CBE business model 
could lead to a more economical and environmental resilient 
sustainable system.  

Taking this into account, it is essential to rethink how 
industrial systems should be designed or redesigned in the 
future to minimize NRE shares, resource consumption and 
negative environmental impact. To overcome these 
challenges Fig. 8 proposes the design of an IRES, with an 
integrative and harmonious approach aiming to increase the 
percentage of RE self-consumed in the FVPI. 

From the several RET we chose to focus on the AcoD and 
solar energy (PV and ST) integration. Solar energy is suitable 
and effective for industrial processes and AcoD, as discussed 
in section VI, given process characteristics and biowaste 
produced in the FVPI is also a good technological option [22], 
[91]. Only few authors mention the integration of these 
technologies [92], [93] therefore discussing this proposed 
approach within the academic and industry community could 
open the way to discussion on its possible advantages and 
constraints. 

In Fig. 8, it can be observed that in the energy input there 
is still a percentage of energy mix (RE and NRE). To increase 
the RE shares self-consumed by the FVPI, installing PV 
panels will provide electricity to be used directly on 
equipment and processes. ST panels can also be integrated to 
provide cooling or heating systems or heat for the anaerobic 
digester. During AD it is necessary to keep an optimal 
temperature regime, which can be achieved with assistance of 
ST technology [94], [95].  

The biowaste, instead of the typical end-uses, can be 
reintroduced in the system as co-substrate for AcoD, 
combined with a substrate such as manure or activated 
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sludge, producing biogas and digestate. The digestate can be 
valorized as a fertilizer in agriculture, closing the circular 
loop from the waste perspective. The biogas can be converted 
into electricity and heat through a cogeneration process, using 
the heat to warm the digester to its optimal temperature 
during mesophilic or thermophilic phase. The electricity 
produced from cogeneration, would be directed to the 
electrical grid. 

 

 
Fig. 8. Integrated Renewable Energy Systems Scenario (based on Smith 

[92] and Gaballah et al. [93]). Icons made by Freepik from 
www.flaticon.com. 

 
From a holistic view, this IRES conceptual model is in 

accordance with a CBE business model, discussed in section 
III. The levels of circularity and RE achieved with this 
conceptual model, allow for a greater resource efficiency, 
share of RE in consumption and biowaste management which 
will consequently create economic and social value and 
positive impacts in the environment. Ultimately, it helps the 
system to become more resilient and less dependent in all the 
three sustainability pillars. 

Focusing on the integration PV and ST as suggested above, 
a technological solution for this integration could be the use 
of hybrid photovoltaic-thermal (PVT) solar collectors, which 
over the last years have been investigated and discussed. 
Incorporation of solar PV with the ST collectors allows 
simultaneous generation of electricity and heat, being more 
efficient and producing higher amount of energy per unit 
area, i.e., with the same area, PVT collectors can generate 
more heat and electricity than that produced by conventional 
PV or ST collectors [22], [96]–[100]. 

Bianchini et al. [101] studied the potential offered by 
hybrid PVT solar system in Central Italy, using a commercial 
PVT solar plant at the “HEnergia” outdoor development 
center in Forlì (Italy). The best results showed that the hybrid 
PVT solar system can produce annually about 66.6 kWh/m2 
of electricity whereas the heat generation was 443 kWh/m2. 

In a study by Herrando et al. [102], the authors assess an 
alternative solar system based on hybrid PVT collectors 
coupled with an absorption chiller in a FVPI plant in the 
Mediterranean area. The authors found that the optimum 
number of PVT collectors had a range of between 20 (32m2) 
and 240 (386m2). In this review we will consider the 
maximum number of collectors (240) since the FVPI plant’s 
energy consumption reported by the authors is much lower 
than the assumed in section V. 

Considering the Bianchini et al. [101] and Herrando et al. 
[102] studies, the theoretical annual electrical and thermal 
output of the PVT solar system would be 24.7 MWh and 

170.1 MWh, respectively. This electrical energy could be 
used directly in the FVPI plant and the thermal energy could 
be used either in the plant or to heat the AcoD reactor. The 
energy outputs can be augmented by increasing the number 
of PVT collectors depending on the FVPI plant energy needs. 

As mentioned in section V, in a medium-scale FVPI plant 
around 50,000 tons per year of F&V are converted into 
33,000 tons of processed product and 14,000 tons of FVW. 
Assuming this plant only processes apples and the waste 
output is apple pomace (AP), according to a study by 
Perimenis et al. [103] in which the authors determined the 
methanogenic potential of different agro-industrial wastes 
utilizing activated sludge as inoculum in batch conditions, the 
methane production for AP is 84.70 mLCH4/g AP. 
Considering this study was performed in lab-scale and batch 
conditions, the above mentioned value may not reflect the 
reality of a full scale scenario, therefore in this review we 
assume only for 70% of the methane production value 
presented in the study. Considering that 14,000 tons of AP are 
produced per year, with the assumption mentioned above, the 
methane production would be around 830,068 m3CH4/year. 

The methane produced can be converted into energy 
(electrical and thermal) through a cogeneration system. 
Dalpaz et al. [104] evaluated the electric and thermal energy 
generated in a cogeneration system, using biogas produced by 
the AD of agro-industrial waste. In this study the authors 
concluded that this cogeneration system could provide 
7.77 kWh/m3 of energy (electrical and thermal combined). 
Applying these results to our plant example, it would be 
possible to generate 6.5 GWh/year from the 830,058 m3CH4 
produced.  

Therefore, the proposed IRES would be able to produce a 
total of 6.7 GWh/year of RE using hybrid PVT collectors and 
AcoD, accounting for 48% of the FVPI plant’s processing 
energy needs. 

The data discussed above regarding the several 
technologies and processes involved in IRES conceptual 
model may vary if applied in full scale or if operational 
efficiency is improved, a full detailed energy balance 
assessment to maximize the benefits of this integration is 
crucial. Furthermore, a theoretical economic viability 
assessment should be performed, nevertheless it is important 
to have energy indicators based on recent studies and 
available data. 

Regarding the whole food industry sector, if this IRES 
conceptual model could be applied in companies across the 
sector, it could provide a significant contribution towards 
achieving the EC’s target of at least 32% of energy to be 
supplied by RES by 2030 and inspire other sectors to 
implement a similar model adapted to their specific 
characteristics. 

Since the essence of both IRES conceptual model and CBE 
business model is similar i.e., both intend to increase 
circularity flows within the system, implementing them 
together in a complementary way not only could increase RE 
production and biowaste reintegration, but it could also 
promote economic growth and competitiveness advantage by 
establishing a circular bio-based economy as a main asset in 
this business model. 

There are a limited number of studies or data regarding the 
implementation of these technologies in FPI or FVPI. Hence, 
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we strongly suggest and support establishing synergies 
between industries and academic institutions to develop 
studies on this research topic. 
 

VIII. CONCLUSION AND FUTURE PERSPECTIVES 

As seen through the systematization and analysis of the 
energy data carried out, the energy transition goals can be 
achieved by 2030 not only by increasing RES but also by 
decreasing energy consumption. These two action areas can 
be developed by robust renewable energy policies and 
financial investments allowing energy systems to become 
more resilient and sustainable. Further debate and analysis of 
RE systems between different stakeholders could help 
accelerate a CET. 

Industry is one of the largest energy consumption sectors. 
Inside this sector we focused on FVPI, due to its unique 
features from an energy consumption and biowaste 
production perspective. During this literature research a lack 
of data regarding biowaste production especially in food 
industry was identified, i.e., no updated quality data was 
available. This limitation greatly affects the assessment of the 
true potential and viability to convert biowaste into bioenergy 
in FVPI. 

To overcome many of the challenges identified throughout 
this review, the proposed IRES conceptual model increases 
the sources of renewable energy and allows to close the 
circular loop by using FVW in AcoD and by-products from 
this process. There were very few studies performed 
regarding the mix of RET (PV, ST and AcoD), therefore it is 
important to do a full assessment concerning RE production 
potential and economic viability. 

Regarding the business models that can promote the 
adoption of RES in FPI, this article proposes a definition for 
the three key concepts: CE, BE and CBE. 

It is important to mention that due to the Covid-19 
pandemic the economy has been greatly affected and 
consequently, depending on how the economic recovery will 
progress, the energy transition could be impacted positively 
or negatively. This transition could be limited and not 
achievable due to the lack of investment and policies in 
renewable energy technology. If a green economic recovery 
takes place the energy transition targets could be successfully 
reached by focusing investments on renewable energy 
sources and policies to reduce energy consumption. 
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