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“The Stone Age did not end because humans ran out of stones.  
It ended because it was time for a re-think about how we live.”   

William McDonough 
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Abstract 
The concept of sustainability is attracting great attention as societies become increasingly aware of the 
environmental consequences of their actions. One of the most critical challenges that humankind is facing is the 
scarcity of resources, which are expected to reach their limits in the foreseeable future. Associated with this, 
there is increasing waste generated as a consequence of rapid growth in the world population (particularly 
in urban areas) and a parallel rise in global income. To cope with these problems, a linear strategy has been 
applied to increase efficiency by reducing the use of materials and energy in order to lessen environmental 
impacts. However, this cradle to grave approach has proven inadequate, due to a lack of attention to several 
economic and social aspects. A paradigm shift is thus required to re-think and innovate processes (as early as 
in the design phase) in such a way that materials and energy are used more effectively within a closed-loop 
system. This strategy, known as the cradle-to-cradle approach, relies on the assumption that everything is 
a resource for something else since no waste is ever generated in nature. In line with the cradle-to-cradle 
approach, the bio-inspired circular economy concept aims at eco-effectiveness, rather than eco-efficiency. While 
the circular economy has neither a confirmed definition nor a standardized methodology, it nonetheless carries 
significant importance, since it “is restorative and regenerative by design and aims to keep products, 
components, and materials at their highest utility and value at all times, distinguishing between technical and 
biological cycles,” in accordance with the goals of the 2030 Agenda for Sustainable Development. Despite some 
controversial opinions that “circles are not spirals, and for growth to occur, spirals with ever-increasing radii are 
required,” the circular economy concept is taking a central role in the sustainable development debate and, for 
this reason, deserves attention. The aim of this paper is to shed light on this debate, pointing out the main 
features of the emerging circular paradigm along with sustainability transition theories and circularity evaluation 
tools. 
 
Keywords 
circular economy; circularity metrics; sustainability transition; paradigm shift. 
 
Introduction  
Humankind is facing difficult challenges associated with our increasingly unsustainable lifestyles (involving, e.g., 
mass consumption, aggressive industrialization, and increased energy demand and urban waste generation), 
aggravated by an ongoing exponential increase in the global population. In response to these threats, societies 
are becoming ever more aware of the consequences of their actions on ecosystems. Thus, there is ongoing search 
for sustainable ways of producing goods used in everyday life and also in modern technological applications. 
In the search for cleaner technologies, raw materials are of crucial importance. Especially, critical raw materials 
(i.e. materials that have high economic value coupled with a high risk of supply) draw great attention since they 
are linked to all industries across all supply chain stages [1]. In addition to the scarcity issues, the low recycling 
rate of these materials results in the loss of significant economic opportunities that, in turn, pushes practitioners 
to develop holistic approaches to evaluate elemental sustainability [2,3]. Due to the scarcity of raw materials 
along with the related economic and environmental impacts, a sustainability debate has flourished among 
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academics, analysts, and policymakers. A commonly proposed solution for the problems associated 
with unsustainable human behaviour is the triple bottom line (TBL) strategy, which aims at evaluating economic 
performance alongside social and environmental impacts. However, TBL strategies do not seek to balance 
economic, environmental, and social aims; rather, they – predictably – hold economic objectives as paramount. 
Thus, a different perspective is required to assess sustainability. A potentially useful strategy could be obtained 
by translating TBL strategies to their triple top line (TTL) counterparts, which aim at enhancing the well-being 
of nature and culture while generating economic value. TTL strategies enable companies to assess the 
environmental and social impacts of their activities while minimizing their ecological footprint [4]. 
 
In the TTL approach, linear cradle to grave strategies are replaced with circular cradle-to-cradle strategies. 
Traditionally, cradle to grave systems focus on reducing energy and material demand, and thus decreasing the 
environmental footprint by increasing eco-efficiency; this strategy is also known as the take-make-waste 
approach. On the other hand, the cradle-to-cradle approach shifts the paradigm by re-thinking the processes in 
terms of material and energy, implementing innovations as early as in the design phase to create a closed-loop 
system for eco-effectiveness [5,6]. This strategy suggests that everything is a resource for something else, given 
the principle that no waste is ever generated in nature. The cradle-to-cradle approach is an idealized pattern for 
sustainability that requires support from driving tools such as the circular economy (CE). Therefore, the focus 
of this paper is on the bio-inspired circular economy concept, which aims – much like the cradle-to-cradle 
approach – at achieving eco-effectiveness, rather than eco-efficiency. 
 
As the CE is the manifestation of a paradigm shift, it implies significant changes in societal legislation, production, 
and consumption, taking nature as an inspiration for responding to social and environmental needs. CE systems 
maintain the added-value of products by innovating for as long as possible and eliminating waste. This requires 
full systemic change, involving innovation in not only technologies but also organizations, society, finance, and 
policies [6]. 
 
The CE is key to achieving the Sustainable Development Goals of the 2030 Agenda, which rely on a new paradigm 
integrating techniques, tools, and frameworks under principles of circularity, eco-effectiveness, and 
harmlessness [7]. The CE is expected to promote economic growth by creating new businesses and job 
opportunities, reducing material costs, dampening price volatility, and improving supply security, while 
simultaneously reducing environmental pressures and impacts [8,9].  
 
Literature on the CE is increasing rapidly, covering both its conceptualization and its implementation. Korhonen 
et al. made a significant contribution to CE studies with their critical analysis of the role of the CE in sustainable 
development [10]. The study evaluated the CE concept, as well as its limitations, in terms of environmental 
sustainability. Pesce et al. identified the basic drivers and barriers to implementing CE principles at the corporate 
micro level and the organization of CE principles [11]. Beyond these examples, many other studies have 
considered specific CE cases [12-14]. 
 
Some authors have predicted the timing of the sixth Kondratieff cycle, suggesting that it will be driven by 
resource efficiency and clean technology – indicating sustainability [15]. However, a transition to a more 
sustainable regime implies more than simply a shift from one technological configuration to another, but 
“a change of the underlying structure which regulates technical change” [16]. A regime shift arises through 
changes to the regulative (i.e. formal rules, laws, etc.), normative (i.e. values, norms, etc.) and cognitive (i.e. 
priorities, problem agendas, beliefs, etc.) rules guiding behaviour in practice [17]. Such changes may affect 
changes within a particular value chain (i.e. vertical change) or in each part of a particular value chain 
(i.e. horizontal change). In fact, they might even change the entire configuration of an established value chain 
[18]. 
 
As the linear nature of cradle to grave life cycle assessment (LCA) strategies has urged practitioners to adopt 
circular cradle-to-cradle approaches, and as the number of evaluation tools has increased, the need for 
a standardized methodology to measure circularity has arisen. Although some standards for implementing CE 
principles exist (e.g. the British Standard BS 8001:2017 [19], CEN and CENELEC Standards EN45558 [20] and 
EN45559 [21]), none has achieved consensus among practitioners. The latest development to establish 
a common basis was the action plan published by the European Commission on March 11, 2020 [22]. This plan  
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proposed a roadmap for making the EU economy sustainable via “turning climate and environmental challenges 
into opportunities across all policy areas and making the transition just and inclusive for all.” Moreover, some 
organizations and private companies have tried to establish their own circularity measurement tools (e.g. the 
Material Circularity Indicators [23] and Circulytics [24] proposed by the Ellen MacArthur Foundation; the 
CirculAbility Model [25] proposed by Enel); these tools may offer practical potential, and they are examined in 
detail in a later section of this paper. 
 
Before entering into a deep methodological discussion, it should be mentioned that some objections to the CE 
concept have been raised. For example, in his controversial paper, Skene questioned the biological basis claimed 
for the principles underpinning the CE (i.e. thermodynamic and ecological principles) and argued that the natural 
world operates in a very different way from that portrayed in the CE literature [26]. Skene concluded that the CE 
is unfit to deliver both sustainability and growth. Specifically, he held that the CE works against both the laws 
of thermodynamics and the underpinning principles of nature; hence, it can hardly be considered sustainable. 
Moreover, circles do not lead to growth, as this requires ever-increasing spirals. Despite this controversial 
position, the CE has taken a central role in the debate over sustainable development and the sustainability 
transition, and, in this respect, its definition and measurement deserve attention. 
 
This paper has the following structure: Section 2 provides a literature review to introduce the CE concept; Section 
3 explains transition theories with respect to the move from a linear to a circular model; Section 4 introduces the 
tools used for measuring circularity; Section 5 mentions the impacts of CE on sustainability dimensions and, 
finally, Section 6 provides concluding remarks and recommendations. 
 
Literature review: Introducing the cradle to cradle CE concept 
Until recently, sustainability assessment strategies used the linear approach of measuring cradle to grave 
material flows in order to model typical take-make-waste behaviours. This strategy aimed at minimizing material 
and energy consumption and thereby reducing the environmental footprint in an attempt to increase efficiency. 
However, as the sustainability concept has widened its perspective to include economic and social aspects, the 
need for a fundamental conceptual shift has emerged, supporting a cradle-to-cradle system. Cradle to cradle 
systems are powered by renewable energy, whereby materials flow in safe, regenerative, closed-loop cycles 
[5,6]. Through this perspective, processes must be re-thought and innovated (as early as in the design phase) to 
ensure that benign, valuable, high-tech synthetics, mineral resources, and energy are used effectively in cycles 
of production, use, recovery and remanufacture.  
 
The cradle-to-cradle approach is an eco-effective strategy that holds that everything can be converted into 
valuable nutrients (value-added products) at the end of its life. The approach involves the design 
of “commercially productive, socially beneficial, and ecologically intelligent” processes [2]. One eco-effective 
strategy is known as stock optimization, which is based on the recognition of the limited nature of Earth’s 
resources and the need to maximizing their value. As summarized by Kalymkova et al., the stock optimization 
concept is directly linked to various economic theories such as spaceman economy, steady-state economy, 
industrial ecology, and cradle-to-cradle [27]. In particular, the cradle-to-cradle perspective has significant 
potential to create a new paradigm for industry, whereby human activity can generate a wide spectrum of 
ecological, social, and economic value. 
 
Similar to the cradle-to-cradle concept, some bio-inspired concepts (e.g. CE, green economy and bioeconomy) 
aim at eco-effectiveness, rather than eco-efficiency. Although these concepts are often used interchangeably, 
there are slight differences between them that should not be overlooked [28]. Geisendorf and Pietrulla 
conducted a comparative assessment of CE concepts, concluding that – even though they do not indicate 
precisely the same thing – the cradle-to-cradle approach is the most aligned with the CE perspective [29]. 
 
The CE concept is mainly based on the idea that products or processes should be designed to turn materials into 
nutrients via two distinct metabolisms defined by the creators of the cradle-to-cradle concept [6]. The biological 
metabolism (or cycle) considers products with the potential to be consumed (i.e. products of consumption). 
At the end of their lives, products of consumption may serve as nutrients for living systems and return to the 
natural environment to feed biological processes. The second metabolism – the technical metabolism (or cycle) 
– considers durable goods that provide a service to customers (i.e. products of service). Products of service can  
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remain safely in a closed-loop system of manufacture, recovery, and reuse, maintaining their highest value 
through many product life cycles. As a result, circular economy systems keep the added-value in products for as 
long as possible and eliminate waste. 
 
Owing to its high potential, the CE approach has gathered great interest from a variety of disciplines, including 
economics, chemistry, engineering, and architecture – despite the lack of an agreed-upon definition and 
a standardized implementation methodology. In their comprehensive review, Prieto-Sandoval et al. provided 
one of the most extensive definitions of the CE as “an economic system that represents a change of paradigm in 
the way that human society is interrelated with nature and aims to prevent the depletion of resources, close 
energy and materials loops, and facilitate sustainable development through its implementation at the micro 
(enterprises and consumers), meso (economic agents integrated into symbiosis) and macro (city, regions, and 
governments) levels [30].” The idea of paradigm shift relates closely to transition theory and, more specifically, 
to the growing debate over the transition to sustainability.  
 
Transitioning from a linear to a circular model 
For many years, environmental impact assessment studies – based on the implementation of technological 
innovations – were considered sufficient to evaluate sustainability. To set a global standard for sustainable 
development, the United Nations proposed 17 Sustainable Development Goals (SDGs) in their 2030 Agenda [7]. 
As a result of their conceptual analysis of each SDG, along with five case studies set across the world, Leal Filho 
et al. noted that all of the SDGs are strongly interlinked in terms of their ability to tackle environmental 
sustainability challenges [31].  
 
Nonetheless, even if a product’s environmental performance (i.e. eco-efficiency) is improved, this may not 
always generate greater environmental sustainability [32–35]. By the same token, a greater circularity 
of products or production systems does not always correspond to greater social inclusion (e.g. human rights, 
gender equality, fair trade, etc.). The solution is therefore to identify the best compromise. A global list 
of environmental and/or social priorities should be drawn up and the response strategy built around it. In his 
pioneering study, Geels performed an analysis stemming from the sociology of technology, building upon the 
fact that “technology, of itself, has no power, does nothing. Only in association with human agency, social 
structures, and organizations does technology fulfil functions [36].” Following this line of reasoning, 
a comprehensive sustainability assessment approach would require the evaluation of all societal and economic 
practices, values, and attitudes that result from or lead to technological, social, ecological, and political 
innovations [37–40]. Accordingly, a growing number of studies have examined the sustainability transitions 
of socio-technical systems, especially in the areas of sustainable policymaking and planning activities for a low-
carbon future [41–44]. 
 
Before discussing transition theories, it is worth defining socio-technical systems as “a configuration of products, 
processes, services, and infrastructures, regulations, skills, preferences, expectations, and actors (e.g., 
producers, suppliers, policymakers, users) that fulfil societal needs such as energy, food, or mobility provision” 
[41]. Theories of the transition to sustainability are predominantly based on the ways in which system 
innovations (i.e. transitions from an incumbent socio-technical system to a new and more sustainable system) 
occur and how transition interventions can be organized [46].  
Although the literature on sustainability transition theories is increasing2, this paper focuses on the multi-level 
perspective (MLP) developed by Rip and Kemp [47], Geels [36], Geels and Schot [48] and Grin [49]. The MLP is 
one of the most significant analytical frameworks in the field, owing to its flexibility and usefulness in identifying 
transition patterns and factors contributing to inertia in existing systems [17]. In the remainder of this section, 
the conceptual basis of the MLP is explained; following this, some controversial opinions about its application 
are introduced. 
Originally, the MLP was constructed as a multi-dimensional approach fostering ideas from evolutionary 
economics, the sociology of innovation, and neo-institutional theory to understand technological transitions (i.e.  
“technological changes in the way societal functions are fulfilled”) [36]. Later, it was improved to serve as 
a heuristic device for sustainability transition studies [50-52].  
 

                                                                 

2 See, for instance, Bergek et al. [87], Hekkert et al. [88] and Jacobsson and Bergek [89] for the basics of the methodology; 
and Hacking et al. [90], van Welie et al. [91], Sawulski et al. [92], el Bilali [93] and Kushnir et al. [94] for recent case studies. 
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According to the MLP, a socio-technical transition emerges from the interplay between processes at the three 
levels of a nested hierarchy: (i) niche innovations, (ii) socio-technical regimes, and (iii) the exogenous socio-
technical landscape [36]. Niche innovations occur at the micro-level, where path-breaking transitions tend to 
develop and receive nourishment; the niches function as protective spaces that shield innovations from 
mainstream selection pressures. Socio-technical regimes represent the meso level unit and refer to the semi-
coherent set of rules pertaining to different social groups; the socio-technical landscape refers to wider 
technology-external factors. 
 
Existing regimes are pressured by niche innovations and landscape developments, which open so-called windows 
of opportunity for transitions, in general, and sustainability transitions, in particular [53]. However, socio-
technical transitions do not occur overnight; rather, they progress through four developmental stages, which 
may take several decades to complete [54]. The first phase is characterized by experimentation and trial-and-
error learning, with radical niche innovations that gradually build up internal momentum. In the second phase, 
innovations stabilize in one or more market niches, providing a more reliable flow of resources and placing 
pressure on the system and regime. In the third phase, the radical innovations diffuse into mainstream markets. 
Finally, in the fourth phase, the new socio-technical system disrupts the existing system (fully or in part) and 
becomes institutionalized and anchored.  
 
The MLP perspective forms a bridge between evolutionary economics and technology studies. Its strength is 
simultaneously its weakness. It is a fairly complex perspective, requiring much data – often of a qualitative nature 
[36]. Nevertheless, there are some controversial debates about the ontological and epistemological perspectives 
via critical realism [17,41]. Critics claim that an understanding of why certain developments happen requires 
examination of the relational interplay between the multiple structural factors relevant to the specific 
conjuncture. To understand whether a sustainability transition will occur or not, it is vital to assess both 
landscape pressure and niche readiness, as the first destabilizes the incumbent regime and the second provides 
a viable alternative [15]. However, the MLP approach does not provide an exact solution to such problems. 
 
Another important critique states that transition studies do not necessarily indicate sustainability outcomes 
or impacts. Assuming that “green” innovations are intrinsically positive, their degree of sustainability 
improvement is not determined. Geels accepts that the outcomes of impact assessments are often determined 
by the interpretations of life-cycle analysts or modellers [54]. In the authors’ view, this affirmation clearly states 
that the implementation of transition theories must be supported by complementary evaluation tools. This need 
becomes all the more relevant when considering complex transitions such as the transition from a linear 
to a circular model. In this case, multiple technologies are simultaneously involved, in both complementary and 
substitute ways. At the same time, behavioural changes are required for the transition to be effective. In order 
to assess what is truly circular and sustainable (in terms of both production and consumption), specific tools and 
metrics are needed to reduce the risk of greenwashing or – worse – a transition to unsustainability. A brief history 
of circularity measurement studies and a closer look at some of the recently developed tools for measuring 
circularity are presented in the following section. 
 
Tools for measuring the CE 
LCA is classified as a unique environmental management framework for sustainable decision-making [55]. As the 
popularity of the LCA methodology has increased, its potential as a tool to assess circularity has become a matter 
of debate among practitioners. In their recent publication, Corona et al. provided a comprehensive review of the 
most used frameworks to assess the circularity of products and services [56]. They indicated that the LCA was 
the most used framework amongst the seven measurement indices, nine assessment indicators, and three 
assessment frameworks they considered, and concluded that the LCA is a potentially useful tool for measuring 
circularity. Furthermore, Lokesh et al. reported an interesting example of how the LCA can serve as a hybridized 
sustainability metric of circularity [57]. They combined resource efficiency indicators from LCA applications with 
green chemistry metrics and principles to bridge gaps for both bio-based and fossil-based products.  
Despite its great potential, the LCA has limitations that directly affect the quality of its assessment. In particular,  
 
LCA results are difficult to map onto social and economic impacts, as Reap indicated in an extensive two-part 
review [58,59]. Although Bjørn et al. suggested that LCA indicators could be improved by translating midpoint 
indicator scores to absolute environmental sustainability indicators, taking carrying capacity as a reference, 
sustainability assessment studies still require a more comprehensive perspective [32].  
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In addition to enhancing the potential applications of LCA, researchers have also aimed at supporting it with 
other tools to broaden its perspective to include economic and social (in addition to environmental) aspects 
of sustainability [60,61]. This challenge has been taken up by a growing number of scholars, analysts, and 
policymakers, who have proposed decision-making tools such as multi-criteria decision analysis (MCDA) and cost-
benefit analysis (CBA) [62–68]. Furthermore, a number of sustainability assessment studies have applied multi-
pillar analysis, evaluating economic and social aspects as well as environmental factors [69–72].  
 
Several researchers have combined different sustainability evaluation tools to affect a broader perspective, 
in line with the concept of circularity. For example, Niero and Kalbar proposed the combination of different 
circularity and LCA-based indicators to measure CE performance at macro, meso, and micro levels, via MCDA 
[73]. This indicated a novel approach to assessing circularity at a product level, drawing on CE and eco-efficiency 
perspectives. Thus, the study provided a significant contribution to the literature, in terms of both its evaluation 
of suitable metrics and its proposed framework for assessing product circularity.  
 
Numerous evaluation tools and metrics have been reported in the literature. In particular, Elia et al. compared 
index-based methodologies in macro, meso, and micro levels to assess the capacity of certain environmental 
assessment tools to satisfy CE requirements [74]. Mesa et al. referenced sustainability measurement in the 
product development process and existing indicators for the CE [75]. Finally, in their extensive study, 
Parchomenko et al. identified and assessed 63 circular economy metrics and approaches [76]. Overall, these 
three papers (appeared on the Journal of Cleaner Production over the period 2017-2019) provide a rather 
comprehensive overview of the theoretical and empirical debate around indicators and tools developed to assess 
sustainability at various levels (both geographical and technological) with different aspects of the CE.  
 
In light of the increasing number of evaluation tools, the need for a standardized methodology to measure 
circularity has become evident. The BS 8001:2017 was the world’s first CE standard, developed to “help 
organizations and individuals consider and implement more circular and sustainable practices within their 
businesses, whether through improved ways of working, providing more circular products and services 
or redesigning their entire business model and value proposition” [19]. Following this, the European Commission 
introduced the first of two CE design protocols (EN45558 and EN45559), constituting a framework for standards 
for “material efficiency that would establish future ecodesign requirements on, amongst others, durability, 
reparability, and recyclability of products” [20,21]. The most recent development by the European Commission 
was the action plan introduced on March 11, 2020. This plan proposed a roadmap for making the EU economy 
sustainable, with the aim of “turning climate and environmental challenges into opportunities across all policy 
areas and making the transition just and inclusive for all [22].” The framework is expected to boost the efficient 
use of resources by promoting clean CE, restoring biodiversity, and reducing pollution. While the number 
of metrics introduced in the literature has steadily increased, no consensus has been reached among 
practitioners as to which metric is superior. In the remainder of this section, three evaluation tools that the 
authors hold to offer practical potential are examined in further detail. 
 
The Circularity Indicators Project, proposed by the Ellen MacArthur Foundation in collaboration with Granta 
Design and financially supported by the EU, represented the first attempt to standardize the methodology [23]. 
The goal of the project was to develop a measurement system to assess the circularity of products 
and companies, using the material circularity indicator (MCI). The MCI shares some commonalities with LCA 
methodologies, such that most of the inventory data required for the LCA are also required for the MCI, and the 
complementary impact indicators may be derived from an LCA approach. Nonetheless, the difference between 
these methodologies rests on their scope: the LCA considers the entire product life cycle, whereas the MCI 
focuses on the material flow in the use phase, only. The MCI had a pioneering role as the first model to assess 
circularity at both a product and a company level (the company level MCI is calculated as a weighted average 
of all product level MCIs). However, it focuses exclusively on technical cycles and materials from non-renewable 
sources, providing very limited insight into consumption products. Thus, a better understanding is required 
to assess all dimensions of circularity. 
 
The Italian multinational energy company Enel recently developed a tool to assess circularity, known as the 
CirculAbility model [25]. This model is based on a set of key performance indicators (KPIs) used to measure, 
compare, and improve circularity in the context of the CE. The goal is to combine a number of KPIs to define 
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a single circularity index covering all circularity parameters of the studied product or project. The tool can be 
used to measure circularity at a company and/or product level. The model covers all pillars of the CE, via two 
indicators: flow circularity and usage circularity. Flow circularity considers sustainable inputs and end-of-life 
activities for materials and energy. Usage circularity, in contrast, pertains to life extension, sharing, and products 
as service activities. The report published by Enel explains the empirical basis of the application procedure; 
however, it does not provide adequate detail on the limitations of the model. The documentation should be 
improved to give practitioners a clearer idea of how to use CirculAbility to evaluate circularity.  
 
To achieve a comprehensive analysis, the material circularity indicator methodology may be enhanced by the 
introduction of consumption products. To this end, a new tool, Circulytics, was recently proposed by the Ellen 
MacArthur Foundation, in collaboration with various global partners and CE100 member organizations [24]. 
The tool is useful for measuring both product and company circularity scores. To produce an overall circularity 
score (i.e. a Circulytics score), a three-step weighting methodology is applied, starting with sustainability 
indicators. First, a number of indicators (specific to the studied case) are selected and used to calculate 
a weighted average for each of seven key themes: (i) strategy and planning; (ii) people and skills; (iii) systems, 
processes and infrastructure; (iv) innovation; (v) external engagement; (vi) inputs; and (vii) outputs. Similarly, 
the second step calculates another weighted average for two category-level scores: enablers and outcomes. 
Finally, the third step produces a single representative Circulytics score. Although the methodology has some 
limitations (such as a limited number of indicators to model the entire mechanism and uncertainties related 
to the normalization and weighting methods applied), it holds significant potential to assist companies in their 
transition to the CE. Moreover, the tool has the advantage of acting as an industrial benchmark over the long 
term, as an increasing number of companies from different industries are adopting the proposed methodology 
to measure their circularity. 
 
The Impacts of CE on Different Sustainability Issues  
The CE approach aims at achieving a continuous, fair, and effective economic system, guaranteed through the 
sustainable use of finite resources; in other words, it recognises both the presence of ecological limits and 
ecosystem constraints and the need of reducing waste and emissions due to human activities [77-79]. It is also 
stated in the EMF report that the CE functions as a value-creation mechanism to “(i) preserve and enhance 
natural capital by controlling finite stocks and balancing renewable resource flows; (ii) optimize resource yields 
by circulating products, components, and materials at the highest utility at all times in both technical and 
biological cycles; and (iii) foster system effectiveness by revealing and designing out negative externalities” [80]. 
In this respect, the CE has significant impacts on various dimensions of the economic system, offering promising 
solutions to the problems associated with linear production and consumption behaviours.  
 
Since the CE is an umbrella concept, it is not always possible to draw clear lines between different dimensions 
of sustainability in the application of CE principles. For example, both economic and environmental impacts are 
simultaneously improved when resources are used efficiently and the environmental impacts - associated with 
material extraction and processing, product manufacture, use, and end-of-life activities - decrease. Thus, the CE 
offers a strategy to decouple resource use and environmental impact from economic growth – even though no 
conclusive evidence is proposed so far about how the CE fulfils this mission [77]. Some other authors also argue 
that the CE concept represents a ‘welcome novelty’ because it demonstrates that the linear economy is not 
sustainable and, at the same time, a ‘worrisome novelty’ because it does not seriously engage with 
a comprehensive understanding of the biophysical roots of the economic process [81].  
 
However, there is a consensus on the idea that "the transition to a more circular economy requires changes 
throughout value chains, from product design to new business and market models, from new ways of turning 
waste into a resource to new modes of consumer behaviour. This implies full systemic change and innovation 
not only in technologies but also in organization, society, finance methods, and policies" [82]. As influential actors 
of the value chain, retailers have a special role in linking producers/suppliers and consumers. On the one hand, 
they exert pressure on their suppliers to shift to more sustainable business models while also encouraging 
changes in consumer behaviour, so as to make positive contributions to the environment and society as a whole  
[83,84]. Large retailers such as Tesco, Walmart, and Carrefour are increasingly presenting themselves 
as sustainability drivers that care for the environment, support local communities, provide healthy options 
to customers, purchase and sell products responsibly, and create jobs; i.e. they promote a CE model in an overall 
sense. Several studies mention that market driving companies (e.g. IKEA, Southwest Airlines, and Starbucks, 
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Swatch, Amazon.com, Dell, FedEx, H&M) create a positive public perception and dominate the sector they belong 
to, by integrating CE principles into their agendas [83,85].  
 
Conclusions 
This paper addresses the transition from a linear to a circular model, required to meet global challenges 
pertaining to sustainability. Specifically, it argues that the linear strategy, that has long been applied to increase 
efficiency by reducing the use of materials and energy in a cradle to grave fashion, has proven inadequate 
to effectively tackle sustainability problems, due to a lack of attention to economic and social aspects. 
A paradigm shift is therefore required to ensure that materials and energy are used more efficiently through 
innovations (implemented as early as possible in the design phase) to create a closed-loop system. Thus, the 
cradle to grave approach must be replaced by a holistic cradle-to-cradle approach, which is an idealized pattern 
for sustainability requiring support from driving tools such as the CE.  
The transition to sustainability “must be a qualitative shift, where the new system has qualitatively different 
emergent properties” [17]. For this to occur, in line with the MLP, combined pressure from the macro-level (i.e. 
the landscape on which the vision for a new resource-efficient system is shaped and nurtured) and the micro-
level (i.e. the niches in which innovations are developed and allowed to mature in a protected space) must be 
exerted on the incumbent regime (i.e. the dominant linear model of production).  
 
However, not all changes may point in the right direction, and the current lack of metrics to measure circularity 
may pose a serious hurdle to effective deployment of the new circular economic model. To address this 
challenge, existing indicators were reviewed and their limitations were noted. The authors hope this work will 
provide solid ground for the further development of metrics and indicators and pave the way to a truly 
sustainable transition towards a CE. 
 
This shift from linearity to circularity is all more relevant having in mind the COVID-19 crisis, as it holds 
a significant number of economically attractive answers to the current situation. For example, the fragility 
of many global supply chains, seen in response to the need for medical equipment, opened the debate on the 
need for stock availability and short supply chains to increase systemic resilience. Another important domain is 
the highly sensitive area of centralized food production and the related long-distance transport via supply chains. 
Some cities faced problems with food supply during lockdowns and the need for shorter producer-to-consumer 
models emerged. Some specific measures have already been taken about mobility and transport, i.e. giving more 
space to pedestrians and cyclists and also limiting the speed of motor vehicles across the city. Therefore, the CE 
solutions can find the chance to become the mainstream in such a dynamic environment, combining economic 
regeneration, better societal outcomes, and climate targets [86].  
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Abstract 
The Farm-to-Fork strategy, launched in May 2020, is the first attempt at a European-wide approach to food 
systems of this scale. The strategy sets ambitious targets and aims to create a ‘fair, healthy, and environmentally 
friendly food system’. Yet, within the bounds of its own regulatory and legislative context (including the Green 
Deal, the Circular Economy Action Plan and the new Biodiversity Strategy 2030), the strategy falls short 
of recognizing key links in and between the food system. This review posits that the strategy and its targets 
do not adequately consider the importance of transforming agricultural practices for environmental outcomes; 
of agricultural practices for nutrition outcomes; nor the links between how we value nutrition along the supply 
chain, from farm to fork.  
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Introduction 
The Farm-to-Fork (F2F) strategy, launched on the 20th May 2020 is a first attempt at a European-wide approach 
to food systems [1]. The F2F strategy makes bold commitments and outlines actions to accelerate the 
achievement of a sustainable food system across Europe. The urgency of implementing the EU’s vision for 
sustainable, resilient food systems was clear even in the earliest stages of the COVID crisis, which highlighted 
challenges and risks relating to food safety, traceability, and availability. The F2F strategy is encapsulated in the 
wider European Green Deal [2], launched in December 2019.  
 
The European Green Deal is a roadmap to guide Europe towards becoming ‘the first climate-neutral continent’ 
– an ambition that is only conceivable thanks to the cross-border agreements facilitated by the Union’s common 
institutions. The Green Deal has three main objectives for a new growth strategy: zero emissions of GHG by 2050; 
decoupling economic growth from resource use; and leaving no person nor place behind. It sends a strong and 
clear message: the EU is on the path to transforming its economic and commercial landscapes. However, the 
Green Deal cannot be achieved without the implementation of several interconnected strategies including the 
new Circular Economy Action Plan [3], Biodiversity Strategy 2030 [4], and the F2F strategy.  
 
The F2F strategy’s aim ‘for a fair, healthy and environmentally-friendly food system’ through an approach that 
renews ‘how Europeans value food sustainability’, can be unpacked by considering concepts of food system, food 
and nutrition security, interdependence and value.  
The FAO (2018) defines a food system as one encompassing:  
 

“the entire range of actors and their interlinked value-adding activities involved in the production, 
aggregation, processing, distribution, consumption and disposal of food products that originate from 
agriculture, forestry or fisheries, and parts of the broader economic, societal and natural environments 
in which they are embedded” [5].  
 

Until this year, the commonly accepted conceptualisation of food and nutrition security encompassed just four 
components: availability, access, utilisation, and stability. On the 25th June 2020, the High Level Panel of Experts1 
(HLPE) produced their 15th report on food security and nutrition for the Committee on World Food Security [6]. 
In this report, two components were added to the concept of food security: agency and sustainability.  

                                                                 
1 The High Level Panel of Experts on Food Security and Nutrition, a science-policy interface of the UN Committee on World 

Food Security (CFS), was created in October 2009 as an essential element of the CFS reform.  
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Agency: capacity of individuals or groups to make their own decisions about what foods they eat, what 
foods they produce, how that food is produced, processed and distributed within food systems, and 
their ability to engage in processes that shape food system policies and governance.  

 
Sustainability: long-term ability of food systems to provide food security and nutrition in a way that 
does not compromise the economic, social and environmental bases that generate food security and 
nutrition for future generations. 

 
These additional concepts, along with the FAO (2018) definition of a food system and its interlinkages, provide 
space for considering the intricate interdependencies between the food system’s components; and emphasise 
the need for policies that appreciate the interconnectedness of different systems and sectors to achieve 
‘regenerative, productive and resilient food systems’. Further, the definition of ‘agency’ acknowledges 
individuals as citizens (e.g. recognising a group’s agency), rather than as consumers only, thus providing space 
for interdependencies at structural, spatial, and temporal levels to be considered (e.g. future generation’s 
welfare) [7].  
 
Further, the HLPE report highlights the need for a rights-based approach to underpin this framework, and ‘widen 
our understanding of food security and to adopt a food systems framework’. Action Aid (2019) argue that a just 
transition must include a food system that not only benefits ‘nature and the climate but also ensures the right 
to food for all’ [8]. The F2F suggests alignment with these concepts in its aim for a ‘fair’ system to be achieved 
through a ‘just transition’. 
  
Although the strategy represents a starting point – a roadmap for future legislation – its vision will define the 
outcomes and thus the F2F aim to renew ‘how Europeans value food systems’ is crucial. Indeed, the fundamental 
values associated with food systems will influence the approach and methods chosen, which ‘define the logic 
of the appraisal process and influence the output’ [7]. Meaning, if the value of sustainability is measured within 
a market based approach then the tendency will be to measure value based on individual preference, 
as a consumer. On the other hand, a justice-driven approach will tend to consider value from the perspective 
of an individual’s values as part of a community, or as a citizen [7]. The former focusses on improved efficiency, 
technological innovation, free trade, and pricing mechanisms, whereas the latter provides space for 
interdependencies [9, 10]. 
For policy makers, such interdependence can mean facing the fragile balance of trade-offs between differing 
structural and temporal objectives, such as between short-term agricultural development or long-term 
environmental preservation, or competition for the use of natural resources. Further, interdependence means 
decisions made by one agent can affect another’s choices, which can lead to conflict over the use of natural 
resources [7, 11]. Yet, an efficient sustainable food system needs policy coherence across these different 
objectives (including health and agriculture) [12], as fragmented governance can lead to policy inertia and 
threaten progress [6]. Further, Benton & Baily (2019) argue that a sustainable food system is one that reframes 
efficiency so that it means food systems deliver profits, healthy diets, and a healthy planet, rather than trade, 
yield (increasing), and price (decreasing) policies [13]. 
 
In theory, the F2F strategy aligns with these concepts and approaches to achieving a ‘fair, healthy, and 
environmentally-friendly food system’, but the depth of the systems approach is unclear. It recognises the need 
to ensure ‘agency’ of individuals through initiatives to empower individuals (referred to interchangeably 
as consumers and citizens) and aims for a ‘just transition’. Yet the inter-linkages between the stages and 
components of the food system are not always explicit.  
This article aims to gain further insight into the F2F strategy by providing an overview of the strategy and its 
intended and potential environmental, social, economic and policy impacts. Then, in the context of the above 
conceptualisation of an efficient, coherent and sustainable food system, section II considers F2F’s approach to 
agriculture and nutrition. Specifically, the article considers how these components of the food system might be 
redesigned to align with the new conceptualisation of food security.  
 
Methods  
This article was informed by a review of grey literature, including key policy documents and data relating to the 
European Green Deal, namely the F2F strategy, the Action Plans for the Circular Economy 2015 and 2020, and 
the Biodiversity Strategy 2030. Analyses were based on three main frameworks. First, as described in the 
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introduction, the analyses relies on the new Sustainable Food System Framework developed in the HLPE’s 15th 
report Food security and nutrition: building a global narrative towards 2030. Second, the FAO framework for 
sustainable food systems [5] was the foundation for the critical analysis of the F2F approach. This definition 
allows for the interlinkages between the food systems various components to be considered at policy level. Third, 
based on concepts of policy coherence for development – for which the EU is the only region in the world to have 
a legal commitment in this regard, enshrined in the Treaty on the Functioning of the European Union – which 
can be considered achieved when policy actions across sectors and stakeholders are actively aligned towards 
meeting agreed objectives [12]. 
 
To inform trend analyses, data were sourced from the Eurostat database: 
(https://ec.europa.eu/eurostat/data/database). Latest available data were used where possible. Because the EU 
is an aggregate of countries yet is not static (e.g. expansion or withdrawal of members), some datasets 
retroactively apply a constant membership definition (and are hence subject to revision) but others describe 
a different population at different times. This leads to the ‘EU Changing Composition’ aggregation. Because not 
all data is aggregated for the newly composed EU (EU27, excluding the UK), for consistency, the EU Changing 
 
Composition aggregation (as of June 2020) was used throughout. For Figure 1 data were used from 2005 only 
due to missing data for some years (2001 and 2004). Simple linear trend analyses, data was extrapolated 
to understand Business as Usual (BAU) and F2F target trajectories towards 2030. For Table 2, data were sourced 
from the 2016 report by the European Community Supported Agriculture (CSA) Research Group: Overview 
of Community Supported Agriculture in Europe.  
 
The data used for Map 1 are sourced from Eurostat and based on the indicator ‘overweight’. The indicator 
reflects the share of overweight within the population based on their body mass index (BMI). BMI is defined as 
the weight in kilos divided by the square of the height in meters. People aged 18 years or over are considered 
obese with a BMI equal or greater than 30. Other categories are: underweight (BMI less than 18.5), normal 
weight (BMI between 18.5 and less than 25), and pre-obese (BMI between 25 and less than 30). The category 
overweight (BMI equal or greater than 25) combines the two categories pre-obese and obese. 
  
Map 2 data were sourced from Eurostat based on the indicator ‘estimated soil erosion by water - % of area 
affected by severe erosion rate’. The indicator, expressed as a percentage of the total non-artificial erosive area 
in the country, estimates the soil loss by water erosion processes (rain splash, sheetwash and rills) and gives an 
indication of the area under risk of being affected by a certain rate of soil erosion (severe soil loss, E > 10 
tonnes/hectare/year). Where there is no area of land that is in risk of being subject to soil erosion by water 
of more than 10 tonnes per hectare, a country will have a zero value. Soil erosion may still be occurring in areas 
of those countries, but at a rate of less than 10 tonnes per hectare. 
 
Limitations  
Missing data limited the potential for historic trends, and of a comprehensive comparative analysis (e.g. number 
of CSAs in member states). Further, the indicators used to establish levels of overweight, or environmental 
degradation are useful as proxies only, and only reflect a small slice of the nutritional or planetary health stories.  
 
I. Overview 

a. An ambitious opportunity  
The F2F strategy is a first attempt at developing a European-wide approach to creating sustainable food systems, 
which in itself is ambitious considering the diversity of institutional, geographic and demographic contexts across 
the EU member states. It allows 27 countries to act collectively and in harmony towards a ‘fair, healthy, and 
environmentally-friendly food system’ based on three main components:  

1. Building the food chain that works for consumers, producers, climate and the environment  
2. Enabling the transition  
3. Promoting the global transition  

The EU is uniquely positioned to leverage its institutional capacity to support progress towards sustainable food 
systems. Although other regional powers exist (e.g. APEC, ASEAN, EAEU, MERCOSUR, etc.) these tend to be  
concentrated on trade and economics and lack the common institutional foundation and frameworks within 
which the European Union operates. The EU institutions provide a judicial system to hold members accountable, 
and a space to harmonise decisions across member states. This is crucial for decisions relating to environmental 
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challenges, as each country’s boundaries do not reflect the boundaries of the ecosystems within which they 
operate.  
Further, the EU provides a space for shared knowledge, and collaborate in cross-country research and 
development. F2F promises to continue in this line, identifying Research and Innovation as ‘key drivers’ 
in accelerating a just transition to sustainable food systems, with EUR1 billion to be spent this year for the Green 
Deal priorities under Horizon 2020. Horizon 2020 was the EU’s largest research and innovation programme 
to date, with around EUR 80 billion available every seven years to support the implementation of the Innovation 
Union [14], representing roughly 27% of total EU funding for R&D over a seven year period (see appendix 2). 
Between 2014 and 2016, 65% of these financial contributions were related to sustainability (surpassing its 60% 
target) and 28% were related to climate challenges (falling short of its 35% target) [15]. Horizon Europe (H2020’s 
successor) proposes to spend EUR 10 billion on sectors relating to food systems, such as the bioeconomy and 
nature-based solutions to agri-food, representing 10% of Horizon Europe’s budget until 2027 [16].  
 
The strategy addresses sensitive issues, clearly acknowledging the risks and concerns expressed by the Union’s 
citizens. For example, it acknowledges - without vilifying – the specific role of retailers and processers, and 
marketing, namely in influencing consumer’s dietary choices and the shaping of the food supply chain. Further, 
when the potential for biotechnology (including GMOs) is raised, the Commission is quick to add that these may 
play a role only if they are ‘safe for consumers and the environment while bringing benefits for society 
as a whole’.  
 
The strategy’s targets are ambitious, particularly considering the current trends and trajectories. These include 
to:  

 reduce the overall use and risk of chemical pesticides by 50% and the use of more hazardous pesticides 
by 50% by 2030.  

 enhance provisions on integrated pest management and promote greater use of safe alternative ways 
of protecting harvests from pests and diseases.  

 reduce nutrient losses by at least 50%, while ensuring that there is no deterioration in soil fertility, with 
a view to reducing the use of fertilisers by at least 20% by 2030. 

 achieve at least 25% of the EU’s agricultural land under organic farming by 2030  
 revise animal welfare legislation  

 
The ambitious nature of these targets can be exemplified by the fact that the EU would need to increase by 
nearly 2.5 times its current rate of growth to achieve the target of 25% of agricultural land under organic farming. 
 
Figure 1 below shows the EU’s trend in a business as usual approach vs the trajectory required to achieve the 
target. In the BAU scenario, just 10.3% of EU agricultural land would be under organic production by 2030. This 
target prompts member states to double the speed of growth from 5% between 2005 and 2018 to an 11% annual 
growth rate between now and 2030, to reach the 25% F2F target (see appendix 1). 
 

 
Fig. 1. Trend in agricultural land under organic farming in the EU 28 (2000 – 2030). Source: Eurostat and author’s 
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b. Impact 
Globally, estimates suggest that moving towards sustainable food and agriculture systems could generate new 
economic value of more than EUR 1.8 trillion [17]. The agriculture, construction, and the food and drinks sectors 
in Europe - all highly dependent on nature - generate more than EUR 7 trillion per year. At the same time, in the 
EU, as of 2017, 950,000 deaths were associated with unhealthy diets [18]. Through F2F, the EU aims to leverage 
the economic potential of a transition towards more sustainable systems and reduce the health costs associated 
with unhealthy diets. The EU specifically promises the following impact:  
 

Table 1. Economic, social, and environmental impacts of the Farm to Fork strategy. Source: European Commission Farm 
to Fork Strategy  

 

Economic and social impact for farmers [19] Economic impact of biodiversity [20] 

  Higher returns for farmers and food producers 
by linking sustainable production methods to 
premium consumer demand  

 A stronger role in the supply chain 

 New business opportunities (e.g. plant protein 
sector or bioeconomy) 

 Lower costs through higher productivity and 
reduced inputs, led by innovation, technological 
and digital solutions.  

 Stronger connection with consumers 

 Additional export opportunities through new 
global markets 

 

 Increased annual profits of the seafood industry 
by more than €49 billion by conserving marine 
stocks  

 Save the insurance industry around €50 billion 
annually through reducing flood damage losses 
by protecting coastal wetlands  

 Increased employment through directly and 
indirectly related jobs 

 

 
These intended impacts align with the F2F and HLPE’s objectives, particularly in increasing farmers’ agency by 
ensuring a ‘stronger role’ and bargaining power in the supply chain. However, the stated impacts are largely 
focussed on the short-term goals and maintains a focus on ‘lower costs through higher productivity’ to be driven 
by technological solutions. Further, the concept of longer-term goals is limited to ensuring the EU’s competitive 
capacity in transitioning and building resilience to future pandemics and diseases. Thus, the F2F strategy diverges 
from the concept of sustainability by overemphasising short-term economic goals.  
 
Transitioning to a food systems approach will also have an impact on national policymaking approaches, 
as policymakers will need to collaborate with stakeholders from a variety of backgrounds and across different 
institutional levels. The HPLE report 2020 identify four key policy shifts required to achieve sustainable food 
systems:  
 

1. Recognise the need for radical transformation of food systems 
2. View food and nutrition security as a system interconnected with other systems and sectors  
3. Focus on hunger and all forms of malnutrition 
4. Recognise food and nutrition security as context specific and requiring diverse solutions.  

 
The report also emphasises the importance of coherent governance and research, including investing in public 
research. This can mean creating inter-governmental working groups or committees and engaging 
in participatory planning processes. The Dutch government, for example, is leading the way by institutionalising 
this systemic approach in their Ministry of agriculture, nature, and food quality, which is currently experimenting 
with ‘circularity in agricultural production’ [21]. Further data relating to the needs of individuals and communities 
and the environmental context, need to be created or improved upon, particularly for transparency purposes. 
Specifically, as outlined in the F2F strategy, spatial data can play a key role in informing effective decisions for 
agricultural production. Aligning with global standards and agreements, such as incorporating the UN’s SEEA into 
national accounting systems can also help leverage momentum and garner political support and investment. 
Policy makers will also need to consider programmes and initiatives that encourage systemic, transformative 
(albeit incremental) shifts. Introducing or strengthening the right to food at national level may provide the basis 
for this transformational shift and needs to be enshrined in national legislation. The rights-based approach, for  
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example, might mean providing nature with rights of its own, both legislatively and/or in institutional decision-
making processes [22]. 
 
Further, in dealing with an EU-wide approach, the importance of context-specific solutions is clear in the differing 
needs, legislative set-ups, and ecoregion types across the member states. For example, supporting shorter food 
supply chains would look quite different depending on the country context. The table below highlights the 
significant range in terms of the number of ‘community supported agriculture’ (CSA) groups across 21 countries 
in Europe. CSA is defined as “a direct partnership between a group of consumers and producer(s) whereby the 
risks, responsibilities and rewards of farming activities are shared through long-term agreements. Generally 
operating on a small and local scale, CSA aims at providing quality food produced in an agroecological way.” It 
is considered as one way of categorising local food markets by the European Parliamentary Research Service. 
Countries such as Serbia, Ireland and Greece may need policies to support awareness and behavioural change 
whereas places like France and Belgium may benefit from policies that support broader access through improved 
infrastructure.  
 

Table 2. Number of local food markets in 21 European cities. Source: European CSA Research Group (2016): Overview 
of Community Supported Agriculture in Europe, available online: https://www.accesstoland.eu/IMG/pdf/overview-of-

community-supported-agriculture-in-europe-f.pdf 
 

Country  Number of CSA groups Country  Number of CSA groups 

1. France 2000 12. Croatia 20 

2. Belgium  138 13. Romania  15 

3. Italy  104 14. Hungary  12 

4. Germany 92 15. Sweden 12 

5. United Kingdom 80 16. Finland  10 

6. Spain 75 17. Slovakia  10 

7. Switzerland 60 18. Poland 8 

8. Netherlands 47 19. Greece  7 

9. Norway 35 20. Ireland  7 

10. Austria  26 21. Serbia 2 

11. Czech Republic 23   
 

The same applies for nutrition-related policies where the percentage of population overweight, for example, 
varies significantly from one country to the next as shown in Map 1, below. Map 2 further highlights this point 
by showing the diversity in terms of soil erosion across EU member states, which should influence agricultural 
and environmental policies in each country.  

 
Map 1. Percentage of overweight adults across EU member 

States. Source: Eurostat, % of population aged 18 or over, 2017 
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Map 2. Percentage of soil erosion by water pf total non-artificial erosive area. 

 Source: Eurostat, % of area affected by severe erosion rate 
 

Finally, for an efficient sustainable food system, policy coherence needs to be applied across different sectors 
(including nutrition and agriculture). Hawkes (2017) [12] argues that to create policy coherence, the question 
‘coherence for what?’ must be answered. In this case, the response is: a fair, healthy, and environmentally 
friendly food system. Benton & Baily (2019) argue that a sustainable food system is one that reframes efficiency; 
and develops policies that aim for food systems to deliver profits, healthy diets, and a healthy planet, rather than 
trade, yield (increasing), and price (decreasing) policies [13]. Further, the new Circular Economy Action Plan 
focusses on ‘eco-design’, highlighting that 80% of environmental impacts are determined at the design phase, 
underlining the importance of considering sustainability and health outcomes in the earliest stages of the system 
in question [3].  
 
Based on these intended impacts and the four key policy shifts required, and in line with a just transition, 
the following section explores in greater detail what these transformations might look like for two components 
of the food system: agriculture and nutrition.  
 
II.  ‘Redesigning’ agriculture for nature and nutrition  

 
Making food production sustainable means moving beyond current agricultural practices to transformative 
practices that consider long-term changes and future generations. The F2F strategy proposes solutions focussed 
on reducing carbon emissions and increasing yields, rather than systemic alternatives that encompass broader 
goals such as ecosystem health. A sustainable approach to ‘designing’ healthy and environmentally sound food 
might start at the agricultural production stage. This would need to consider what food is being produced and 
how it is being produced to achieve both environmental and nutrition objectives. In this approach, agriculture 
can be considered as part of the landscape, an activity that is ‘growing nature’ [23], that produces nutritious food 
and allows biodiversity to thrive, rather than treating nature as an asset only. This requires a shift in how we 
think about agriculture and its primary stakeholders (farmers). Together, these considerations would align with 
a food system that comprehensively bolster agency and sustainability.  
Similarly, useful and necessary measures to help consumers navigate a confusing food landscape are outlined 
in the F2F strategy but the strategy focusses more on the consumption side of nutrition and good health than 
it does on the production or design stage. The F2F strategy aims to empower consumers to make informed 
decisions for healthy diets, to support accountability, avoid greenwashing and tackle food fraud. Measures 
include a harmonised and mandatory ‘front-of pack’ labelling (e.g. on nutrition and environment, and potentially 
animal welfare); and engaging with the private sector to seek commitment to reformulate food products in line 
with healthy and sustainable diets, and to adapt marketing and advertising strategies to consider the needs 
of the most vulnerable. This is the first time such comprehensive measures will be taken at a regional scale and  
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will significantly increase a consumer’s agency. But failing to consider agriculture in the ‘design’ stage of the food 
system for nutrition and health, limits the individual’s agency for example to consider the food system in terms 
of how food is produced and processed, in line with the objectives of empowering citizens and bolstering their 
agency. Finally, it’s important to note that for a just transition, the burden of change should not be 
disproportionately be placed on the consumer which may happen if policies overemphasise efforts relating to the 
consumption component of the food system.  
 
The following sections consider what it might mean to ‘design’ sustainable food systems, from measurements 
to practices and research to processing in the F2F context. 
 

a. Agricultural productivity, nature as a stakeholder, and farmers as custodians 
One way of ‘redesigning’ agricultural production is by re-evaluating the way we measure and value the 
components of the food system and its stakeholders.  
First, rather than measuring agricultural productivity in terms of yield outputs, measurements could focus on 
system productivity, valuing public health and sustainability over availability of cheap and large amounts of food. 
Agricultural productivity is currently measured largely based on yield output and trade factors. Benton and Bailey 
(2019) [13] highlight the inefficiency of current food systems by estimating efficiency levels of - at most - 41% 
(on an energy basis) efficient if the efficiency is based on the amount of food grown to feed people. They outline 
how the current understanding of efficient agricultural systems are at odds with today’s reality and point to the 
‘paradox of productivity’ in the rising waste at every step of the value chain, the public health impacts and 
environmental degradation of our current food systems. Indeed, the agricultural production stage of the food 
process produces 9 million tons of food waste on farms (i.e. food loss) [24].Thus, the authors propose moving 
away from the classic Total Factor Productivity (TFP) measurement of efficient food production, based on labour, 
capital, land and chemicals to consider the Total System Productivity (TSP). They do this by building off the 
concept of ‘Total Resource Productivity’, which includes natural capital, and further capture healthcare costs 
associated with agriculture, such as air pollution or dietary-related ill health and waste-disposal costs. Further, 
rather than measuring yield as a primary output measure productivity would be measured based on the number 
of people undernourished. This approach aligns with the EU’s aim to ‘renew’ how Europeans value food 
sustainability and systems, yet such transformation is absent from the F2F strategy. 
Second, another way of shifting the paradigm towards agriculture practices based on the needs and context of its 
ecosystem, is to consider nature as a stakeholder with rights of its own [22]. This requires rethinking how 
we value the environment, going beyond the perception of nature as a set of distinct and separate “goods and 
services”. Reducing nature to a fragmented set of privatised and monetised commodities considers nature 
as something to consume rather than considering key spiritual, cultural, or social values which constitute the 
fabric of societies across the world. The World Wildlife Fund 2016 Report promotes progress made by the by the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services in reconsidering how 
we value nature which ‘takes valuing nature beyond simply assigning a dollar figure and recognizes other 
knowledge systems, for example those of local communities and indigenous peoples’ [25]. The EU has already 
pioneered in the sphere: in October 2017, for the first time, the rights of nature were institutionalised at regional 
level, when the EU Economic and Social Committee (EESC) voted to adopt Opinion Nat/712. However, individual 
countries around the world have gone even further, recognising these rights in the constitution (e.g. Ecuador 
in 2008), and providing legal guardians to represent nature. Although challenges would arise from the varying 
institutional and legislative contexts across member states, taking this approach has the potential to expedite 
the EU’s leadership in terms of transformative action for sustainable systems.  
 
Third, the F2F strategy states that farming practices that ‘remove CO2 from the atmosphere contribute to the 
climate neutrality objective and should be rewarded’ - a good indication for farmers wanting to transition 
towards more sustainable practices. There are several strong elements in the strategy pointing to support for 
farmers and fishers, and on the essential nature of their work. In line with the idea of a just transition, supportive 
language is used through the document, namely to ‘guarantee a decent income allowing them [farmers] to 
provide for their families and withstand crises of all kinds’, to improve targeting of income support based on 
needs and outcomes, and to increase farmers’ bargaining power by helping farmers and fishers to ‘strengthen 
their position in the supply chain’. At the same time, F2F calls on farmers to ‘transform production methods more 
quickly’ and make best use of nature-based solutions and technological solutions. However, whilst support for 
reduced emissions is made clear, support for ‘transforming’ production methods is not made explicit. Further, 
the ‘farmer’  
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is framed as being a producer of food only, rather than a custodian of nature. Although it is worth noting, at the 
strategy launch press conference, Timmerman lauded farmers and fishers as ‘stewards’ of our land and sea. Yet, 
farmers can support healthy soil, enhance biodiversity, wildlife, and provide nutritious and safe food. This is an 
essential and highly important role in society and support offered should tailor to the various responsibilities and 
subsequent interests of a custodian of the land or sea. Custodianship of land has been reflected legislatively in 
several countries around the world. For example, in 2014, providing rights to a river in New Zealand settled a 140-
year old dispute between Maori tribes and the Crown. The river now has accountable, legal guardians — one 
from each disputing party [26]. Such an approach encourages participatory policymaking and leads to policies 
with structural, spatial, and temporal considerations — such as future generations and broader understandings 
of ownership [10]. It would bolster accountability and sustainability of the F2F strategy, by promoting 
participatory and interconnected approaches. 
 

b. Agricultural practices: going beyond carbon emission solutions to ‘growing nature’ 
The F2F target of reaching 25% organic farming in Europe is a significant step towards sustainability, potentially 
reducing damage to soils, wildlife and human health. Diverse and intraspecific ecosystems are at the basis 
of sustainable agricultural practices, which includes sustainable soil management to provide crops with the micro 
and macro-nutrients for a complete diet [27]. An agricultural practice that works in harmony with its eco-system 
must go beyond organic to include diversity at the ‘output’ and ‘outcome’ stages, meaning a diverse array 
of contextually appropriate crops and measures designed to increase food security and maximise ecosystems 
health.  
 
The EU Biodiversity Strategy 2030 aims to ‘bring nature back into our lives’. This should include bringing nature 
back into agriculture. Both agriculture and nature exist and prosper in complex systems; dynamic, chaotic, 
and interdependent, in which interactions are nonlinear. Neither can be understood, nor protected, by looking 
at component parts and policy and planning need to reflect this complexity. Applied to agriculture, this means 
practices should happen in harmony with local ecosystems, producing more nutrient-rich and flavourful food 
that promotes biodiversity growth in the region rather than depletes it.  
 
Nature-based solutions (NBS) has emerged as one concept, present in multiple EU policy instruments, 
for practices that contribute to long-term health and well-being of people and planet [28]. For the EU 
Commission, such solutions ‘bring more, and more diverse, nature and natural features and processes into cities, 
landscapes and seascapes, through locally adapted, resource-efficient and systemic interventions’ [29]. The F2F 
strategy includes some NBS, such as a brief mention of agroecology, or as one of the ‘transformational’ practices 
that farmers can undertake to achieve F2F’s goals. However, as mentioned previously, the F2F support 
mechanisms and targets tend to emphasise current agricultural practices rather than transformational ones. 
This is perhaps most visible in the absence of regenerative approach (to agriculture or other sectors) 
as a solution, despite this being a key component of the HLPE’s conceptualisation of sustainability in food 
systems. NBS offer a diversity of solutions, from green urban infrastructures for improved health to bolstering 
coastal mangroves to reduce risks from natural disasters. In terms of agriculture, NBS include agroecological 
practices such as agroforestry, which can have profound positive effects for environmental, social and health 
goals. They can affect the environment by intercepting sunlight, reducing crop evapotranspiration, improving 
soil water-holding capacity and water infiltration, and enhancing carbon storage and biodiversity, and even 
lowering ambient temperatures. It fosters resilient livelihoods and communities, through alternative sources 
of income, increased availability of diversity of dietary needs, helps reduce air pollution (e.g. from dust) and 
provides a source of medicine [30]. Yet, depending on the underlying values, NBS will be more or less effective; 
if the F2F implementation is based narrowly on market driven approaches and cash flows, then this could 
undermine transformational progress namely by relying on ‘weak sustainability’ which allows for substitution 
of different forms of capital rather than long-termer approach which considers nature as non-substitutable [31]. 
To avoid this, policies can explicitly align objectives with the NBS goal of improve capacity to manage multiple 
objectives in complex socio-ecological systems. The F2F strategy would benefit from emphasising NBS and the 
interdependence of the food system’s components, from agriculture and nature to agriculture and nutrition. 
 

c. The links between agriculture and nutrition 
The link between health outcomes and agriculture are absent from the strategy, yet, what is being produced – 
and how – will determine what is made available on the shelves for consumers. The drive for cheaper and more  
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abundant food since the 1950s has seen food systems become reliant on a handful of crops mainly to feed 
increasing livestock; and has forged agricultural practices designed for high-yielding, energy-dense commodities 
to the detriment of nutrient-rich fruits and vegetables. Currently, 76% of the world’s crop calories now come 
from just eight crops - wheat, rice and maize (representing 50% of crop calories), sugar, barley, soy, palm and 
potato [13, 32]. This lack of diversity in agriculture has led to widespread environmental degradation, namely 
a 58% decline in abundance of species on the planet since the 1970s [25]; and to a growing malnutrition burden 
as food manufacturers formulate products derived from low cost high-calorie commodities which contributes 
to the growth of obesogenic processed foods [13]. Globally, healthcare costs from inadequate diets are 
estimated to exceed 5% of GDP (this is a conservative figure, as of 2013) [33]. Figure 2’s panels A and B, below, 
demonstrate this incoherence in global food systems by highlighting the discrepancy between what is being 
produced (i.e. made available to consumers) in contrast with the recommended dietary intakes.  
 

      
Fig. 2. What global food systems are producing vs nutritional requirements 

Fig. 2a. Current production (2011 FAO data)   Fig. 2b. Recommended diet (based on Harvard Healthy 
 Eating Plate model) 

Source: KC KB, Dias GM, Veeramani A, Swanton CJ, Fraser D, Steinke D, et al.  
(2018) When too much isn’t enough: Does current food production meet global nutritional needs? PLoS ONE 13(10): 

e0205683. https://doi.org/10.1371/journal.pone.0205683;  
Unit of measurement: number of servings / person / day; inspired by Tim Benton’s guest lecture for the Food System 

Academy (http://www.foodsystemsacademy.org.uk/videos/Tim-Benton.html) 

 
By not considering the links between agriculture outputs and nutrition, initiatives stemming from the F2F 
strategy may continue in this line of emphasising quantity and affordability of food rather than quality. 
To overcome the overweight and obesity pandemic, the HLPE call on the agriculture sector to engage with the 
health and environmental sectors and ensure nutrition-driven and environmentally sustainable policies. Thus, 
the ‘design’ stage of a healthy diet needs to be explicitly considered from the agricultural production stage of the 
food system in order to ensure nutritional security for today’s citizens as well as the future generations.  
Further, the F2F strategy acknowledges that a resilient food system needs robust local food systems, and 
commits to ‘reducing dependence on long-haul transportation’. This is a small first step in supporting local food 
markets. Although empirical research is lacking in this area, links have been made between improved nutrition 
and access to local food markets due to the availability of fresher, more nutrient-dense and generally less 
processed foods than in supermarkets [34]. For improved nutrition to be linked with local markets, those markets 
need to be providing fresh, healthy food where consumers make different choices based on this newly available 
food. The F2F strategy somewhat addresses the issue of consumer choice by tackling issues such as nutrition 
labelling, but again, focuses largely on the consumption side rather than designing systems which incorporate 
local food markets. Shorter supply chains are mentioned just once in the strategy, despite the EU Parliament 
calling on the European Commission to ‘propose the adoption of instruments to support and promote farmer-
managed food supply chains, short supply chains and farmers’ markets’ [35]. Although the definition of ‘local 
food system’ varies – it can include factors such as population density, accessibility, closeness of producer and  
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Consumer, etc. – common challenges and relevant policy measures have been identified. Indeed, several barriers 
to the development of short food supply chains exist, including the administrative and regulatory burden 
(especially for smallholder farmers) lack of knowledge and skills (e.g. entrepreneurial), and access to land (e.g. 
due to high prices) and bank loans can prevent young farmers from engaging, although they are more willing to 
engage in direct sales. Policy measures to resolve these issues could include adapting regulation, improving 
access to services, and enhancing knowledge transfer, advisory and training services [35]. Whilst the F2F strategy 
includes a focus on ‘advisory services, data and knowledge sharing, and skills’ no mention is made of how these 
will support shorter food supply chains. The strategy would benefit from making this explicit and including 
indicators on the number of local food markets available.  
 
Finally, another structural opportunity missed for improved nutritional outcomes lies in the F2F’s 
disproportionate focus on the environmental component of sustainable diets. For example, the strategy commits 
to making food procurement sustainable by reinforcing standards in canteen catering contracts, and reviewing 
the EU school scheme to ‘enhance its contribution to sustainable food consumption and in particular 
to strengthen educational messages on the importance of healthy nutrition, sustainable food production and 
reducing food waste’. Promoting green procurement is an excellent goal gearing the EU member states towards 
transformation, particularly considering the EU institution public authorities’ purchasing power represents 14% 
of the EU GDP, or roughly EUR 1.8 trillion [36]. Making institutional food procurement chains more sustainable 
should not only mean making them more environmentally sound, but also ensuring they provide the nutritious 
and safe food required. This is particularly relevant in the context of hospitals, care homes, and schools across 
Europe, where the provision of food can be motivated by price, rather than focussing on the nutritional value of 
food as part of the immune-boosting and healing processes. Most hospitals in Europe are still providing 
unhealthy and unappealing meals, rather than fresh, culturally appropriate and nutritious foods [37]. Yet, poor 
nutrition can impair the production and activity of immune cells and antibodies [38]; this is especially relevant in 
the context of a pandemic like COVID-19 which has highlighted the urgency of adequate nutrition for strong 
immune systems, particularly amongst society’s more vulnerable communities (e.g. care homes) [39]. 
Sustainable food procurement for healthy diets could include measures to ensure locally sourced, diverse food 
as well as minimum nutritional requirements, in line with short food supply chain goals. 
 

d. Nutrition research and guidelines 
The EU Commission will ‘seek commitments from food companies’ relating to ‘reformulating food products 
in line with guidelines for healthy sustainable diets’ and will create nutrient profiles to help inform consumers. 
First, it is unclear which guidelines will be used to inform this crucial component of the strategy. Second, when 
nutrition is mentioned in the strategy, the focus is on improved diets through reducing fats, sugars, and salts, 
rather than increasing the diversity of nutritional intake and available healthy foods. Further, policy coherence 
and coordination relating to food and nutrition research and innovation is weak, and there is a lack of data and 
knowledge pertaining to investment amounts [40]. Yet, the F2F strategy makes no commitment to ensure 
prioritisation of research for nutrition – research that, for example, might link agricultural practices to nutritional 
outcomes. This could be partially addressed by improving the data, for example, by creating a central inventory 
of food and nutrition security research and innovation initiatives across member states [40].  
 
Further, commitments from retailers, distributors and other stakeholders need to be transparent and based on 
a solid evidence-base. Similarly, to the F2F’s efforts to avoid greenwashing, consumers should be empowered 
with comprehensive information on the content of food. Nestle, for example, promotes the removal of over 
40,000 tonnes of sugar since 2014 as part of its Healthier Kids [41] programme – but it is unclear whether the 
sugar removed was replaced with a healthy alternative, or with another sweetener, which might be equally 
as detrimental to healthy diets as sugar. To bolster efforts presented in the F2F strategy and empower 
consumers, transparency is needed regarding guidelines on healthy diets, which should be driven by public 
research and should go beyond the notion of reduced sugar, fat, and salt to consider access to diverse, nutrient-
rich foods.  
 
F2F emphasises the challenges relating to ultra-processed foods (accounting for 25% of all food purchased in the 
EU) which contribute significantly to the increasing number of overweight and obese citizens in Europe [42]. 
However, this is a missed opportunity to consider the food processing system in its entirety. The HLPE report 
states that sustainable food systems should support the supply of diverse, and minimally processed staple foods.  
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Beyond foods categorised as ‘ultra-processed’, current processing mechanisms to improve shelf life or make food 
items more appealing to customers can reduce their nutritional value by the time they reach the ‘fork’. Yet, these 
are not categorised as ‘ultra-processed’. For example, refined olive oil involves heavy-duty processing and strips 
the oil of many, if not most, of its valuable nutrients. It involves mechanical cooking and cleaning (average 
temperatures of 120 degrees Celsius), degumming (carried out at 60 degrees Celsius), refinement, bleaching 
(alters fatty acids), deodorising (temperatures of between 240 – 270 degrees Celsius), additives, ‘winterisation’ 
(cooled and filtered one more time), and hydrogenation. By the time, the oil has gone through this refinement 
process, it can lose substantial amounts of micronutrients [43]. Thus, rather than solely aiming to reduce the 
negative impact of obesogenic foods such as ultra-processed ones, a more ambitious strategy might have 
considered reviewing the processing of food to favour the maintenance of existing nutrients in food items.  
 
Conclusions  
The F2F strategy articulates an inspiring starting point for a coherent, harmonised and sustainable food system 
across the EU. The F2F strategy and its interconnected policies, offer an exciting opportunity to transform the 
European economic, social and environmental landscapes. EU member states could see an increase in organic 
land, biodiversity and a reduction of fraudulent activities and greenwashing relating to the food on the shelves. 
Farmers could see higher returns and improved bargaining power, and new business opportunities such as in 
bioeconomy or plant protein sectors could arise. Policies will have to adapt to achieve the goals in the F2F 
strategy. They will need to consider context-specific nature of each initiative, as well as duties towards future 
generations. Given the complex nature of the food system, interdependencies between sectors (e.g. health and 
agriculture) and across borders need to be addressed in policy and decision-making processes.  
 
Whilst the F2F strategy aims for a system that promotes healthier and sustainable diets, it falls short in terms 
of aiming for a sustainable and efficient food system (as defined above), and in creating the links necessary for 
coherence, particularly between agriculture and nutrition. The F2F’s overemphasis on the consumption sphere 
of the food system means the links between agriculture and nutritional outcomes have been missed, 
undermining the potential for the long-term shift in agricultural paradigms which are needed to achieve 
sustainable food systems. This overemphasis also risks disproportionately placing the burden of change on the 
consumer, rather than distributing it evenly across society. Further, the strategy’s targets largely remain within 
the framework of the current food system, which aims for more and cheaper food, rather than suggesting 
structural changes such as short food supply chains, or reviewing concepts of food system efficiency. In the same 
vein, the strategy does not go far enough in its ambitions for sustainable agriculture, which should happen 
in harmony with local ecosystems, producing more nutrient-rich and flavourful food that promotes biodiversity 
growth in the region rather than depletes it. Finally, within the strategy, nature remains as an asset to be 
exploited, rather than an integral part of the ecosystem upon which we depend. 
 
Further, the strategy promises to empower consumers with more readily available, transparent, and harmonised 
information on factors relating to environmental, nutrition and perhaps even animal welfare. Despite this, 
transparency was missing in the strategy on the research and guidelines that will guide these decisions. 
In addition, the objectives do not adequately provide citizens with the information required to make decisions 
on ‘what foods are produced, how it’s produced, processed, and distributed’, thus weakening efforts to ensure 
agency across food systems. Further, the strategy makes no commitment to ensuring prioritisation nor 
transparency of research for nutritional guidelines, and green procurement guidelines are narrowly focussed on 
environmental impacts rather than nutritional ones.  
Finally, the implementation of the European Green Deal would benefit from research into transboundary natural 
resource management, which is absent from the F2F strategy. In light of growing demands on natural resources 
and the shared resources across EU member states’ borders, policy and legislative changes relating to a just 
transition should integrate provisions for transboundary challenges and opportunities.  
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Abstract 
The paper presents the study results of the stability and heat storage capacity of paraffin-in-water phase change 
suspensions (PCSs) obtained by the homogenization of paraffin and water in the developed rotary hydrodynamic 
homogenizer. The optimal concentration of components for obtaining stable paraffin-in-water suspensions 
is found. It is shown that the stable PCSs in the form of pastes, gels, and liquids can be obtained depending on the 
concentration of water, paraffin, and the surface-active agent (SAA) as well as its type. 
In addition, the scheme of the solar heating system with the heat storage tank where the PCS functions both 
as the heat transfer fluid and the heat storage media is presented. It is shown that the use of PCS in the domestic 
solar heating system allowed the heat storage capacity of the storage tank to be increased by 25% as a result 
of the high fusion heat of paraffin and the high value of the water specific heat capacity. The estimation of the 
saving rate from applying fluid PCS as a heat storage medium is also presented and discussed. 
 
Keywords 
heat storage; phase change material; phase change suspension; surface-active agent; enthalpy; solar heating 
system 
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PCM phase change material 
PCS phase change suspension 
SAA surface-active agent 
HLB hydrophilic-lipophilic balance 
LED light emitted diode 
GnP graphene nano-platelets 
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Nomenclature 
Δhw enthalpy change of water, kJ/kg 
ΔhPCMs enthalpy change of PCM when heated from the initial temperature to the melting point, kJ/kg 
ΔhPCM latent heat of PCM, kJ/kg 
ΔhPCMl enthalpy change of PCM when heated from the melting point to the final temperature, kJ/kg 
ΔhSAA1, ΔhSAA2 enthalpy change of the Tween hydrophilic surfactants and the Span hydrophobic surfactants 
respectively, kJ/kg 
ХPCM, Хw, ХSAA1, ХSAA2 mass concentration of PCM, water, hydrophilic surfactants Tween, hydrophobic 
surfactants Span, respectively, % 
cр

w isobaric specific heat of water, kJ/kg·K 
cр

PCMs isobaric specific heat of the PCM in a solid state, kJ/kg·K 

cр
PCMl isobaric specific heat of the PCM in a liquid state, kJ/kg·K 

cр
SAA1 isobaric specific heat of Span surfactants, kJ/kg·K 

cр
SAA2 isobaric specific heat of Tween surfactants, kJ/kg·K 

t1, t2 initial and final temperatures respectively, °С 

tpt phase-transition temperature of PCM, °С 

t difference between the initial and the final temperatures, °С. 
 
Introduction 
Mixtures of water and PCM are one of the most promising heat-storage materials for use in heating, ventilation, 
and air-conditioning systems. The mixtures are called phase change suspensions (PCSs) because they can change 
their aggregate state at operating temperatures. 
Most often, paraffin consisting mainly of straight- or branched-chain hydrocarbons CnH2n+2 is used as PCM [1]. 
The crystallization of the hydrocarbon chains releases a large amount of latent heat. For example, octacosane 
C28H58 when melted at +61.3 °С may store about 224.3 kJ/kg of heat. In contrast to paraffin, about 4.2 kJ of heat 
is required to change the temperature of 1 kg of water by 1 °С. That is to say, that a storage tank filled with 
paraffin heated from +61.3 °C to +63.3 °C (2 degrees only) stores as much heat as a storage tank filled with water 
and heated from +26 °C to +80 °C. 
The melting point of PCM defines the field of the potential PCS applications. For example, tetradecane-based 
PCS (C14H30) with a crystallization temperature of around 8 °C is suitable for use in air-conditioning systems [1]. 
Hexadecane-based PCS (C16H34) with a crystallization temperature of about 20 °C is used for increasing the heat 
storage capacity of building materials [2, 3]. Octacosan (C28H58) with a melting point at 61.3 °C is an appropriate 
material for the storage of thermal energy in the domestic solar heating and hot water supply systems [4, 5]. 
The main tasks of the recent R&D efforts in this field were as follows: 

- Estimation of the optimal weight concentration of PCM, SAA, and nanoparticles for decreasing the 
subcooling effect, increasing PCS heat storage capacity and heat conductivity as well as the study of 
the properties of the obtained PCS [4-14], 

- Development of the systems for practical PCS applications [8, 15, 16], 
- Determination of optimal configuration of the heat exchangers for the heat transfer enhancement [10, 

17-25], 
- Study of the heat transfer processes in PCS at natural and forced convections [17-23, 24-27]. 
 

Reddy K. et al. [6], studied various heat transfer methods to improve the performance of the heat storage tank 
in the solar heating system. It was shown that the main reason, which limits the use of PCSs, is their time 
instability. It was concluded that the application of PCSs, which can undergo many melting-crystallization cycles 
without affecting the thermophysical properties, is necessary. 
The methodology for determining the thermal characteristics of the solar heating system depending on the solar 
radiation intensity and the operating temperature of the PCM was proposed by P. Feliński [7]. According to that 
study, the heat storage capacity of a tank filled with PCMs is higher by 20.5% compared to the conventional heat 
storage tank filled with water. It was concluded that the performance of the solar heating system can be 
improved by applying PCMs with different melting points and operating temperatures. Nevertheless, further 
research is still needed to overcome some drawbacks relevant to PCMs. 
Mohamed E. Zayed et al. [8] described various schemes of thermal energy storage systems. In the study, different 
ways useful for the improvement of the heat transfer in PCM, heat storage efficiency, and thermodynamic 
optimization have been evaluated. 

https://doi.org/10.32933/ActaInnovations.36.3


Acta Innovations  2020  no. 36: 31-47  33 

 

 

https://doi.org/10.32933/ActaInnovations.36.3 ISSN 2300-5599   2020 RIC Pro-Akademia – CC BY 

 

In recent years, PCSs are considered not only as a heat storage material but simultaneously as a heat transfer 
fluid in the solar heating systems. In the research work by Chen J. and Zhang P. [9], the conditions under which 
PCS is still a fluid medium, and whether it can be conveyed by a regular pump were considered. According to the 
obtained data, PCS is a fluid with a maximum PCM concentration of up to 30 % displaying Newtonian fluid 
properties. The thermophysical characteristics of PCSs at such PCM concentrations were defined. It was shown 
that the most common problems of using PCM in the heat storage systems are subcooling, low thermal 
conductivity, and low heat transfer rate, which lead to an increase in the time of charging and discharging of the 
heat storage reservoir as well as productivity reduction. 
The application of PCS as a heat storage substance has the following advantages: 

- the PCS components are not toxic as well as neither flammable nor explosive in the working 
temperature ranges, 

- possibility to be reused or recycled, 
- can easily be separated from other materials, 
- chemical inertness to the structural materials of a storage reservoir, 
- small change in the specific volume during melting-crystallization, 
- enhanced heat storage capacity because of the high fusion heat of paraffin and the high specific heat 

capacity of water, 
- less volume and size of the reservoir needed to store the same heat amount compared to water, 
- less heat losses due to the isothermality of the heat storage with PCS, 
- possibility to convey PCS using a regular pump, 
- in some cases, the possibility to substitute conventional heat transfer fluids for PCS undergoing the 

phase change, 
- availability in large quantities and cost effectiveness. 

 
Despite the above-mentioned advantages, PCS also has some drawbacks: 

- relatively less stability of PCS (up to 300 proven melting-crystallization cycles at the highest temperature 
of about 80 °C), 

- subcooling effect, i.e. state of the substance when the PCM remains a fluid medium at temperatures 
well below its crystallization point, 

- low heat transfer rate leading to longer charging and discharging, which results in less productivity, 
- necessity to apply special facilities for homogenization of water and PCM, 
- necessity to add SAA to make PCSs more stable. 

 
In the research [10-14], the use of nanoparticles of various materials with high thermal conductivity, e.g. metal 
oxides, metal nitrides, silicon oxide, graphite, graphene, and etc. was proposed to reduce the subcooling 
phenomenon. The influence of the size, type, and a number of nanoparticles on the PCS thermal conductivity 
and reduction of the subcooling phenomenon was also studied. 
Z. Khan and Z. Ahmad Khan [10] experimentally and numerically studied the thermal conductivity and dynamic 
viscosity of PCS as well as the heat transfer rate, temperature distribution, velocity of the phase change, and the 
heat storage capacity of the system depending on the size and concentration of the nanoparticles such as 
aluminum oxide (Al2O3), aluminum nitride (AlN), grafite (Gt) and graphene nano-platelets (GnP). According to the 
research results obtained, all additives affect the overall heat storage capacity of the latent heat storage system 
and increase the dynamic viscosity of PCSs, which in turn affect natural convection. On the other hand, the 
effective thermal conductivity of paraffin is significantly enhanced with the additives. 
Fangxian Wang et al. [11], investigated influence of graphite nanoparticles added to the fluidic PCSs on the heat 
transfer. It was shown that PCSs based on the 20% of PCM and 0.1 % of the graphite additive have a 20% higher 
heat conductivity compared to PCSs without additives. In the temperature range from 18°С to 80 °С, heat storage 
efficiency is 86%, which shows that PCSs have great potential for applications as the advanced heat transfer fluid 
in the low temperature systems with direct absorption solar collectors. 
In other research work, Fangxian Wang et al. [12] studied thermal properties of PCSs in the range of the PCM 
and graphite mass fractions from 15 to 25 wt.% and 0.04-0.1 wt.% respectively. According to the research, results 
obtained PCSs based on 20 wt.% of С28Н58 paraffin and 0.07 wt.% of graphite exhibits better performance. At 
such concentration of the components, the overall heat storage capacity of PCSs is 1.64 times higher compared 
to distilled water. 
Zhang et al. [13], applied hydrophobic SiO2 nanoparticles as a nucleating agent to reduce the supercooling effect.  
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It was shown that the increase in the SiO2 concentration up to 3 wt.% reduces supercooling. Nevertheless, further 
increase in the SiO2 concentration up to 5 wt.%, along with the further supercooling reduction, leads to a 
decrease in the heat storage capacity by 20%. That is why the optimal concentration of the additive nanoparticles 
was found to be 3 wt.%. 
Fangxian Wang et al. [14, 15], comprehensively studied PCSs with regard to their production process, thermal 
properties, rheological behavior, heat transfer process as well as PCS applications in the solar heating systems. 
Inaba et al. [17], studied heat transfer at the natural convection in a rectangular vessel filled with PCS containing 
PCMs in the range of concentrations between 5-30%. The results show that the PCM concentration has 
a negligible effect on the Nusselt number when the PCM is in a solid state. However, during the phase change at 
low Rayleigh numbers and with increase in the PCM concentration, the Nusselt number rises. It is also shown 
that viscosity decreases the natural convection at the PCM concentration of more than 10%. 
Morimoto and Kumano [18], experimentally and numerically studied the laminar forced convection 
in a cylindrical pipe. It was shown that the developed mathematical model agrees with the experimental results 
excepting PCSs based on 10% of PCM. 
According to the research works [18-23], the heat transfer characteristics are enhanced at the laminar forced 
convection in the phase change of PCSs. It was also revealed that the Nusselt number increases with the rise 
in the PCM concentration, Reynolds numbers [21] and with applying a coiled double-tube heat exchanger [19, 
20]. It was also found that the pressure drop due to the viscous friction grows with the increase in the PCM 
concentration [23]. 
The analysis of the turbulent forced convection revealed that its properties are similar to those at the laminar 
forced convection [24-27]. 
The issue of obtaining stable suspensions and the forces acting in the homogeneous paraffin-water mixture was 
considered by Sanfeld et al. [28]. As a result, a concept of the suspension stability based on the droplet 
deformation theory was presented. 
Recently, various methods for studying the kinetic stability of PCSs have been developed. Subjecting PCSs to 
melting and crystallization cycles is one of them. Here, the occurring partial coalescence mechanism leads to the 
destruction of PCS micro volumes, and as a result, a layer of water is liberated. In this case, the PCS stability 
is determined by the thickness of the water layer formed as well as the time of PCS separation into two phases: 
the upper phase with a lower density, and the bottom phase with a higher density. 
At the same time, the stability of the PCSs depends significantly on the type of the surface-active agent (SAA). 
Oil-soluble SAAs, characterized by a hydrophilic-lipophilic balance (HLB) lower than 10, are used to prepare so-
called water-in-paraffin suspensions. On the other hand, water-soluble SAAs with an HLB higher than 10 are used 
to produce paraffin-in-water suspensions. 
Span Surfactants are oil-soluble and have an HLB range from 1.8 to 4.7. For instance, Span-60 is a sorbitan 
monostearate with HLB 4.7, Span-80 is a sorbitan monooleate with an HLB of 4.3. In contrast to Span, Tween 
surfactants are well soluble in water and organic solvents, easy to mix with hydrocarbons and fats. Tween-60 
and Tween-80 are polyethylene glycol sorbitan monooleate having an HLB of 14.9 and an HLB of 15.0 
respectively. 
Golemanov et al. [29] studied the influence of the carbon chain length in the surfactant molecules on the 
suspension stability. As a result, the dependence of the carbon chain length on the critical osmotic pressure 
CR
OSMР  was determined. It was shown that the use of surfactants with long carbon chains (16 or 18 carbon atoms) 

provides more stable suspensions with a lower degree of hypothermia due to the formation of more compact 
and ordered adsorption layers [29, 30]. According to the study, surfactant Tween-60 is the most suitable for 
producing stable PCSs. 
Different types of homogenizers to produce PCSs have been developed so far. They are colloid mills, mechanical 
mills, Manton-Gaulin homogenizing valves, rotary emulsifiers, ultrasonic dispensers, and others. The dispersion 
rate, stability of the suspensions obtained, and productivity of the colloid mill depend on the gap width, the 
rotating speed of the rotor, and the time of mixing. The optimal gap width ranges from 0.05 to 0.1 mm. However, 
it was found [31] that the small gaps significantly reduce the productivity of the colloid mill. The operating 
principle of the homogenizing valve is based on pumping the fluid mixture through a calibrated hole at a high 
pressure of about 20 MPa. When passing the valve, the significant pressure drop induces cavitation, which, 
in turn, efficiently shatters and mixes the paraffin globules with water. 
In the rotary emulsifiers, the liquid flows through the nozzles or slits under pressure. Such homogenizers have 
some advantages compared to the homogenizing valves. They are simpler, less metal consuming, and there is no 
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rapid wearing of parts. One of the drawbacks is the significant foaming of the product during mixing. The 
ultrasonic dispensers are increasingly popular for mixing purposes. Their operation is based on the use 
of oscillations in the ultrasonic wavelength range. 
Mechanical mills for the production of suspensions require significantly less energy than colloid mills 
or homogenizers with similar production rates. However, the suspension obtained in mechanical mills has a poor 
dispersion rate than obtained in other apparatuses. On the other hand, the mechanical mills consume two times 
less energy than colloid mills, and 4-6 times less than the ultrasonic dispersers [32]. 
Analysis of the technologies for the production of PCSs shows that all of them have disadvantages, such as low 
dispersion efficiency, low productivity, complex construction, and high-energy consumption. 
Rotary hydrodynamic homogenizers are the most efficient and multi-functional among a variety of apparatuses 
for the homogenization of multicomponent heterogeneous liquids. In this type of homogenizer, the fluids flow 
through the inter-cylinder gap (annulus), where the main process of homogenization takes place. The 
homogenization process is influenced by the regime of the fluid flow in the inter-cylinder gap. Two dimensionless 
numbers characterize the fluid motion in the annulus, especially the Reynolds number of axial flow, and the 
Taylor number. According to [33], depending on the Reynold and Taylor numbers one of the four flow modes is 
possible: laminar, laminar with Taylor vortices, turbulent, and turbulent with Taylor vortices. The most efficient 
PCS production occurs in the turbulent regime with the Taylor vortices. In this case, there are significant shear 
stresses, which, in turn, are responsible for the efficient mixing of paraffin with water and stable PCS formation. 
However, our literature review revealed that in most cases the laboratory homogenizers such as ULTRA-TURRAX 
T25 were used for PCS production. That is why the aim of our R&D efforts was to develop the rotor-type 
hydrodynamic homogenizer with the similar technical characteristics and will be able to produce PCS in large 
scale. 
 
The objectives of this research were as follows: 

- to check the performance of the developed rotary hydrodynamic homogenizer; 
- to determine the optimal component concentrations, especially distilled water, paraffin, and surfactant, 

for obtaining stable paraffin-in-water mixtures; 
- to determine the heat storage capacity of the PCSs obtained. 

 
 
Materials and Methods 
Description of the experimental setup 
Paraffin and water mixing was carried out using the experimental facility (Fig. 1) equipped with a rotary 
hydrodynamic homogenizer, which is illustrated in Fig. 2. Non-ionic surfactants, especially Tween and Span 
having hydrophilic and hydrophobic properties respectively, were added to the mixture, which allowed paraffin 
to form stable internal media, while water continuous outer fluid. 
 

https://doi.org/10.32933/ActaInnovations.36.3


Acta Innovations  2020  no. 36: 31-47  36 

 

 

https://doi.org/10.32933/ActaInnovations.36.3 ISSN 2300-5599   2020 RIC Pro-Akademia – CC BY 

 

 
1 - personal computer; 2 – AD converter WAD-AD12-128H; 3 - power switch; 4 - pump NXL; 5 – filter;6 - relief valve; 

7 – tank; 8 - platinum temperature resistor HEL-705; 9 – "distilled water-surfactant Tween" mixture; 
10, 21, 22, 23 – valves; 11 - flowmeter DDW-DS31; 12 – pipe; 13 – hydrodynamic homogenizer; 14 – rotor of the 

homogenizer; 15 – clutch; 16 - motor drive 3DТ.31 with an adjustable-rotating speed controller (SC); 
17 – device for measuring the rotational speed of the rotor; 18 - signal amplifier (SA) WAD-A-MAX; 

19 - chromel-alumel micro thermocouple  0.1 mm; 20 – pressure gauge МТI-0.6; 24 – water jet ejector; 
25 –"molten paraffin-surfactant Span" mixture 

Fig. 1. Scheme of the experimental setup 

 
An electrical DC motor drive 3DT.31 (16) with an elastic clutch drove the rotor of the hydrodynamic homogenizer 
(13). Apart from this, the electrical motor was equipped with an adjustable-rotating speed controller. In turn, 
the pump NXL (4) provided circulation of the working fluids, especially distilled water, paraffin, and surfactant, 
in the pipeline. The hydraulic system also included 0.35 m3 tank (7), a relief valve (6), and measuring facilities. 
A developed device (17) measured the rotational speed of the rotor. It consisted of a LED, photocell, and rotating 
disk with perforated holes. The light flux, emitted by the LED, was interrupted by the baffles and the 
measurement system recorded the photocell signal change. The rotational speed of the rotor was determined 
by the frequency of the received periodic signal. The DDW-DS31 flowmeter (11) measured the volume flow rate 
of the working fluid in the system. 
The МТI-0.6 pressure gauge (20) measured pressure within the hydrodynamic homogenizer. In the outer contour 

of the homogenizer, a chromel-alumel micro thermocouple with a diameter of around  0.1 mm (Fig. 2) was 
installed to measure the housing temperature. Platinum temperature resistors HEL-705 (8) were used 
to measure fluids’ temperatures in the tanks (Fig.1). 
WAD-A-MAX signal amplifiers (18) allowed amplification of the electrical signals generated by the temperature 
sensors. All signals were recorded by a WAD-AD12-128H data logger (2) with software for further analysis. The 
data acquisition frequency was set at 1 Hz. 
In the developed hydrodynamic homogenizer, two hydraulic circuits can be distinguished (Fig. 2). The first circuit 
formed by the stator (2) and housing (1) creates a so-called "jacket", which envelops the mixing zone. Here, the 
stator (2) acts as a heat exchanger between the first and second hydraulic circuits. The second circuit forms the 
mixing zone where the homogenization process takes place due to the fast rotation of the rotor. 
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1 – housing; 2 – stator; 3 – rotor; 4 – nut; 5 – cap; 6 – splined shaft; 7, 10, 12 – bolts; 8, 11, 13 – washers;  

9, 14 – gaskets; 15 – seal; 16 – bearing; 17 - nut; 18 – keyway 
Fig. 2. Hydrodynamic homogenizer 

 
In a mixing, a significant portion of mechanical energy disappears and results in the dissipative liquid heating. 
Therefore, utilizing the dissipative heat by providing such an internal heat exchange between two circuits is 
necessary. In this case, the heat flux through the stator surface (2) is used for the preheating of the working fluid. 
The developed homogenizer may produce up to 1 m3 of PCS per hour. 
 
Method for obtaining suspensions 
First, the distilled water heated in the tank (7) up to a temperature level of 61-62 °C was mixed with the Tween 
hydrophilic surfactant using a propeller blade mixer. At the same time, paraffin, especially octacosanС28H58, 
heated to the melting point was mixed with the Span hydrophobic surfactant also using a propeller blade mixer. 
The pump NXL (4) was applied to circulate water-Tween surfactant mixture through the hydraulic system 
pipeline. The fluid flow rate was controlled by the valve (10), thereby changing the pressure in the system. After 
filling the hydraulic system with a liquid medium, an electric DC motor (16) started to transmit torque to the 
rotor of the homogenizer (13). The rotation speed n of the homogenizer was adjusted in the range from 0 to 
3000 rpm. After that, the valve (21) was closed. 
The water jet ejector (24) was applied for pre-mixing the mixtures of "molten paraffin-surfactant Span" and the 
mixture " Tween distilled water-surfactant ". After opening the valves (22) and (23), the mixture of " Span molten 
paraffin-surfactant " was sucked in the mixture of " Tween distilled water-surfactant " by the water jet ejector. 
This mixing method allowed a more simple and even distribution of the mixture of the "molten paraffin-
surfactant Span" in a mixture of the " Tween distilled water-surfactant ", which in turn enhances the main 
homogenization process in the hydrodynamic homogenizer. 
After cooling to room temperature, the paraffin globules crystallized. The obtained homogeneous suspension 
was in the form of a liquid, gel, or paste, depending on the paraffin concentration. Since PCSs contains water, 
paraffin, and surfactant, the thermophysical properties of the PCSs are influenced by the properties of these 
three main components as well as their concentrations [5]. When PCSs are in the liquid form, water provides 
them with fluidity, while the paraffin microparticles remain in a solid state. As a result, PCSs can be conveyed by  
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a regular pump. On the other hand, in the case of pastes, PCSs are in the form of a solid plastic mass that cannot 
be transported by a pump but can take any shape and fill in any cavities. 
 

 
1 – nozzles; 2 - housing; 3, 4, 5 – barb fitting; 

Fig. 3. Pre-mixing suspension ejector. 

 
The procedure used to prepare a PCS is shown in Fig. 4.  
 

 
Fig. 4. The flow chart of the homogenization process used to get PCS. 

 
 
Method for determining the heat storage capacity 
The total heat storage capacity of the PCS consists of not only the heat storage capacity of paraffin but also the 
heat storage capacity of water and surfactants. Thus, in the temperature range from t1 to t2, the enthalpy change 
of the PCS ΔhPCS can be estimated using the expression as follows: 
 

ΔhPCS= Δhw + ΔhPCMs + ΔhPCM + ΔhPCMl + ΔhSAA1 + ΔhSAA2=Хw·cр
w·(t2-t1)+ХPCM·cр

PCMs·(tpt-t1)+ХPCM·ΔhPCM+ 

+ХPCM·cр
PCMl·(t2-tpt)+ХSAA1·cр

SAA1·(t2-t1)+ХSAA2·cр
SAA2·(t2-t1),   (1) 

 
where Δhw is the enthalpy change of water in the temperature range from t1 to t2, kJ/kg; ΔhPCMs is the enthalpy 
change of the PCM when heated from the initial temperature to the melting point [34], kJ/kg; ΔhPCM is the fusion 
heat of the PCM [34], kJ/kg; ΔhPCMl is the enthalpy change of the PCM when heated from the melting point to the 
heating temperature [34], kJ/kg; ΔhSAA1 is the enthalpy change of Tween hydrophilic surfactants in the 
temperature range from t1 to t2 [35], kJ/kg; ΔhSAA2 is the enthalpy change of Span hydrophobic surfactants in the 
temperature range from t1 to t2 [36], kJ/kg; ХPCM, Хw, ХSAA1, ХSAA2 is the mass concentration of PCM, water, Tween 
hydrophilic surfactants, Span hydrophobic surfactants, respectively, %; cр

w is the isobaric specific heat of water, 

kJ/kg·°С; cр
PCMs is the isobaric specific heat of the PCM in a solid state, kJ/kg·°С; cр

PCMl is the isobaric specific heat 

of the PCM in the liquid state, kJ/kg·°С; cр
SAA1 is the isobaric specific heat of Span surfactants, kJ/kg·°С [35], [36]; 

cр
SAA2 is the isobaric specific heat of Tween surfactants, kJ/kg·°С [35-37]; t1, t2 are initial and final temperatures 

respectively, °С; tpt is the phase-transition temperature of the PCM, °С; t is the difference between the initial 
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and the final temperatures, °С. 
Therefore, Eq. (1) is the correlation between the heat storage capacity of the PCS and temperature as well as the 
concentration of the different components. 
 
Measuring instrument description and uncertainty analysis 

 Measuring instrument description 
Description of the tools used to measure temperature and mass of the components is presented in Table 1. 
 

Table 1. The measuring instruments and their characteristics 

 

Parameter 
Measuring instruments 

Reference and provider Main characteristics 

Initial and final temperature of PCS (t1, t2) Platinum temperature resistors 
HEL-705 (Honeywell) 

Range: -200÷260 °C 
Accuracy: Δt=±0.8% 

Scales, (m) Kenwood DS 400 Range: 0÷8 kg 
Accuracy: Δm=±0.25% 

 

 Uncertainty analysis 
The uncertainty analysis of the measured and calculated parameters was carried out based on the error 
propagation theory as described by Lee T.-W. [38]. Table 2 contains the total uncertainties of the measured 
parameters. 
 

Table 2. Uncertainty estimation of the measured parameters 

 

Parameter Total uncertainty 

Initial temperature (t1) Δt1=±0.12 °C at 15 °C 

Final temperature (t2) Δt2=±0.5 °C at 62 °C 

Scales, (m) Δm=±0.25 % 

 
Table 3. Uncertainty of the thermophysical properties of the components. 

 

Parameter Main characteristics 

Specific enthalpy of PCM (ΔhPCM) Accuracy: ΔhPCM =±1.8 kJ/kg 

Specific heat of water (cр
w) Accuracy: Δcр

w=± 2 kJ/(kg °C) 

Specific heat of PCM in solid state (cр
PCMs) Accuracy: Δcр

PCMs=±1.7 kJ/(kg °C) 

Specific heat of PCM in liquid state (cр
PCMl) Accuracy: Δcр

PCMl=±1.92 kJ/(kg °C) 

Specific heat of surfactants Span (cр
SAA1) Accuracy: Δcр

SAA1=±0.02 kJ/(kg °C) 

Specific heat of surfactants Tween (cр
SAA2) Accuracy: Δcр

SAA2=±0.005 kJ/(kg °C) 

 
The uncertainty of the PCS enthalpy change ΔhPCS

unc can be estimated as follows: 
 

ΔhPCS
unc=[(Δhw

unc)2+(ΔhPCMs
unc)2+(ΔhPCM

unc)2+(ΔhPCMl
unc)2+(ΔhSAA1

unc)2+(ΔhSAA2unc)2]0.5  (2) 

 

Δhw
unc=[(hw

unc/ Хw·∆Хw)2+(hw
unc/ cр

w·∆cw)2+(hw
unc/ t·∆t21)2]0.5 , ∆t21=(∆t2

2+∆t1
2)0.5 

 

ΔhPCMs
unc=[(hPCMs

unc/ХPCM·∆ХPCM)2+(hPCMs
unc/cр

PCMs·∆cр
PCMs)2+(hPCMs

unc/tpt·∆tpt1)2]0.5, ∆tpt1=(∆tpt
2+∆t1

2)0.5 

 

ΔhPCM
unc=[(hPCM

unc/ХPCM·∆ХPCM)2+(hPCM
unc/hPCM·∆hPCM)2]0.5 

 

ΔhPCMl
unc=[(hPCMl

unc/ХPCM·∆ХPCM)2+(hPCMl
unc/cр

PCMl·∆cPCMl)2+(hPCMl
unc/tpt·∆t2pt)2]0.5, ∆t2pt=(∆t2

2+∆tpt
2)0.5 

 

ΔhSAA1
unc=[(hSAA1

unc/ХSAA1·∆ХSAA1)2+(hSAA1
unc/cр

SAA1·∆cр
SAA1)2+(hSAA1

unc/t2·∆t21)2]0.5 

 

ΔhSAA2
unc=[(hSAA2

unc/ХSAA2·∆ХSAA2)2+(hSAA2
unc/cр

SAA2·∆cр
SAA2)2+(hSAA2

unc/t2·∆t21)2]0.5 
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Table 4 presents the total uncertainties of the calculated parameters. 
 

Table 4. Uncertainty estimation of the calculated parameters 

 

Parameter Total uncertainty 

Uncertainty of water enthalpy change Δhw
unc=±2.88 kJ/kg 

Uncertainty of the enthalpy change of the PCM when heated from the initial 
temperature to the melting point 

ΔhPCMs
unc=±0.95 kJ/kg 

Uncertainty of the enthalpy change (specific heat) of the PCM ΔhPCM
unc=±2.13 kJ/kg 

Uncertainty of the enthalpy change of the PCM when heated from the melting point 
to the heating temperature 

ΔhPCMl
unc=±0.42 kJ/kg 

Uncertainty of the enthalpy change of Tween hydrophilic surfactants  ΔhSAA1
unc=±1.42 kJ/kg 

Uncertainty of the enthalpy change of Span hydrophobic surfactants  ΔhSAA2
unc=±0.28 kJ/kg 

Total uncertainty of the PCS enthalpy change ΔhPCS
unc=±4 kJ/kg 

 
Thus, the total uncertainty of the PCS enthalpy change (heat storage capacity) is ± 1.6 %. 
 
Results and discussion 
Pastes, gels, or liquids with predetermined properties valuable for enhancing the performance of the heat 
storage system can be obtained by varying the concentration of the main components in homogenization. Those 
properties include: the total PCS heat storage capacity, viscosity, density, and thermal conductivity. 
For practical use, PCSs must be stable during the long-term period. According to the literature analysis, in our 
experimental study the Tween 60, Tween 80, Span 60, and Span 80 surfactants were selected for the purpose to 
obtain stable paraffin-in-water suspensions. 
To obtain stable PCSs, the use of surfactants with hydrophilic and hydrophobic properties simultaneously is 
necessary. Using only one surfactant, e.g. Tween 60, made PCS unstable regardless of the PCM and distilled water 
concentrations (Table 5, no. 2-5, no. 11-14, no. 22-24). The ability of surfactants to stabilize paraffin-in-water 
suspensions for a long time is determined by a hydrophilic functional group, such as Tween 60, and a moderately 
developed hydrophobic part of the diphilic molecule – Span 80 (Table 5). For the first group, the hydrocarbon 
part of the surfactant molecule is placed in a paraffin globule and hydrophilic in water. In such a way, it protects 
the dispersed phase particles from coalescence and, accordingly, prevents the subsequent increase in the size of 
the globules. The most stable suspensions were formed by applying the surfactants with an HLB higher than 12. 
Increasing surfactant concentration and reducing surface tension affects the suspension stability, droplet size, 
and viscosity. Thus, the maximum surfactant concentration should not exceed 10 %. If the SAA concentration is 
higher, excess surfactant goes into the aqueous phase, which leads to an increase in the viscosity of the PCS. 
In this case, the PCS becomes foamy (Table 5, no. 10, no. 21), which adversely affects the stability of the 
suspension. The most stable PCSs were obtained at 5 % of the surfactant concentration. 
 
Thus, the performed experiment showed that: 

(1) The required PCM concentration must be greater than 45 % to obtain stable homogeneous mixtures in 
the form of pastes, 30-45 % to obtain stable gel-like homogeneous mixtures, and no more than 30% to 
obtain stable liquid homogeneous mixtures; 

(2) The maximum PCM concentration must be 25 % for PCS to be a Newtonian fluid. 
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Table 5. Results of the experimental study 

 

No. Paraffin, % Water, % 
SAA, % 

PCS stability 
Tween 60 Tween 80 Span 60 Span 80 

PASTES 

1 50 40 - 5 5 - + 

2 45 45 10 - - - - 

3 45 45 - 10 - - - 

4 45 45 - - 10 - - 

5 45 45 - - - 10 - 

6 45 45 5 - 5 - + 

7 45 45 5 - - 5 ++ 

8 45 45 - 5 5 - + 

9 45 45 - 5 - 5 + 

10 40 40 - 10 10 - + 

GELS 

11 35.0 60.0 5 - - - - 

12 35.0 60.0 - 5 - - - 

13 35.0 60.0 - - 5 - - 

14 35.0 60.0 - - - 5 - 

15 30.0 60.0 - 10 - - + 

16 30.0 60.0 - - 10 - - 

17 30.0 60.0 - 5 - 5 + 

18 30.0 60.0 - 5 5 - + 

19 30.0 60.0 5 - - 5 ++ 

20 30.0 60.0 5 - 5 - + 

21 25.0 55.0 - 10 10 - + 

LIQUID PCSs 

22 25.0 70.0 5 - - - - 

23 25.0 70.0 - 5 - - - 

24 25.0 70.0 - - 5 - - 

25 25.0 70.0 2.5 - - 2.5 ++ 

26 20.0 75.0 2.5 - 2.5 - + 

27 20.0 75.0 - 2.5 2.5 - + 

28 20.0 75.0 2.5 - - 2.5 ++ 

29 20.0 75.0 - 2.5 - 2.5 + 

30 15.0 80.0 2.5 - - 2.5 ++ 

31 15.0 80.0 2.5 - 2.5 - + 

32 15.0 80.0 - 2.5 2.5 - + 

33 15.0 80.0 - 2.5 - 2.5 + 

«-» - PCS is not stable, «+» - PCS is stable, «++» - the most stable PCSs. 
 
The PCSs stability was checked by the height of the water layer formed after five PCS melting-crystallization 
cycles. Thus, the PCSs were subjected to the five melting-crystallization cycles, and then tested which of the PCSs 
formed had the highest water layer, indicating the unstable PCS by itself (Table 5). In pasty suspensions, a water 
layer formed after ten days of observation at the bottom of the test tube. In gel-like PCSs, this happened after 
five days of observation. Later, this process proceeded more slowly and the suspension became stable, which 
was observed for 6 months. 
PCSs can be considered stable when there is no increase in the droplet size, or no phase separation, and PCS 
retains the heat storage capacity in the planned operating conditions during the storage period. The most stable 
PCSs were obtained by adding Tween 60 and Span 80 surfactants simultaneously. Subsequently, PCSs based on 
Tween 60 and Span 80 surfactants were selected for the mathematical calculation of heat storage capacity. 
The photos of the samples obtained are shown in Fig. 5. 
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 а)               b)      c) 

а) pasty PCS (45 % paraffin, 45 % water, 10 % SAA (Tween 60:Span 80, 1:1)); 
b) gel-like PCS (25 % paraffin, 65 % water and 10 % SAA (Tween 60:Span 80, 1:1)); 

c) liquid PCS (25 % paraffin, 70 % water and 5 % SAA (Tween 60:Span 80, 1:1)) 
Fig. 5. Photos of PCSs “paraffin in water” after 6 months of storage. 

 
The experimental results obtained with regard to the PCS stability correlate well with the results presented 
in other research papers, especially [9, 11]. In other words, the stable PCSs obtained did not change their stability 
during the first 300 melting-crystallization cycles. 
According to the data obtained, the PCS enthalpy change was calculated in MathCad 15 as a function of the PCM 
concentration, and the temperature difference between the final and initial states. The graphical representation 
of the received results is presented in Fig. 6. 
 
 

 
Fig. 6. 3D curve surface of the PCS heat storage capacity as a function of the PCM concentration, and the temperature 

difference between final and initial states 

 
A regression equation with the regression coefficients was determined using the least-squares method. As can 
be seen, the regression equation obtained is described by a second-order polynomial function, which is given 
below: 

                                                                   ∆h=-0.022tХPCM +4.196t+2.5ХPCM.                                                            (3) 
 
According to this equation, the heat storage capacity of water as a storage media is just 168 kJ/kg at 38 °C 
temperature difference, whereas the PCS as a heat storage media has a heat storage capacity of about 
208.3 kJ/kg at the same temperature difference. That is to say that the heat storage capacity of the PCS is higher 
by 24 % than that for water (see Fig. 7). 
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As the temperature difference in the storage tank increases, the difference between the heat storage capacity 
of water and the PCS decreases. However, most often the temperature difference in the storage tank is in the 
range of 60 °C. 
 

 
Fig. 7. Heat storage capacity ∆h for water and PCS as a function of the temperature difference t. 

 
An embodiment of a solar heat system with PCS used as a heat transfer fluid 
PCSs show great potential in solar heating systems as new heat storage media as well as a heat transfer fluid. 
The scheme of a solar heating system where PCSs are applied as a heat transfer fluid is presented in Fig. 8. 
 

 
Fig. 8. Scheme of a solar heat system with PCS applied as a heat transfer fluid 

 
In the system, the PCS is conveyed by a pump to the flat-plate collector, where it absorbs solar heat in the 
daytime heating up on its way to a storage reservoir. In the storage container, a coiled heat exchanger transfers 
the heat stored to the consumer. The system has improved heat storage capacity due to the use of the latent 
heat of paraffin and the high specific heat capacity of water. Thus, by applying PCSs it is possible to increase the 
total heat storage capacity by 24% compared to water. 
PCSs with a high heat storage capacity and low energy consumption for pumping have great potential as a new 
heat storage media and heat transfer fluid for solar heating systems. 
The estimation of the saving rate from applying PCSs as a heat storage medium compared to water in the solar 
heating system is presented in Table 6. 
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Table 6. Estimation of the saving rate 

 

Parameters PCS Water 

Operating period 
300 melting-

crystallization cycles 
300 days 

Initial temperature, °C 20 

Final temperature, °C 45 

Mass of the heat storage medium, kg 300 

Amount of the heat stored in one charging, kJ 46,200 31,500 

Surplus of the heat stored for one charging (compared to 
water as a storage medium), kJ 

14,700 0 

Cost of the heat, Euro/GJ** 20 

Saving rate per one charging-discharging cycle, Euro/cycle 0.294 0 

Saving rate per operating period, Euro 88.20 0 

Cost of the PCS components, Euro*** 80.26 - 

Overall saving rate per first operating period, Euro 7.94 0 

Overall saving rate per second operating period, Euro 88.2 0 

* The saving rate was estimated regardless of the cost of homogenization process 
** Cost of the thermal energy was taken from [39] 
*** Data for cost of the PCS components were extracted from [40-43] 
 
From Table 6 it can be seen that the overall saving rate per first operating period is only EUR 7.94 . Nevertheless, 
at the end of the first operating period (300 melting-crystallization cycles), the PCS components can be 
homogenized again for the purpose to be reused as the heat storage medium in next operating period lasted 300 
melting-crystallization cycles as well. In this case, the overall saving rate per second operating period will 
constitute EUR 88.2 because the PCS components are reused. 
 
Impact 
One of the ways to decrease human impact on the environment is the use of renewable energy sources. Solar 
heat is likely to become the ultimate heat source in the future. However, the intermittency challenge of the solar 
heat generated by solar collectors must be overcome. Heat storage is one of the solutions for this intermittency 
challenge. That is why an increase in the efficiency and the heat storage capacity of the store is a vital problem. 
Currently, the most widely used systems are those where the heat storage media and the heat transfer fluid is 
water. Nevertheless, as shown in this study PCSs display higher heat storage capacity than water. 
If PCSs are used as heat-storage media, the storage system will have the following advantages over the traditional 
system: 

- improved heat storage capacity due to the simultaneous use of the fusion heat of paraffin and high 
specific heat of water; 

- small thermal losses due to the isothermal accumulation process; 
- the ability to transport PCSs formed by a pump; 
- in some cases, it is possible to substitute for a conventional heat transfer fluid with PCSs. 
 

This study will help to choose a correct surfactant for obtaining a stable PCS in the form of liquid, gel, or paste. 
The proposed PCS will help to improve the energy efficiency of the heat store as well as to increase the share 
of solar heat utilization. In turn, this will reduce greenhouse gas (СО2) emissions into the environment, which is 
a global challenge. Thus, the study has a great impact not only from a technical but also environmental point 
of view. 
The impact of this research will be not only on science but also on the economy because energy companies are 
interested in increasing the capacity of the heat storage systems operating in tandem with the solar heating 
systems. This will allow for the share of the solar heat utilized to increase and will result in the reduction of СО2 
emission. The study has shown that the use of PCSs as a heat transfer fluid in solar heating systems increases the 
heat storage capacity by 24%. This has a significant economic and environmental effect compared to traditional 
heat stores filled with water. 
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Conclusions 
Based on the results obtained here, the following conclusions can be drawn: 

1. The rotor-type hydrodynamic homogenizer has been developed with the productivity rate of about 1 
m3 of PCS, which is suitable for commercial application. The corresponding patent application for the 
homogenizer has been filed. 

2. The optimal concentrations of the components, especially distilled water, paraffin, and surfactants, 
to obtain stable paraffin-in-water mixtures were determined. The required concentration of PCMs 
to obtain stable pasty mixtures should be greater than 45%, for gel-like 30-45%, for fluid not more than 
30%. The most stable suspensions were formed when using a surfactant with a hydrophilic-lipophilic 
balance of at least 12. The maximum surfactant concentration should not exceed 5%. At higher 
concentrations, PCSs becomes foamy. 

3. The capacity of the heat storage system increased by 24% when PCSs are applied as a heat storage 
medium compared to the conventional heat store based on water at the temperature difference of 25 
°C. 

4. PCSs have great potential as new heat transfer fluid and heat storage medium in solar heating systems. 
Estimation of the economics of the PCS application in the solar heating system has shown that in the 
first operating period the overall saving rate is only EUR 7.94 , while in each further it constitutes EUR 
88.2. This fact shows that use of PCS is attractive from the economic point of view. 
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Abstract 
This article shows the possibility of using industrial and mining waste for creating new eco-friendly materials – 
geopolymers. The main objective of the article is to analyze the possibilities of using new composite received 
from waste materials from mining industry in practical applications, especially in construction industry. The 
article presents benefits and potential threats for using wastes for production of geopolymers from gangue, 
waste from iron processing, waste from copper mining and processing, waste from chromium processing and so-
called red mud from aluminum production. Research methods applied in the article are: critical analysis 
of literature sources, including comparison new material with other materials used in similar applications. 
 
Keywords 
geopolymer; mining waste; environmental protection; mine tailing 
 
Introduction 
The European Union's policy regarding the production and use of waste from all walks of life aims to reduce its 
impact on the environment and health. As Eurostat data shows, waste from mining and extraction of minerals is 
second in the European Union and represents 25.3% of waste generated by the economy [1]. According to the 
Polish Geological Institute in Poland, this waste constitutes about 55% [2]. The mining industry in Poland and the 
European Union generates a large percentage of waste that is not properly managed. Identifying new possibilities 
for their application is an important and current topic of research around the world. Estimates say that only 
55.2% of the generated carbon combustion residues are reused, largely by the cement and mining industries, 
however, these solutions do not use all the waste generated, therefore there is still a need for solutions 
to remove carbon residues that are also friendly the environment [3].  
 
Limiting the consumption of mineral and natural resources in the world for building materials leads to the search 
for alternative solutions of the main sources of raw materials. The reuse of industrial waste is just such a strategy. 
Research is carried out with different types of waste, among others bottom ash and marble powder, which are 
used in red clay mixtures for the production of ceramic materials. The addition of marble residue allowed to 
observe a decrease in mechanical properties and an increase in porosity. In turn, the addition of bottom ash did 
not affect the mechanical properties, while it improved the porous properties, compared to traditional samples 
[3]. 
Alkali-activated materials e.g. waste sludge from tungsten mining. They are used in research to replace Portland 
cement and potentially thermal insulation materials. They reduce CO2, emissions and thus global warming. Re-
se of some mineral wastes using the alkaline activation process technology is done by mixing precursors, i.e. 
mineral wastes, with alkaline solutions. Research on this material as an alkali-activated binder proves that, 
in combination with red clay waste or polished blast furnace slag, compressive strength and critical pore size are 
reduced. In the second case, the tests are carried out with aluminum powder as a foaming agent [4]. 
 
Data from the United Nations Food and Agriculture Organization show that around 700 million tons of rice are 
harvested worldwide every year. Residues in the form of rice husk are burned to generate electricity and reduce 
waste [5]. Rice husk is a hard protective cover for grain, its components are: cellulose (50%), lignin (25% -30%),  
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silica (15%-20%), water (10% - 15%). Combustion under controlled conditions removes cellulose and lignin and 
leads to the formation of ash, which consists of amorphous silica with a cell structure [6]. Rice husk ash (RHA) is 
used in construction as a partial replacement for cement and such use requires its specific properties. Cement 
substitution improves concrete strength from 1-3 days of maturing, and ensures the availability of concrete in 
developing countries, thanks to low ash costs [6]. 
 
The American manufacturer Goodyear Tire and Rubber Company specializing in the automotive industry, mainly 
in the production of tires and rubbers, is conducting tests on the production of tires from silica obtained from 
rice husk ash. This application provides an alternative source of silica and is environmentally friendly [7]. 
The term "geopolymers" was proposed by the French scientist Davidovits, who discovered that the strength 
of ancient concrete is due to the presence of alkaline aluminosilicates in the structure. The aluminosilicate 
cement has high mechanical strength [8]. 
 
Geopolymers are inorganic polymers produced at low temperatures not exceeding 100 °C [9], resulting from the 
synthesis of silicon and aluminum and obtained geologically from minerals. They can be produced on the basis 
of both natural raw materials and waste materials [10]. Metakaolin is the most commonly used material for the 
synthesis of geopolymers. Its main advantage is the constant and repeatable composition, while the 
disadvantage is that it is very expensive, which limits the development of geopolymers [11]. Slags and ashes are 
the second most commonly used raw material in the production of geopolymer materials. Slags are used both 
as a basic raw material for synthesis and as an addition to other raw materials [12]. The production 
of geopolymers based on rice husk ashes or palm oil [12] is less popular. These ashes come from burning products 
of plant origin. They are rich in silicon, but poor in aluminum, which is why they usually require the use 
of additives for the synthesis process [13]. 
 
Minerals used in the synthesis of geopolymers also include materials of volcanic origin, in particular volcanic 
tuffs. Tuffs are pyroclastic rocks that were formed by cementing various material fractions with clay or silica 
binder [14]. 
 
Methods 
The aim of the article is to show the possibilities of using waste materials from the mining industry as structural 
elements made of geopolymer materials. The research method used in the article is a critical analysis of literature 
sources. Examples from world literature are analyzed showing the possibilities of using mining waste, 
in particular from the extraction of hard coal and metal ores, as well as from the processing of mineral resources 
as a material for the production of environmentally friendly composites.  
 
Literature databases such as ScienceDirect, ResearchGate and Google Scholar were used for the analysis. The 
review was based on the search for articles based on the terms gangue, waste from the mining industry, i.e. iron 
ore, copper ore, chromite ore and red mud in combination with the term geopolymer. 
 
Results and discussion 
Coal gangue 
Coal gangue is a byproduct of hard coal mining around the world. It is a material whose quantity increases rapidly 
with energy consumption. In China, annual coal production is over 70 million tons, which gives over 500 million 
tons of deposited gangue [15]. Its use is used to a small extent, namely for the production of aggregates, 
reclamation of degraded areas, as a component of energy mixtures for combustion processes [16]. The main 
components of gangue associated with coal mining are illite, quartz and kaolinite, which contain a large amount 
of silicon oxide and aluminum oxide. Their chemical composition makes them potentially a good raw material 
in the process of alkaline activation [17]. In order to improve the reactivity of gangue to be used as a cement 
substitute, its activation is needed due to the relatively stable chemical structure. The main activation methods: 
thermal, mechanical, microwave and compound activation are studied in detail for gangue interaction. It is 
possible to use only one of these processes for material activation, however, optimal properties are obtained by 
mechanical activation - milling (fine particles show higher reactivity) and thermal activation in the calcining 
process [17]. Noteworthy is the fact that the best material properties are characterized by gangue-based 
components that have a high content of amorphous aluminosilicate [18]. The next important elements are the 
content of aluminum and active silicon, i.e. reactive components [19].  
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Research on the use of gangue for the production of geopolymers was carried out in Chinese centers on samples 
where it was used as an addition to blast furnace slag, slaked lime and gangue itself as the basic raw material 
[11]. Sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) were used for the alkaline activation process [19]. 
The lowest strength properties were obtained by samples based on the gangue alone. Samples reached 20.19 
MPa after 28 days and 2331 MPa after 60 days. These values are significantly lower than in the case of Portland 
cement, which strength after 28 days is about 42.5 MPa, but they are comparable with lower grade concretes 
[19]. 
 
Materials with the addition of blast furnace slag had higher mechanical properties than the materials from the 
first group [19]. The best results were obtained for 40% and 50% of the slag addition, obtaining values of 40.18 
MPa after 28 days and 43.22 after 60 days for samples with 40% slag content [19]. The obtained properties are 
comparable to the mechanical strength of Portland cement. A third group of samples was prepared based on 
60% gangue and 40% slag compositions [19]. Slaked lime was added to the mixture in these proportions as 2,5-
20% by weight of the composition. In this case, the compressive strength was: 60.24 MPa after 28 days and 63.38 
MPa after 60 days. These values significantly exceed the properties obtained for Portland cement and give wide 
possibilities of using the new material. Phases specific to structural concrete are obtained for this kind of samples, 
not geopolymers [19].  
 
Researchers are also investigating the impact of gangue activation on the properties of geopolymers based on it. 
The macromechanical and microstructural changes of geopolymers based on gangue rock, activated by 
mechanical and thermal methods were examined. The effects that have been observed in the case of thermal 
activation show that the optimal temperature is 800 °C and then the structure of active metakaolinite is formed 
and the value of uniaxial compressive strength of geopolymers is the highest. At a temperature of 900°C, this 
structure is destroyed, which is unfavorable for geopolymerization and thus reduces compressive strength. 
Activation of gangue at 700 °C showed similar conclusions [20].  
Research on gangue is carried out mainly in China and focuses on its use as a material for structural use [21]. 
Mechanical properties and durability of building materials based on gangue are important. Already a small 
addition as a cement substitute, in the amount of 10% -20% by weight, becomes a sustainable and ecological 
approach [15].  
 
Iron ore waste  
Research on the use of iron ore waste (IOT) for the production of geopolymer materials, among others, is carried 
out with pure waste and in mixtures with glass wool residues replacing 10%, 20%, 30% by mass of iron ore waste. 
Compression and bending strength tests were conducted after 7 days on prismatic samples. Compressive values 
above 100 MPa and 20 MPa bending strength were achieved [22]. Iron ore wastes require pre-treatment in 
several stages because they contain elements harmful to health. As a rule, this raw material in the geopolymer 
production process is combined with other materials, e.g. fly ash [23]. 
India has been among the largest raw steel producers on the world market since 2017. The large development 
of this country causes an increase in the steel and iron industry, which is also associated with an increase in the 
production of waste from this extraction. Research was conducted on the use of iron ore waste from two 
different mines to produce geopolymer materials [24]. 
 
The first waste material was from the Bellary mining area (BMM Ispat). The first mixture with BMM mine waste 
was prepared with the addition of blast furnace slag (GGBS) and slaked lime. The iron ore waste was mixed in an 
amount of 30-50% with blast furnace slag in an amount of 25-45%, so that the total for each composition was 
75%. Lime was added in a constant amount of 5%, as was the concentration of sodium silicate solution as 20%. 
The resulting paste was made of 230x115x75 mm brick. It was observed that at increased iron ore content, 
compressive strength increased [24]. A second mix was prepared with iron ore waste, fly ash, slag sand (admixed 
with blast furnace slag and other aluminosilicate compounds from Jindal Steel LTD., Karnataka in India), blast 
furnace slag and sodium silicate solution. It has been observed that the increase in iron ore waste worsens the 
compressive strength. The best strength values were obtained for 20% IOT, 15% GGBS, 15% fly ash, and 40% slag 
sand samples [24]. 
 
Copper ore waste 
Research on the use of copper ore waste is conducted on materials from various regions of the world. Scientists  
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are conducting research on the production of ecological bricks that are formed in the process 
of geopolymerization. The production of these materials is based on mixing an alkaline solution with copper ore 
waste, then forming the resulting mass by pressing under a certain pressure in a mold at a slightly elevated 
temperature. The tests cover physical and mechanical properties by means of water absorption and compression 
tests, microstructure testing on a scanning electron microscope and X-ray diffraction analysis. The obtained 
results show that this waste can be used as materials for the production of geopolymers [25]. 
The development of new technologies affects the search for alternative experimental solutions for geopolymer 
binder. Research is conducted not only in relation to building materials but also materials used in road 
construction. The literature gives examples of tests of copper ore waste mixtures and low calcium slag. Research 
is often based on the influence of the content of individual components and the development of mechanical 
properties. An experimental study was carried out on a geopolymer binder based on copper mine waste, low 
calcium slag and sodium silicate solution. Variable values of individual components and solution concentration 
allowed to obtain the highest compressive strength 23.5 MPa, for 50% blast furnace slag, 10 molar NaOH 
concentration and curing at 60 °C for seven days. These studies allow further development of the use of copper 
ore waste as a geopolymer binder 26]. 
  
Chromite ore  
Chromite ore is industrial waste produced during the production of chromium salts. Due to leaching, Cr (VI) 
is considered toxic and very dangerous. Further processing of this material involves the neutralization and 
protection of Cr in the ore. Despite this, scientists are attempting to use this waste in the production 
of geopolymers, which is associated with the neutralization of chromite ore. This is done on the basis of blast 
furnace slag, obtaining material that can potentially be used construction [27]. 
Literature analysis has shown an example of waste testing for use in the production of geopolymers, carried out 
with sodium sulfate and a geopolymer based on metakaolin, which may dispose of the residue after processing. 
Concentrated Cr leaching from the resulting samples was used, followed by X-ray / dispersion X-ray (SEM / EDX) 
scanning spectroscopy and X-ray photoelectron spectroscopy (XPS), which showed a reduction of CR (VI) to CR 
(III). The compressive strength of the obtained samples was higher than 42 MPa [28]. 
Another example of the study is an attempt to neutralize waste from chromite ore using composite materials, 
namely fly ash, blast furnace slag and metakaolin, based on a geopolymer correlated with zero-valent iron. X-ray 
diffraction studies and observations on a scanning electron microscope with an energy dispersion spectrometer 
showed effective immobilization of the chromite ore [29]. 
 
Red mud from aluminum production 
This material is becoming a big problem for the environment and the degree of its use is negligible. In the 
production of 1 ton of aluminum, about 2 tons of red mud is generated [30]. It has a complex chemical 
composition, among which you can mention: iron, aluminum, silicon, calcium, sodium with the highest 
concentrations. 
 

 
 Fig. 1 Red mud chemical composition. Source: [30]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Red mud chemical composition. Source: [30]. 
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One of the modern applications of red sludge is its implementation as a raw material for the production 
of geopolymer cements [31]. An additional advantage of this waste is the fact that it is many times cheaper than 
e.g. metakaolin [11]. Research on the use of this material for the production of geopolymers mainly concerns its 
combination with other components, i.e. fly ash [32]or slag [33], as well as gangue from hard coal mining [11] 
[34], although it is possible to make geopolymer cement from red mud only. The production of alkali-activated 
material takes place with a pre-treatment process followed by activation, which is possible both through thermal 
activation - calcination and mechanical activation - grinding the raw material. Both processes are characterized 
by energy consumption, resulting in increased costs and a negative impact on the environment [33] [34]. After 
adding fly ash, the geopolymer prepared with the use of gangue, red mud with a sodium silicate solution can 
achieve a compressive strength of 7.3 MPa [35]. 
 
The compressive strength of geopolymers based on waste materials are summarizes in Table 1. 
 
  Table 1. Compressive strength of geopolymers based on waste materials. 

 

Kind of waste Compressive 

strength [MPa] 

Source 

Coal gangue, sodium silicate 20.19 [18] 

60% coal gangue, 40% blast furnace slag, sodium silicate 40.18 [18] 

60% coal gangue, 40% blast furnace slag, 2,5-20% slaked lime, sodium 

silicate 

60.24 [18] 

Iron ore waste, glass wool >100 [22] 

30-50% iron ore waste, 25-45% blast furnace slag, 5% slaked lime, sodium 

silicate 

N/A [24] 

Iron ore waste, fly ash, slag sand, blast furnace slag, sodium silicate N/A [24] 

Copper ore waste, slag with calcium content, sodium silicate 23.5 [26] 

Chromite ore, metakaolin, sodium sulfate >42 [28] 

Chromite ore, fly ash, blast furnace slag, metakaolin N/A [29] 

Red mud, coal gangue, fly ash, sodium silicate  7.3 [35] 

 
The best properties from the given measurable values are characterized by geopolymers based on iron ore with 
glass wool, which achieve the required compressive forces above 100 MPa. A set of high temperature properties 
of marked materials in which the composition includes gangue with slag and lime dependence - 60.24 MPa, 
or gangue with 40.18 slag alone. The lowest available number of samples from the last group of commonly 
discussed and nominated sludge, gangue, fly ash - 7.3 MPa.  
 
There are many advantages for which it is worth becoming interested in the topic of replacing traditional natural 
materials with mining waste. The table shows both the pros and cons of using these raw materials 
 

Table 2. Advantages and disadvantages of using waste materials for the production of geopolymers. 
 

Advantages Disadvantages 

Reducing the amount of waste in landfills [16] Coal gangue requires proper activation [17] 

Saving natural resources [3] Several-stage pre-treatment of iron ore waste required due 
to the content of elements harmful to health [23] 

Availability of raw materials and their lower 
cost [12] 

The use of chromite ore before application involves the 
neutralization and protection of Cr in the ore [27] 

Binding of heavy metal elements [23, 27] The use of red sludge is energy intensive and expensive due 
to pre-treatment processes and alkali activation [34] 

Elimination of the risk to the soil and water 
environment [16] 

The properties of the obtained material depend on the base 
material 
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The research on the use of waste materials as raw materials for the production of geopolymers presented in this 
article requires large financial contributions for further development and adaptation to the regional conditions 
of individual countries. The search for appropriate technologies and implementation to domestic markets is 
associated with the strengthening of cooperation between research and development centers and enterprises 
from the industrial sector. Undoubtedly, the advantages that may encourage the implementation of such 
projects are the measurable benefits for the environment, as well as the implementation of innovations, which 
may become the main factor of competitiveness on the economic market. Preparation and application 
of a technological solution requires a number of requirements specified by the legal regulations of a given 
country. Hence, the strategy of managing the technological process and favorable system conditions (regulations 
and legal acts) is important. From the point of view of implementing the selected solution, it is important 
to choose the right raw material, because the properties of the final product are strongly dependent on the 
chemical stability and appropriately used additives. The analysis of the economic sector and the demand will 
allow to assess the choice of the market (local, national, international), where, when exporting items, the 
determinant will be transport costs and the so-called "Carbon footprint". 
Geopolymerization process with the use of waste materials is a method of neutralizing hazardous substances in 
post-process materials. This allows for economic and ecological efficiency at the same time. On the one hand, 
the obtained product can replace traditional Portland cement, and on the other hand, it can be used to secure 
landfills [36]. 
 
Geopolymers based on waste materials can be used in the production of heat-resistant materials, thermal 
insulation, protective coatings for industrial pipelines and chimneys, or load-bearing materials for the 
stabilization of toxic waste [37] [38]. The increasing technological progress in the use of these raw materials will 
allow for the development of more and more modern courses for their management, which over time becomes 
a necessity [39]. 
 
Impact  
The dynamic development of the construction, mining and processing market forces the search for new solutions 
and technologies to combine these areas in the field of the circular economy. Sustainability and circular economy 
policy are main factor for the development of sustainable construction materials for decreasing environmental 
impact of construction industry. They are also main motivators to research works on new, innovative materials’ 
solutions for replacement traditional Portland cement technology [40]. Contemporary, the technology 
of Portland cement is widely used, but it has many disadvantages such as [41] [42]: 

 energy- and non-renewable natural resource-intensity 

 intolerable volume of CO2 emissions  

 and questionable durability. 
 
Geopolymerization seems to be most promise alternative solutions are traditional technologies used in cement 
industry [40]. The processes of pretreatment, alkaline activation and heat curing influence the total GHG 
emissions in the production of geopolymers. However, this area is still under investigation and depends on the 
location of the experiments carried out. Research is also carried out in terms of the optimization of greenhouse 
gas emissions, costs, availability and strength properties, so that the solutions found are sustainable in their use 
in terms of economy, environment and durability. The data that were obtained and which compare the CO2 
emissions in the production of Portland cement with the production of geopolymer cement show that the 
production of 1 ton of geopolymer material emits 0.184 tons of CO2 from the combustion of coal fuel, compared 
to 1 ton of CO2 for Portland cement. [43]. These technologies have much lower carbon footprint than traditional 
construction materials. It is estimated that the manufacturing of geopolymers produced 6 times less CO2 than 
Portland cement [44]. 
 
The challenge in the production of geopolymers is the replacement of natural resources (metakaolin, slag, fly ash 
from coal combustion, volcanic tuff), mining waste and thus their management going hand in hand with 
environmental protection. From an economic point of view, the replacement of the above materials leads to the 
development of geopolymers due to cheaper waste raw materials. Geopolymerization is also an exciting 
technology that allows the use of different wastes streams (hazardous and non-hazardous) in geopolymer 
production [27] [34].The presented article presents the possibilities of using waste materials from hard coal and 
metal ores mining, as well as from the process of processing mineral resources as a material for the production  
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of environmentally friendly composites. The growing importance of sustainable development of materials 
intended for buildings with low environmental impact and greater environmental awareness are the main 
determinants mobilizing research on the use of recyclable materials [45]. 
 
Nowadays, the replacement of metakaolin and fly ash by waste materials are important factor for possibilities 
geopolymer implementation. The high quality fly ash, especially class F, become valuable raw material for 
concrete industry. Because of that the process of this by product become higher and higher. There is a need 
investigation the new raw materials for that purpose. Moreover, this kind of approach is in line with the Strategic 
Implementation Plan of the European Innovation Partnership on Raw Materials [46], especially by ensuring the 
sustainable supply of raw materials to the European economy whilst increasing benefits for society as a whole. 
The additional value for this approach is to change the way of thinking about these waste materials and, by 
recycling, those complex products that contain many valuable raw materials create a more sustainable future. 
Through the use of waste and by-products the geopolymers could help reducing import dependency by 
improving supply conditions from EU, especially diversifying raw materials sourcing and improving resource 
efficiency (including recycling) and finding alternative raw materials came from wastes [47] [48].  
 
The other important aspect is economic feasibility. In case of geopolymer it is quite complex problem. The price 
of material is dependent of such factor as: 

 Used raw material, including cost of transportation [48] 

 Used alkali activator; nowadays, this is the most unpredictable factor for long-term investments, 
because of huge changes [48] 

 Price of energy 

 Local regulations “greenhouse gas”, including “environmental” fees connected with waste management 
and greenhouse gas emission. 

 
Conclusions 
Geopolymers can be called "green material" because of the possibility of producing them with waste depending 
on the mining and mining industries. An additional advantage is the low CO2 emissions when used for port 
cement. 
 
Within the article, the technical solutions for reuse and recycling of mine tailings, as well as process for other 
types of waste aim to integrate them in building products was explored. The analysis carried out in the article 
shows the possibilities of mineral waste management from mining and processing into materials that can be 
used in the wider construction industry. Materials obtained in the geopolymerization process are characterized 
not only by proper mechanical properties, but also by a number of features, i.e. binding of heavy metal elements 
or fire resistance. Such properties predestine the obtained product also for applications as so-called special 
materials. Examples of possible applications are landfill protection. Where materials often have corrosive effects. 
Refractory properties suggest that this material may also be used in mining. The solutions presented are currently 
at the prototype stage. The technologies developed require significant expenditure on their development and 
adaptation to local conditions prior to their application. The analyzed examples of using waste materials as raw 
materials to create new materials for construction and transport are a promising future perspective.  
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Abstract 
Biorefineries are emerging as the proper route to defeat climate change and other social, socio-economic and 
environmental concerns. So far, no residual lignocellulosic biomass-based biorefineries have been yet industrially 
implemented, mainly due to its economic viability. This article exposes some elements that may help overcome 
the bottlenecks associated to its social, economic and environmental sustainability: small-scale approaches, 
biomass valorisation through added-value products and near-zero effluent. 
 
Keywords 
biorefinery; biomass; effluents; economic; sustainability; impact 
 
Introduction 
The energy sector stands out for its significant impact and transversal role it plays in all other economic sectors, 
sustainable development, and challenges identified under the European Strategic Plan for the Energy (SET-PLAN). 
The energetic valorisation of biomass, as renewable natural resource, intends to play a role central to the future 
of Energy Policies, in particular for the decarbonisation of the transport sector and its more efficient use in the 
production of electricity and in the heating and cooling.  
Fossil fuels depletion and climate change, as well as the current global energy demands require the search for 
suitable bio-substitutes for the products currently being obtained from fossil sources [1]. In the EU context, the 
Renewable Energy Directive (RED II) has established a share of 32 % as the overall target for Renewable Energy 
Sources consumption by 2030, with a minimum of 14 % of the energy consumed in road and rail transport coming 
from renewable energy [2]. This directive also defines some sustainability and GHG emission criteria. For 
instance, in the case of transport biofuels, after January 2026, a minimum of 65 % GHG reduction must be 
achieved in comparison to reference fossil fuels. Similarly, considering that biofuels production may lead to the 
extension of agricultural land into non-cropland and negatively affect areas with high carbon stock, indirect land 
use change (ILUC) issues have also been included and regulated in RED II. 
 
First-generation (1G) biofuels suffer of important drawbacks to meet those criteria due to the high water and 
energy consumption needed during their production and the negative side effects on the food market. Hence, 
during the past decade there has been a growing interest in developing biofuels and bioenergy carriers non-
linked to the food sector. For biofuels productions (e.g. bioethanol), the use of residual lignocellulosic biomass 
(second-generation, 2G ethanol) instead of food crops (1G ethanol) can lead to lower environmental impacts 
(and no competition with food crops) [3]. In this line, and within the 14 % transport sub-target, RED II has 
established that the contribution of advanced biofuels should be of at least 3.5 % in 2030 (Fig. 1). This category 
represents biofuels produced from non-food related and sustainable feedstocks, such as energy crops, algae and 
wastes, as well as agricultural and forestry residues. 
 
 
 
 
 
 
 

https://doi.org/10.32933/ActaInnovations.36.5
mailto:tiago.lopes@lneg.pt
https://orcid.org/0000-0002-9720-8777


Acta Innovations  2020  no. 36: 57-63  58 

 

 

https://doi.org/10.32933/ActaInnovations.36.5 ISSN 2300-5599   2020 RIC Pro-Akademia – CC BY 

 

 
 Fig. 1. the RED II requirement for fuel suppliers to have a 1.5% minimum energy share for the overall renewable 

energy mandate beginning in 2021, which includes a 0.5% minimum share for advanced biofuels produced from the 
feedstocks listed in Annex IX, Part A. The overall share of biofuels produced from Annex IX, Part B, can be smaller than 
1.0%–1.7%, as indicated in the figure. Source: The European Commission’s Renewable Energy Proposal For 2030, ICCT - 

International Council on Clean Transportation, January 2017 [4] 

 
One way to overcome these concerns is the development of biorefining processes to produce biofuels and 
bioproducts with a lower global warming potential (GWP). A biorefinery is an industrial installation that optimises 
the full use of biomass (raw material) in a sustainable way giving rise to a diverse range of products, namely 
biofuels, energy, biomaterials and chemicals (end-use or intermediates). It has evident similarities with a refinery 
that uses fossil resources (e.g. oil) and in certain situations, constitutes a viable alternative to replace oil with 
biomass. Although the characteristic of a biorefinery is a multi-product industrial unit, like an oil refinery, its 
integrative design varies among those that are primarily energy-based, that is, in which the industrial unit is 
optimized primarily to generate bioenergetic products from biomass, namely biofuels, electricity and heat, 
generating simultaneously co-products that could be precursors of products of greater added value for non-
energy applications; and those that are optimised for generate mostly bioproducts (biomolecules, intermediate 
chemicals) and biomaterials from biomass and in parallel only a minority fraction of the biomass is diverted to 
production biofuels, electricity and/or heat, as that is not the main purpose of a biorefinery. Biorefineries have 
primarily followed the concept of classical oil refineries, using a single feedstock in huge processing capacities to 
achieve maximum economy of scale, but under such framework, the opportunities for installing such 
biorefineries in most rural areas in Europe and even worldwide are scarce. Studies have revealed that the main 
bottlenecks are associated to high CAPEX and OPEX, and very often to the inexistence of a sustainable biomass 
supply at regional level [5]. 
 
Small-scale biorefineries have been proposed as a potential solution to overcome most of these challenges, since 
when located in rural areas they can promote territorial economic cohesion and generate local direct and indirect 
jobs [6,7]. Small-scale also allows a reduction in transportation costs of raw materials and intermediate products 
and leads to a direct link between industry and the primary sector. Despite the strategic relevance of small-scale 
biorefineries, numerous technological and strategic challenges still hamper commercial development, namely 
the heterogeneity of the biomass resources for further processing [8].  
 
Furthermore, several studies have proven that in order to become economically and environmentally viable, it is 
almost mandatory that these small-scale biorefineries valorise all the available effluents (wastewaters, gas 
emissions, waste solids, etc.) for producing additional added-value products and reduce the consumption of  
external energy sources [9–12]. Lopes et al. [13] have demonstrated that for a microalgae-based biorefinery,  
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using genetically modified cyanobacteria for direct production of ethanol, the process is only economically viable 
when the pigments and proteins obtained from microalgae biomass are recovered, and the spent biomass sent 
to anaerobic digestion for biogas production and subsequentially used in co-generation. Susmozas et al. [14] also 
state that for a small-scale biorefinery using olive tree pruning as feedstock, the bioethanol production together 
with the integrated by-products production (xylitol and antioxidants) is technically and economically viable, and 
the energy demands are reduced by power and steam co-generation from combustion of residual solid material 
and methane produced by anaerobic digestion of wastewater. 
 
Process modelling and simulation using software-based tools is a useful methodology to ascertain process 
feasibility at scales larger than laboratory scale, such as pilot, demo and industrial scales [10,15,16]. The use 
of process modelling to study biomass processes for the production of high added-value products has certain 
limitations on evaluating scalability and replicability. Usually, process modelling is based in black-box models 
where process yields are taken from the literature or from experimental data, so they cannot evaluate the 
consequences of changing feedstock properties, process parameters and operational conditions. Thus, there is 
an inherent need of knowing more about the fundamentals of these processes: 

 biomass composition models using realistic and predictive models, where biomass reactivity can be 
represented by the reactivity of a series of surrogate molecules 

 actual predictive models that can predict the mass and energy balances of biomass-based processes 
through kinetic, thermodynamic and semi-empirical models.  

These approaches allow the evaluation of different scenarios, assessing which pathway is the most adequate 
when upscaling a biorefinery, for the process to present lower CAPEX and OPEX, and for lower environmental 
and social (negative) impacts. 
 
As an example, it is known that in rural temperate and humid tropical regions, most biomass resources are crop 
and food residues, animal and human waste and agro-processing residues. One way to take advantage of this 
heterogeneity is by combining two different biorefinery platforms: the biochemical platform transforming 
lignocellulosic feedstock into sugars and then into biofuels and/or added value chemicals, and the anaerobic 
digestion platform converting wet biomass into biogas [17]. Such a small-scale integrated biorefinery should be 
able to transform both dry and wet biomass residues by means of different processes to produce an array 
of bioproducts, maximizing the resources, the energy efficiency and the environmental sustainability of the 
whole value chain. Lopes et al. [9] have shown through a comparative process modelling and simulation study 
that, by combining these two different platforms (lignocellulosic-based small-scale biorefineries, integrated with 
a piggery waste-based anaerobic digestion platform, located in Portugal and Chile – Fig. 2), the isobutene/xylo-
oligosaccharides (XOS) biorefinery concept is proven to be economically viable in both countries, mainly due to 
the high market value of XOS, and is a flexible process that can be implemented in any of these countries, even 
using different lignocellulosic biomass as feedstock (wheat straw and corn stover). 
 
Therefore, techno-economic analysis (TEA) of biorefineries as well as life cycle assessment (LCA) are two 
powerful tools to evaluate the expected impacts (social, economic and environmental) of implementing 
innovative bio-based conversion routes for the production of biofuels and/or bio-based products. Usually these 
assessments are bioenergy-driven, and tend to demonstrate that its economic viability is highly dependent on 
the main product market price or by significantly reducing the energy consumption of biomass fractionation 
or downstream processing units (e.g. hydrothermal biomass pre-treatment, ethanol/water distillation process). 
Furthermore, by funnelling the biomass conversion entirely to biofuels, there are two main bottlenecks: market-
dependency and excess of effluent streams to be treated (gaseous, liquid or solid). The former is extremely 
oscillating and with a decreasing trend on biofuels market price, the latter generates higher CAPEX and OPEX for 
waste treatment and additional negative environmental impacts. To overcome these drawbacks, it is of extreme 
importance to valorise all the biomass fractions and perform mass and heat integration to reduce or eliminate 
the effluent streams 
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Fig. 2. Example of an integrated small-scale biorefinery concept for valorisation of all streams. Source: Adapted from [9]

https://doi.org/10.32933/ActaInnovations.36.5


Acta Innovations  2020  no. 36: 57-63  61 

 
 

 

https://doi.org/10.32933/ActaInnovations.36.5 ISSN 2300-5599   2020 RIC Pro-Akademia – CC BY 

 

Agricultural and forest residues, like any other plant biomass, consist of three main macromolecules: cellulose, 
hemicellulose and lignin [18]. To efficiently convert this biomass feedstock into biofuels (such as 2G bioethanol) 
and bioproducts (biorefinery-driven), pre-treatment is the first technological operation, in order to make the 
biomass susceptible to hydrolysis with the aid of enzymes. The resulting C6 sugars syrup is then fermented and 
transformed into 2G bioethanol, higher alcohols, or bio-based products. C5 sugars can be fermented together 
with C6 sugars (using recombinant strains) or upgraded into, for instance, prebiotics (e.g. XOS). Lignin can be 
burned to generate steam (and therefore reduce the energy demand and the use of fossil sources) or preferably 
can also be valorised into added-value products (e.g. vanillin, benzene-toluene-xylene, syringol, carbon fibres 
or activated carbon). Mass integration through the re-use of carbon dioxide effluent streams from fermentation 
for microalgae cultivation, anaerobic digestion of waste water streams for biogas production or upgrading, use 
of biomass ash as in-situ catalyst, are interesting and promising options to reduce the impacts of such 
technologies. Heat integration between stream processes is also one of the most adequate pathways for taking 
advantage of biorefineries flexibility, leading to a considerable reduction on energy consumption. 
 
Impact  
Considering the economics of advanced biorefineries, it is necessary to warn that in the more restricted scope 
of advanced biorefineries focused on energy recovery, they almost all require incentives through stable medium 
and long-term legislative measures. In particular, the cost of production of advanced biofuels depends mainly on 
the cost of biomass (raw material), investment cost and operating cost. The latter two are higher than the CAPEX 
and OPEX costs of first generation biorefineries (e.g. FAME biodiesel units). Among others reasons, the costs of 
collecting and transporting biomass are important to be considered in the initial planning phase of biorefineries, 
so only the value chains based on low cost, zero cost or residual biomass negative can currently offer the 
production of bioenergetic products competitive. 
Furthermore, the economic impact attained by the use of effluents generated within a biorefinery concept is 
reflected on the reduction of additional investments costs in equipment for waste treatment, a reduction on 
operating costs (e.g. raw materials, utilities, maintenance) by lowering the needed volumes to be processed, 
achieving high energy-efficient yields on raw materials recovery and recycling, lowering the logistic and supply 
chain costs by using a small-scale biorefinery concept and therefore create local synergies with suppliers and 
end-users, without the need of utopic processes. 
 
Additionally, a small-scale biorefinery concept taking advantage of all the generated effluents and valorising the 
biomass fractions generate much lower GHG emissions (virtually zero), have a significant impact on fossil fuels 
depletion (no fossil sources are needed – a small-scale biorefinery has the potential to be energy-sufficient), 
water depletion (a huge amount of fresh water needed is reduced by waste water recycling and purification), 
eutrophication and toxification (almost no toxic waste for soils and water is generated). 
 
An adequate biorefinery design is crucial to prevent the toxic effluents and GHG emissions as in oil refineries 
design, where negative environmental and social impacts were obtained during oil processing and products use. 
Nevertheless, sustainable biorefinery systems are still a challenge since weak designs lead to processes hardly 
operating on the economic margin, not providing significant reduction of environmental burdens in comparison 
to petrochemical systems and facing socio-economic issues due to endless discussion on land use, labour, food 
safety, etc. The diversity of bioproducts that can be obtained from biomass under the biorefinery concept lies 
under the umbrella of bioeconomy. As Moncada et al. state: “A biorefinery is a complex system, where biomass 
is integrally processed or fractionated to obtain more than one product including bioenergy, biofuels, chemicals 
and high value-added compounds that only can be extracted from bio-based sources. The latter after 
a comprehensive study of the raw materials to be used and a sustainable design based on the latest state of the 
art technologies and approaches which include aspects of the three pillars of sustainability” [19]. Hence, in order 
to catch the same train as the European Commission and other policy makers, bioenergy and biorefinery 
researchers and players should look at these (near zero waste) small-scale biorefineries as a promising solution 
to a worldwide concern.  
Another aspect in the small-scale advanced biorefinery development is territorial cohesion and territorial 
enhancement. It contributes to reduce the gap in the implementation of technology-based industries between 
more developed regions and generally less developed rural areas where biorefineries can boost both qualified 
employment and technology enhancement. However, the existence of residual biomass available in a given 
region is not in itself synonymous with the economic profitability of a biorefinery in that region. It is necessary 
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to assess the constraints of your supply chain, alternative markets and industrial infrastructures in the biomass 
sector, which may already exist in that region that allows for the enhancement of local synergies, among others.  
 
Conclusions 
The 2030 horizon is the tolerable limit for implementing advanced biorefineries, focused on bioenergetic 
products, from residual biomass or with a lower economic value. Namely, biomass agroforestry waste or in the 
co-valorisation of biomass in industrial value-added bioproducts, obtained with or without biochemical 
or thermochemical processing of any other organic biomass provided it does not compete with the human food 
markets and within the so-called bioeconomy.  
The valorisation of effluents is very likely to be a good option for GHG emission reduction. However, for reasons 
of fair competition, LCA methodologies should be applied in an identical way to assess the sustainability of both 
energy- and any other non-energy basis biorefineries, namely in terms of comparative measures to reduce GHG 
emissions.  
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Abstract  
The following publication presents results of the research on a new, innovative, mild technology of food 
processing with microwaves technology in order to develop novel food in the form of “on the go” healthy snacks. 
Different aspects of microwave treatment technologies within the context of physical model of electromagnetic 
field interaction with a food product, marketing and energy aspects were considered. Furthermore, comparison 
of sensory quality of conventionally and microwave treated nuts was shown, which is a key feature of nuts, seeds 
and dried fruits for most consumers. A comparative LCA analysis of convectional and microwave roasting was 
performed as well. 
 
Keywords 
roasting, microwave, convection, nuts, sensory quality, LCA, economy 
 
Introduction 
Global market context 
 
The food industry is constantly looking for new products and solutions, following customer expectations. One of 
the trends that has been observed for several years on the Polish and global market is introduction to the market 
products that are defined as “novel foods” [1]. The answer to this trend is the development of new production 
technologies that result in unique product features without the need to increase selling price of the products. 
Novel food is defined as innovative food, produced with the use of modern technologies and production 
processes. 
The global healthy snacks “on the go” market is worth 389,228 million USD in 2020, and the nuts and seeds 
market segment will reach 9,841 million USD in 2020. The total market of snacks is projected to grow by 4.8% 
(CAGR 2020-2025) annually and by 3.0% (CAGR 2020-2025) for nuts and seeds [2]. According to the report 
"Worldwide Healthy Snack Food Market: Analysis and Industry Forecast 2022", the global snack market will reach 
620 billion USD by 2021 with a cumulative annual growth rate of 5.8% [3].  
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The size and the expected growth of the market, anticipated by all market analysts mean that reducing the cost 
of the roasting process only in relation to energy inputs will bring global energy and environmental benefits, and 
consequently will be a source of the promising competitive advantage for the producers of healthy snacks. 
The quality of food products is very important for consumers, as it affects their health and also determines the 
taste. Many methods of assessing the quality of such products have been developed [4]. These are organoleptic 
and instrumental methods. From the point of view of the majority of consumers, the most important quality 
feature of food products is taste. They are mainly assessed by organoleptic methods: sensory analysis or 
organoleptic evaluation. 
Snack food appeared in consumer behaviour as an alternative to full-fledged meals. “Snacks” are defined as dried 
fruit, nuts, seeds, grains, chips, crackers, popcorn, salty sticks, bars, etc. This is due to the growing market share 
of people who pays a special attention to ecological, pro-health products and the convenience offer. For active 
people, the quality of the consumed products is of the greatest importance, and at the same time, they want 
snacks to be comfortable to use "on the go". The ingredients found in the products are important from the health 
point of view. Dried fruits contain a large amount of fibber, supporting the digestive system and protecting 
against atherosclerosis, obesity and cancer. At the same time, they have a low or moderate glycaemic index (GI), 
which is the effect of food on blood sugar levels. Nuts and seeds are a rich source of potassium, magnesium, and 
folic acid - they improve memory and concentration. They also contain unsaturated fatty acids that lower the 
level of bad cholesterol in the blood. Although nuts contain various substances that have cardio protective 
effects, their omega-3 fatty acid profile is at least partially responsible for the response to hyperlipidaemia. 
The increasing concentration of consumers on the nutritional value of the product, such as high content 
of vitamins and proteins and low calories, works to the advantage and expanding of the market. Healthy snacks 
“on the go” are widely eaten in mature economies [5]. 
Increasing consumer pressure in Europe and North America first of all, on quality of health products “on the go” 
due to increasing consumer purchasing power, could strengthen the market in the coming years. The growing 
demand for snacks, combined with the rising purchasing power of customers, can stimulate market 
development. 
Analysing the expectations of individual customers (consumers), regardless of the purchase motivation and the 
intended use of the product, the key feature of the dried nuts and seeds for the majority of consumers is taste. 
This is reflected in the KPMG report, which shows that for over 90% of the surveyed consumers the most 
important things are the taste and quality of the sweets and snacks they buy [6].  
The growing awareness of consumers means that they consciously choose the available products, which are 
actually less processed, more natural and therefore - healthier. Active people attach particular importance to 
the quality of the consumed products, and at the same time, they want them to be comfortable to use "on the 
go". 
Disposable snacks and drinks are increasingly consumed around the world due to the long working hours of the 
special group of consumers, so called “Millennials”. Millennials that is the baby boom generation of the 1980s 
and 1990s. Today's 20- and 30-year-olds represent over half of the reproductive age population in the world, 
approximately 1.7 billion people. Globally, the Millennials, regardless of their country of origin, have similar 
attributes. They are the group of consumers brought up in the online environment. The Millennial generation 
pays special attention to ecological and pro-health products and the convenience offer. Millennials are an 
increasingly important purchasing group for food producers, because today they largely make purchasing 
decisions (they expect new products, new forms of marketing etc.). Because of that, any food producer who 
thinks about the future is definitely including this segment of consumers in their activities and is trying to meet 
the new needs of increasing demand on healthy snacks eaten “on the go” which becoming more and more 
popular. The answer for this challenge is to increasing volume of sales, and make greater profits, however 
without necessarily increasing the selling price. It is advantageous when it fits in the "green economy" trend, 
since it can be used for marketing purposes [7]. 
 
Research hypothesis 
In research on the development of a new food processing technology, dedicated to healthy snack products "on 
the go", and in particular – with regards nuts and seeds, it was hypothesized that the use of microwave roasting 
technology will improve the taste of the snacks and at the same time will result in energy savings. 
The research hypothesis in relation to the taste values assumed that mixtures of nuts and seeds roasted under 
low-pressure microwave technology will be characterised with more favourable proportions of fatty acids and 
other nutritional values supporting the proper functioning of the body, than in conventional technologies.  
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The research hypothesis in relation to the cost of energy of the roasting process assumed that the production 
costs of healthy snacks would be reduced through the use of microwave technology. Due to the fact, that 
microwaves operate across the entire cross-section and heat up products volumetrically, the duration of the 
roasting processes will be shortened, and the energy efficiency of the thermal treatment of nuts and seeds will 
be improved. The energy costs of the roasting processes of nuts and seeds account for from 1.5% of the final 
consumer price for e.g. in regards to cashew nuts and up to 6.7% for sunflower seeds [8].  
Simultaneously the hypothesis with regard to the energy efficiency of the thermal process assumed that the use 
of microwave roasting technology would reduce the emission of harmful by-products, especially GHG emission. 
There is no doubt that when food safety conditions are met, food sensory quality and price determine food 
selection and consumption. As soon as a complete supply of food is achieved - quantitatively and in terms of its 
diversity - the question of the motivation of consumer choice becomes an important marketing and nutritional 
problem. Hence, other research question concerns the effect of type of roasting on the sensory properties 
of nuts. Food selection is influenced by many interrelated factors. They relate to the food itself, the appearance, 
smell, texture and flavour; to the consumer - his individual preferences and aversion as well as psychological 
factors such as personality, beliefs (views), experiences and moods; finally, to external factors - economic, 
cultural and sociological. They all influence food choice and consumption. Sensory properties are by definition 
a phenomenon that arises because of the sensory perceptions of certain physical and chemical properties 
of food. The implication of the above is that they cannot be considered without connection to the human sensory 
apparatus. Sensory attractiveness of food products and meals prepared on their basis is the basic criterion for 
the acceptance of the product selection by the consumer. The set of features that create sensory attractiveness, 
apart from availability and health, contribute to the generally understood quality of a food product. These 
characteristics include taste, texture, odour, and appearance.  
Combining the results of consumer research with the results of laboratory profiling of sensory quality allows for 
a rational modification of the existing ones and the development of new products of high quality in the opinion 
of consumers.  
 
Physical model of electromagnetic field interaction with a food product during microwave treatment 
The results of microwave processing depend on the interconnection of several factors, in particular, the 
generation of microwave energy, its transfer through the media, penetration into the product and conversion 
into heat. Current frequency and power output are two determining factors that are the most significant for 
microwave generator. Electromagnetic oscillation frequency is constant and, as a rule, frequency of 2450 MHz is 
mainly used for processing of food products. 
During the work of microwave generator, strength of electromagnetic field in the media depend on its power 
output. Value of microwave energy that reaches the surface of food product depends to the product’s volume, 
its geometrical dimensions and dielectric permeability. 
Thermophysical and dielectric properties to a great degree depends on moisture capacity of a product. 
An increase in the number of water molecules causes an increase in dielectric losses and, as a consequence, more 
active heating. Dehydration of a product in the process of heating is followed by nonuniformity of moisture by 
volume. Whereby wetter sections obtain more quantity of energy but in consequence of moisture movement, 
its concentration equalizes. Gradual decrease in moisture content results in decrease of dielectric loss and, 
consequently, decrease of heat energy that is released in the product. 
Thus, a set of thermophysical and dielectric properties determines resistance for transferring electromagnetic 
field, depth of penetration of electromagnetic field. Penetrating the product electromagnetic field strength is 
attenuated that results in decrease in heating rate of a product. As a rule, to maintain effective heating at the 
current frequency, products of thickness not more than 30-50 mm should be processed in most cases. 
Thus, to ensure efficient work of microwave oven and obtain high quality products it is necessary to determine 
rational values of electromagnetic field strength depending on the output power of magnetron and physical 
properties of food product, that determine the depth of penetration of electromagnetic field in to the material. 
The power absorbed by a product during microwave heating, on the one hand, depends on electric parameters 
of the field (current frequency and strength of electromagnetic field) and, on the other hand, on dielectric 
parameters of a product (dielectric loss factor and relative dielectric constant) and it is determined by the known 
formula 
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where Qd is the power density of microwave absorbed per unit volume of the material, W/m3; ε0 is the 
permittivity of free space (8.85 · 10-12 F/m); f is microwave frequency, Hz, ε” is the relative dielectric loss 
factor; Е is the electromagnetic field strength in the medium (product), V/m. 
Among the above-mentioned factors, electromagnetic field strength that can be regulated during microwave 
treatment has priority significance. 
Our task is to determine electromagnetic field strength that is formed by microwave generator on the surface 
and inner layers of a product. 
 
Let's to determine electromagnetic field on the surface of a food product, the following well-known 
electrodynamics equation is used [9]. The energy flux density of an electromagnetic wave transmitted by in an 
arbitrary medium is determined by the formula 
 

2

0EП f  ,      (2) 

 

where П is the energy flux density of electromagnetic wave in an arbitrary medium, W/m2;  /cf   is the 

light velocity in the medium, m/sec; c is the light velocity in the vacuum; µ0 is the magnetic constant (µ0=4π·107 

H/m); µ is the magnetic permeability of the medium. 
In the working volume of microwave oven electromagnetic wave transfers practically at light velocity in vacuum 
because dielectric and magnetic permeability for air equals one (ε=µ=1). That is why energy flux density that is 
transferred from the microwave generator to the product equals 
 

,        (3) 

 
where Е0 is magnitude of electric field in the microwave oven, V/m. 
On the other hand, energy flux density of an electromagnetic wave on the surface of a product can determined 
as ratio of microwave generator power to surface area of a product, that is  

 

,        (4) 

 
where Р is the power of microwave generator, W; S is the surface area of a product, m2. 
Equating the right-hand sides of expressions (4) and (3), we can obtain formula for calculating the magnitude 
of the electromagnetic field on the surface of the product 
 

.       (5) 

 
Further let’s define the magnitude of electric field that occurs in the product itself, which it differs from the 
electric field on the border of product because electromagnetic wave transfer rate on depends from dielectric 
properties of product. Under conditions of optimal loading of microwave oven all energy of electromagnetic 
waves is absorbed by the product, i.e. energy flux density П does not change on the surface of a product. Then 
it is possible to write down next equality 
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From here with regard of expression for light velocity in the medium we obtain 
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With regard of the expression (5) we obtain 
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Thus, formula (8) takes into account interrelation between microwave generator power and magnitude 
of electromagnetic field on the surface of a food product. 
For calculation of magnitude of electromagnetic field according to the thickness of a product, we use formula  
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where E is the magnitude of electromagnetic field on the distance  from surface of product, m.  
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  is the penetration depth of electromagnetic field into the dielectric material, m. 
 

Substituting in formula (9) expressions for E (8) and  (10), we obtain a formula for calculating the strength of the 
electromagnetic field depending on the thickness of the product, its surface area and microwave power. 
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We used formula (11) to calculate the dependences of the magnitude electromagnetic field on the power of the 
microwave generator and the surface area of the product, depending on the layer thickness of two products: 1 - 
a mixture of finely chopped root vegetables of spicy vegetables (Figure 1); 2 - a mixture of finely chopped herbs 
of spicy vegetables (Fig. 2) [10].  
 
 
 

  
a)              b) 
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c)  d) 

 
Fig. 1. Magnitude of strength of electromagnetic field depending on the thickness of the layer (Δ) and microwave power (Р) 
for mixture of finely-chopped roots of spicy vegetables: 1 – 500 W; 2 – 1000 W; 3 – 1500 W; 4 – 2000 W; 5 – 2500 W; 6 – 
3000 W, for surface area of a product: а – 50 сm2; b – 200 сm2; c – 450 сm2; d – 800 сm2. 

  
a) b) 

 
 c)  d) 

 
Fig 2. Magnitude of strength of electromagnetic field depending on the thickness of the layer (Δ) and microwave power (Р) 
for mixture of finely-chopped greenery of spicy vegetables: 1 – 500 W; 2 – 1000 W; 3 – 1500 W; 4 – 2000 W; 5 – 2500 W; 6 – 
3000 W, for surface area of a product: а – 200 сm2; b – 800 сm2; c – 1800 сm2; d – 3200 сm2 
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According to the data of (Figure 1, Figure 2) it can be seen that with the increase of microwave generator power 
within the above mentioned range from 500 W to 3000 W electromagnetic field strength increases 
approximately by 2 times in all cases. Magnitude of electromagnetic field strength into the product is inversely 
to the surface area of a product. 
Hence, by this example of calculations it was shown that electromagnetic field strength can be regulated through 
the change of microwave power and surface area of the product. 
Since the intensity of internal heat sources arising during microwave heating depends on the square of the 
strength of the electromagnetic field (1) penetrating into the product, the proposed formula (11) allows to 
choose the rational characteristics of the microwave heating process, that is, regulate the radiation power, 
surface areas and the thickness of the product. 
 
Comparison of sensory quality of conventionally treated nuts and microwaved nuts 
Sensory quality evaluation 

 
The interest in sensory evaluation grew rapidly in the second half of the 20th century, which is related to the 
development of industry, the appearance of processed foods and consumer products. The first initiation 
of formal quality control or sensory programs by use of trained panels dates to 1950 [11], [12]. Sensory 
evaluation 
The interest in sensory evaluation grew rapidly in the second half of the 20th century, which is related to the 
development of industry, the appearance of processed foods and consumer products. The first initiation 
of formal quality control or sensory programs by use of trained panels dates to 1950 [11], [12]. Sensory 
evaluation involves a suite of techniques to accurately measure human responses to food and minimizes the 
potentially biased effects of brand identity and other information affecting consumer perception. 
As such, it tries to isolate the sensory properties of the food itself and provides important and useful information 
about the product to developers, food scientists, and managers about the sensory qualities of their products. 
One of the most complex, dynamically developing and frequently used methods of sensory analysis is 
Quantitative Descriptive Analysis (QDA) [13], [14]. This method, also known as the profiling method, is used for 
the qualitative and quantitative determination of the comprehensive characteristics of food products. Its basic 
assumption is that the palatability, smell or texture are not individual product quality features, but a complex 
of many individual features that can be distinguished, identified and defined. A special preliminary procedure 
allows selecting the characteristic units of the analysed products and establishing their definitions. The profile 
analysis may be complete, i.e. it may concern discriminants perceived through all senses (sight, smell, taste and 
sensory and tactile senses) or partial, including only smell and taste features or texture features. Each feature is 
quantified on a linear (or numerical) scale with appropriate boundary definitions. The results of the assessment 
are converted into numerical values and then subjected to statistical processing, using the analysis of variance 
(ANOVA) to determine which of the characteristics significantly differentiate the tested samples and whether 
the repeated assessments (separate sessions) are not a significant factor of variation. 
 
Thermal processing of nuts 
One of the most important processing methods of dried nuts is roasting. It significantly increases the sensory 
qualities of nuts, especially the palatability, by enhancing the taste, colour and increasing crunchiness [15], [16]. 
Roasted nuts can be eaten without any additives as popular snacks “on the go”, they constitute material in 
confectionery, bakery and others. The most often roasted are peanuts, hazelnuts, almonds and pistachio nuts 
[17]. Roasting the nuts involves heat treatment (e.g. with hot air or infrared) at a temperature of 104-300 °C, for 
time depending on the type of nuts and desired properties [15], [16]. Hot air roasting is one of the simplest and 
low-cost methods. However, it usually requires a long period of roasting time which results in undesirable 
changes in the final product, mainly due to the Maillard reaction [16], [18]. In conventional roasting methods, 
the outer surface of the nut is scorched while the centre of the nut is not perfectly baked. This may cause uneven 
roasting, surface scorching, unpleasant odours and a bitter-burnt taste. To overcome uneven roasting and its 
disadvantages, new methods such as infrared heating can improve roasting properties. New mild food processing 
technologies that use low temperatures and limited amounts of processing aids can facilitate preservation of 
nutrients, maintain good nutritional quality and bioavailability, extend product shelf life, optimize individual 
ingredients and maximize functional properties (technological functions, sensory attributes, nutritional value) 
[15], [19], [20]. One of that technology is microwave roasting. This process assures lower processing time by 
a significantly reduced temperature. Interaction of an electromagnetic field with chemical components of food 
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causes a heating of food products. These interactions immediately generate heat due to molecular friction 
andexcitation [21]. In the present study we are comparing two methods (microwave and convection) of roasting 
nuts (peanuts, hazelnuts, walnuts), we considered on the sensory evaluation and environmental impact of 
roasting. 
 
Materials and methods 
Raw shelled nuts (peanuts, hazelnuts, walnuts) were split into batches. The first batch of nuts was exposed to 
microwave radiation for 4, 6 and 8 minutes, using microwave power of 500, 600 and 800 W (Table 1). Each 
sample (200 g) was placed in a turn vessel, roasted, and then cooled. The microwave radiation treatment was 
carried out using a microwave oven under constant air pressure. The average temperature of a sample 
immediately after roasting was 75 °C. The second batch was dry roasted at a temperature of 180 °C for 5, 15, 20 
and 25 minutes (WINKLER kiln) (Table 1). After cooling to ambient temperature, seeds were sealed in a protective 
atmosphere (N2 according to EC Directive 1272/2008 [22]) and stored at 20 °C prior to processing.  
Sensory properties of nuts were tested by means of Quantitative Descriptive Analysis (QDA) by a trained panel. 
The panel (15 assessors chosen by means of a suitability test and trained for the evaluation of seeds) drew up 
a sensory profile of products with the following characteristics: odour (total odour intensity – total strength of all 
odours in the sample; characteristic odour – typical for nuts; foreign odour – atypical for nuts), colour and size 
(typical for nuts), hardness (sample resistance on biting and crispness – susceptibility to cracking under the 
pressure of teeth), taste (sour – basic flavour; foreign – atypical for nuts). The intensity evaluation of the sensory 
perception by the trained panel was carried out by use of unstructured scales (0 – not perceptible and 100 – 
strongly perceptible). Moreover, the degree of consumer preference was determined. The trained panel worked 
in a laboratory under defined conditions. The results were captured with the MySurveyLab software. 
The environmental impact of roasting methods was determined using the LCA analysis. The study was conducted 
in the OpenLCA software, using the ELCD 3.2 database. To assess the impact of the processes on the 
environment, the ReCiPe Endpoint (E, A) method was used, which allowed to obtain harmonized results and 
compare nuts in terms of their impact on various elements of the environment. As the input data, we took into 
account only theses parameters by which roasting methods differ from each other, i.e. energy consumption and 
exhaust emissions. The analysis was performed only for these nuts that have been assessed of having the most 
favourable sensory parameters.  
 

Table 1. Roasting conditions for nuts 
 

Roasting Convection Microwave 

temperature 
[°C] 

180 180 180 180 
power 

[W] 
500 500 500 600 600 600 800 800 800 

time (min) 5 15 20 25 
time 
(min) 

4 6 8 4 6 8 4 6 8 

peanuts 
symbol 

AK5 AK15 AK20 AK25 
peanuts 
symbol 

AM54 AM56 AM58 AM64 AM66 AM68 
AM8
4 

AM86 
AM8
8 

hazelnuts 
symbol 

LK5 LK15 LK20 LK25 
hazelnut
s symbol 

LM54 LM56 LM58 LM64 LM66 LM68 
LM8

4 
LM86 

LM8
8 

walnuts 
symbol 

WK5 WK15 WK20 WK25 
walnuts 
symbol 

WM54 WM56 WM58 WM64 WM66 WM68 
WM
84 

WM86 
WM
88 

 
 
Result and discussion 
Peanuts 
Statistical analysis of the results showed significant differences in overall odour intensity and nutty flavour in 
conventionally roasted samples. After roasting for 20 minutes, higher scores for these parameters were 
recorded. Moreover, the nutty taste of these samples (AK20) was rated higher than those of the samples roasted 
for 5, 15 and 25 minutes (Figure 3, A). The degree of consumer acceptance and overall product desirability for 
peanuts roasted for 5 minutes was significantly lower. 
In the case of microwave-roasted samples, significant differences were observed in the overall intensity of the 
nutty odour and total odour as well as the nutty and sweet taste. The highest values of these parameters were  
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determined in samples processed for 6 minutes, 800 W (Figure 3, D, E). These samples (AM86) were rated the 
best by the panel of experts. According to the evaluators, extending the roasting time reduces the hardness 
of microwave roasted peanuts. Similar, Jindal et al. study shows that the sensory crispness score based on the 
overall acceptability of roasted peanuts appeared to increase at first with an increase in power level and roasting 
time, and then showing a decrease due to excessive roasting [23]. On the other hand, the degree of consumer 
acceptance and the general desirability of the product for samples roasted at 800 W were rated significantly 
better than peanuts roasted at 500 W and 600 W. The worst grades were those roasted for 4 minutes, 500 W. 
Similar results were obtained in the publication Raigar et al., in this study, the microwave roasting of peanuts 
was attempted, optimized and compared with conventional drum roasting. Overall acceptability of microwave 
roasted peanuts increased with power levels. The observed trend can be explained by the increase in the 
formation of flavour qualities and Maillard serial roasting tests, which include the overall sensory quality of 
peanuts. The optimal overall acceptability was obtained with roasting time 201 s and power 898 W [24]. On the 
other hand, peanuts which were heated as part of the blanching process using a 5 kW, 915 MHz microwave unit 
in comparison to roast samples at 177 °C were significantly higher in total off note, which is a term encompassing 
all negative aspects of the sample that are different from a reference. The microwave-blanched peanuts also 
displayed higher intensities of dark/ashy, bitter, and cardboard/stale notes, which also may contribute in part to 
the total offnote score. The microwave and lowest temperature oven roast had the highest level of dark roast 
attribute, which may be explained by the unevenness of the microwave roasting and long roasting time in the 
oven, respectively [25]. 
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Fig. 3 Sensory profile of peanuts roasting by use of convection (A), microwave - power 500 W (B), microwave - power 600 W 
(C), microwave - power 800 W (D) and consumer preference of peanuts (E); (a.u. – arbitrary unit) 

 
Hazelnuts 
Based on the results obtained for the conventionally roasted samples, it was found that the roasting time of 20 
minutes (LK20) was the most favourable according to the evaluators. These samples had higher ratings for the 
degree of consumer acceptance (Figure 4, E), and were also characterized by lower hardness (Figure 4, A). 
Hazelnuts roasted conventionally for 5 minutes had a higher hardness rate. In addition, the evaluators found 
them more bitter than those conventionally roasted for a longer time. Roasting the hazelnuts for 25 minutes 
caused the shell and core of the samples to turn darker. Extending the conventional roasting time increased 
brittleness of the tested nuts. 
The statistical analyses performed showed a homogeneity of all groups of microwave-roasted samples, except 
for the discriminants characterizing the colour. The samples processed at the power of 800 W were characterized 
by a darker colour of the shell and core (Figure 4, D). On the other hand, Donno et al. study shows that roasting 
temperature is the most important factor affecting the nut quality indicators and the descriptor that varied the 
most among samples is hazelnut odour [26]. The team Belvisio at al. made similar observations about 
temperature of roasting. Significant sensory differences occur only when the roasting temperature was high, and 
this difference persisted during storage [27]. 
In comments, the evaluators described microwave-roasted hazelnuts as "typical for good-quality chocolates with 
nuts". Ciarmiello et al. studies compared microwave-roasted hazelnuts treated with exposures times of 240, 300, 
360, 450 and 600 s (microwave frequency of 2.45 GHz) with conventional oven treatment of 20 min at 120 °C 
indicated that the best taste score was recorded with 450 s and 600 s microwave treatment [28].  
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Fig. 4. Sensory profile of hazelnuts roasting by use of convection (A), microwave - power 500 W (B), microwave - power 600 W (C), microwave 
- power 800 W (D) and consumer preference of hazelnuts (E); (a.u. – arbitrary unit) 
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Walnuts 
In assessing the degree of consumer acceptance, samples of walnut conventionally roasted for 15 minutes 
(WK15) were rated as better. Conventional roasting of the samples for 25 minutes caused the shell and core to 
turn darker (Figure 5, A). Along with the extension of the roasting time from 5 to 25 minutes, an increase in the 
perception of foreign taste was observed. These observations are confirmed by the studies of Kita et al., it was 
observed that with increasing temperature and roasting time, nuts became more and more bitter, and their taste 
can be described as strange and unpleasant [17]. 
The analysis of the results of expert evaluation of microwave-roasted walnuts showed that the most favourable 
sensory properties were those of the samples roasted for 4 minutes, 600 W (Figure 5, E). According to the expert 
panel, these samples (WM64) were sweeter and had a more perceptible nut flavour (Figure 5, C). Moreover, in 
assessing the degree of consumer acceptance and general desirability of the product, samples of microwave-
roasted walnut (600 W, 4 minutes) were characterized by higher scores. Worse assessments of the sensory 
evaluation factors were observed in case of walnuts samples roasted with microwaves at the power of 800 W 
for 8 minutes (Figure 5, D). For all tested kind of nuts, there were none statistically significant differences 
between judges regarding sensory attributes observed. 
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Fig. 5 Sensory profile of walnuts roasting by use of convection (A), microwave - power 500 W (B), microwave - power 600 W 

(C), microwave - power 800 W (D) and consumer preference of walnuts (E); (a.u. – arbitrary unit) 

 
Environmental impact of roasting methods 
The demand for energy in the microwave roasting process is higher than in the conventional roasting for all of the 
tested nuts (Table 2). The smallest difference was observed for walnuts (~ 14 times) and the largest for hazelnuts 
(~ 21 times). The disadvantage of convectional roasting is the emission of greenhouse gases resulting from the 
combustion of butane, which is used to power traditional kilns. In the case of microwave devices, which are 
powered entirely by electricity, there are no direct exhaust gases emissions. Due to the fact that neither process 
generates waste nor requires the use of water, convectional and microwave roasting are equivalent in this 
respect. 
 

Table 2. Energy consumption and CO2 emissions related to roasting seeds and nuts with various methods 
 

Symbol Nuts Roasting method 
Electricity 

consumption 
[kWh/kg nuts] 

Buthane 
consumption 

[kWh/kg nuts] 

Exhaust 
emissions [kg 
CO2/ kg nuts] 

WM64 walnuts microwave 6.2096 0 0 

LM68  hazelnuts microwave 12.4316 0 0 

AM86 peanuts microwave 9.3075 0 0 

WK15 walnuts convection 0 0.4339 0.0957 

LK20 hazelnuts convection 0 0.5786 0.1276 

AK20 peanuts convection 0 0.5786 0.1276 

 
To analyse other environmental impacts, not only energy consumption and direct emissions, we performed the 
LCA analysis for three variants: convectional roasting in a butane-powered kiln, microwave roasting powered by 
electricity from the Polish power grid, and microwave roasting powered by energy from renewable energy 
sources (RES). For each of the materials, microwave roasting powered by the power grid is the least favourable. 
The total environmental impact is from ~ 11 (walnut) to ~ 16 times (hazelnut) higher than convectional roasting 
(Figure 6). However, when switching from a national power grid to RES, the microwave roasting has significantly 
smaller impact on the environment - it is one order of magnitude smaller than for convectional roasting and two 
orders of magnitude smaller than for microwave roasting using energy from the power grid (Figure 6). 
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Fig. 6. Total environmental impact of roasting methods of nuts [points / kg of raw nuts] 

 
Regardless of the nut type, the convectional roasting and microwave roasting powered with RES contribute to 
a smaller number of categories than microwave roasting (Table 3). Out of 17 impact categories, conventional 
and microwave roasting from RES have an impact on climate change, and thus on ecosystems and health. 
Microwave roasting powered from the power grid affects 9 additional categories, including human toxicity. This 
is mainly due to the structure of electricity production in Poland, based in over 80% on hard coal and lignite, and 
related toxic pollutions emitted by power stations [29]. On the other hand, all roasting methods are resource-
neutral. 
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Table 3. Impact of the roasting methods of raw nuts on the environment by categories (green - no impact; red - maximum 
observed impact) 

 

Impact category AK20 AM86
_grid 

AM86
_RES 

LK20 LM68
_grid 

LM68
_RES 

WK15 WM6
4_grid 

WM6
4_RES 

ecosystem quality (agricultural 
land occupation) 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

ecosystem quality (climate 
change, ecosystems) 

0.003
5 

0.000
8 

0.000
0 

0.003
5 

0.001
1 

0.000
1 

0.002
6 

0.000
6 

0.000
0 

ecosystem quality (freshwater 
ecotoxicity) 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

ecosystem quality (freshwater 
eutrophication) 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

ecosystem quality (marine 
ecotoxicity) 

0.000
0 

0.000
8 

0.000
0 

0.000
0 

0.001
1 

0.000
0 

0.000
0 

0.000
6 

0.000
0 

ecosystem quality (natural land 
transformation) 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

ecosystem quality (terrestrial 
acidification) 

0.000
0 

0.000
6 

0.000
0 

0.000
0 

0.000
8 

0.000
0 

0.000
0 

0.000
4 

0.000
0 

ecosystem quality (terrestrial 
ecotoxicity) 

0.000
0 

0.000
1 

0.000
0 

0.000
0 

0.000
2 

0.000
0 

0.000
0 

0.000
1 

0.000
0 

ecosystem quality (urban land 
occupation) 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

human health (climate change, 
human health) 

0.004
4 

0.001
1 

0.000
0 

0.004
4 

0.001
4 

0.000
1 

0.003
3 

0.000
7 

0.000
0 

human health (human toxicity) 
0.000

0 
0.075

4 
0.000

1 
0.000

0 
0.100

7 
0.000

2 
0.000

0 
0.050

3 
0.000

1 

human health (ionising radiation) 
0.000

0 
0.000

1 
0.000

0 
0.000

0 
0.000

2 
0.000

0 
0.000

0 
0.000

1 
0.000

0 

human health (ozone depletion) 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 

human health (particulate matter 
formation) 

0.000
0 

0.017
5 

0.000
2 

0.000
0 

0.023
3 

0.000
2 

0.000
0 

0.011
7 

0.000
1 

human health (photochemical 
oxidant formation) 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

0.000
0 

resources (fossil depletion) 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 

resources (metal depletion) 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 

ecosystem quality (total) 
0.003

5 
0.002

3 
0.000

0 
0.003

5 
0.003

2 
0.000

1 
0.002

6 
0.001

7 
0.000

0 

human health (total) 
0.004

4 
0.094

1 
0.000

3 
0.004

4 
0.125

6 
0.000

5 
0.003

3 
0.062

8 
0.000

2 

resources (total) 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 
0.000

0 

total 
0.007

9 
0.096

4 
0.000

3 
0.007

9 
0.128

8 
0.000

6 
0.005

9 
0.064

5 
0.000

2 

 
 
Impact 
Replacing conventional roasting technologies with microwave methods results in a significant, positive 
technological, environmental and economic impact. 
Technological impact 
New, gentle methods of processing dried fruits and nuts are based on the reduction of processing time and 
temperature needed to carry out the process. The lower temperature may limit the formation of Maillard 
compounds above 140 °C. However, the microwave roasting is more energy-intensive/ consuming than 
conventional roasting. Nevertheless, thanks to using renewable energy sources, the impact on the environment  
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may be 14 ÷ 28 times lower than conventional roasting (depending on the raw material) and 231 times less than 
microwave roasting powered from the power grid. Thus, the introduction of microwave technologies in the food 
industry causes the technological snowball effect - prompts and stimulates to search for new technological 
solutions that enable lower energy costs. 
Economic impact 
Shortening the roasting time thanks to microwave technologies can impact on the economic aspects. Shorter 
roasting time increases productivity while maintaining high quality products. 
Environmental impact 
Traditional roasting processes use fossil fuels, most often natural gas, to power bakery ovens. Therefore, the 
emission of greenhouse gases resulting from the combustion of gas (butane) is undesirable for the natural 
environment. The introduction of integrated technological solutions - microwave roasting of dried fruits and 
nuts, powered by RES energy [30], will have a positive impact on environmental issues. Due to the drive to 
increase the share of energy from renewable sources related to EU policy, the use of microwave roasting 
installations in the factory will have a positive impact on environmental issues. 
 
Conclusions 
The results of microwave processing depend on the generation of microwave energy, its transfer through the 
media, penetration into the product and conversion into heat. The proposed physical model allows to choose 
the rational characteristics of the microwave heating process, that is, regulate the radiation power, surface areas 
and the thickness of the product. Data available to date indicate that roasting with the use of microwaves 
positively influences on properties of food. Convection roasting is a proven and frequently used method 
of processing dried fruits and nuts, while microwave roasting has never been used on a large scale. The type 
of roasting method affects the sensory properties of peanuts, hazelnuts and walnuts. Evaluation of unroasted, 
microwave and convectional roasted samples showed that convection roasting had increased intensity of the 
smell and taste. Microwave roasting did not diminish the sensory quality of the product expressed in general 
consumer preferences. The highest rated peanuts, roasted with microwaves, had the highest notes of nutty and 
sweet taste. On the other hand, according to experts' comments, microwave-roasted hazelnuts have been 
described as similar to nuts made of high-quality hazelnut chocolate, which is a positive feature. In the case 
of walnuts, microwave roasting significantly increased the overall acceptance of microwave-roasted nuts for 4 
minutes at 600 W, they were rated as tastier and sweeter. There were none statistically significant differences 
between judges regarding sensory attributes observed. Furthermore, microwave roasting powered from RES has 
significantly lower environmental impact than convectional roasting. 
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