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Abstract 

Global energy transitions, exponentially increasing population and complex 
high-energy societies led the world energy consumption to dramatically increase 
since the beginning of the 19th century. Because of thermodynamics mechanisms, 
in any energetic process, a part of the energy employed is always wasted, usually 
in the form of waste heat, locally increasing the atmospheric temperature and 
contributing to greenhouse gases emissions, one of the principal drivers of climate 
change. For these reasons, together with powered devices, several approaches for 
reducing energy losses have been conceived. In this work, a deep analysis of the 
state of the art of Waste Heat Recovery and Waste Heat to Power technology is 
proposed. On the other hand, advancements of materials science and cybernetic 
systems show that, compared to conventional robotics, colloid-based robots would 
offer several technical advantages. Here, energy harvesting from the external 
environment and internal subsystems is fundamental, in order to increase energy 
efficiency and autonomy level. For this purpose, in this work, the engineering 
feasibility of a Colloidal EneRgEtic System has been assessed, proposing a starting 
point to address waste heat to power and energy harvesting with nonconventional 
solutions, combining the nanoscale properties of solid materials and the advantages 
of fluids. First, a concise yet exhaustive overview of the physics and materials 
involved is provided. Then, the milestones of the research project are presented, 
from the initial conceptual idea and first prototype, its evolution, the test conducted 
with the main findings, to future optimizations. At last, the investigation of new 
colloids featuring different physical effects, for the purpose of energy harvesting, 
is proposed. Since the awareness of unprecedented thermophysical potential of 
ferrofluids, the first conceptual idea was that of a toroidal device, able to scavenge 
waste heat from cylindrical surfaces and convert it in electricity, exploiting a 
combination of thermal gradient and magnetic field to trigger a thermomagnetic 
advection of the ferrofluid. The first prototype was able to produce 2.9 nW with a 
thermal gradient of about 5 °C but its performances could be improved 1000 times 
with several enhancements in the design and selection of the materials employed. 
The complex fluid dynamics involved led us to deal with a simpler linear and planar 
geometry. In the linear setup, composed of a pipe and a peristaltic pump, the energy 
conversion capability of ferrofluid, colloidal titania and barium titanate, by means 
of different physical effects, was investigated using different extraction systems, 
accordingly. An inductive coil was employed for the ferrofluid while a capacitive 
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and a restistive electrode were used for the triboelectric and pyroelectric features of 
TiO2 and BaTiO3, respectively. The basic idea was to trigger a Rayleigh-Bénard 
natural convection by means of a thermal gradient coming from a source of waste 
heat and then convert the dynamic and thermal energy into electricity. Results show 
that the electromagnetic induction conversion is least efficient due to magneto 
viscous effects. Triboelectric conversion shows low output power but high 
conversion efficiency while the pyroelectric one shows interesting results up to 1 
mW/m3 with low conversion efficiency. The most surprising result is that ferrofluid 
shows both tribo and pyroelectric-like behaviour. The technology based on these 
three classes of colloids has been internationally patented for its promising 
application in wearable, space, domestic, automotive, housing and industrial fields.
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Introduction 

In this section, the context in which the current research project lies is outlined 
highlighting, in particular, energy and climate global issues, the state of the art of 
technologies trying to address them, as well as the reasons why a novelty in the 
field of energy harvesting is needed, giving the reader a big picture of the topic. 

1.1 Energy transitions, consumption and utilisation 

Energy is what powers any anthropic, biological and artificial process, at any level. 
In particular, any anthropogenic energy system - i.e. any arrangement whereby 
humans use the Earth’s resources to improve their chances of survival and to 
enhance the quality of life (and also to increase individual and collective power, 
dominate and kill others) - has three fundamental components: natural energy 
sources, their conversions and a range of specific uses. In the past, the simplest 
systems used a small number of sources and inefficient energy conversions for basic 
and precarious subsistence, while modern systems can draw energy from many 
natural sources, convert and use it in many and efficient ways in order to power 
complex high-energy societies. After the conversion of food into muscular power, 
a segment of naturally cascading energy degradations from solar radiation to 
dissipation of heat during walking, running, and gathering food, our hominid 
ancestors used the first extrasomatic energy conversion nearly 800,000 years ago 
by mastering the control of fire. In contrast, modern societies tap many natural 
energy stores and flows, convert them by using technologically advanced devices, 
and use them for purposes ranging from intensive food production to rapid long-
distance travel. Nowadays, global final per capita energy consumption ranges over 
two orders of magnitude, from the miseries of the sub-Saharan Africa to the 
excesses of the richest urban societies of America, Europe, and Asia. Moreover, in 
the wealthiest societies even the average per capita energy use is well beyond the 
level required for healthy and comfortable living (1). 

Energies used by current human societies can be classified according to their 
origins as renewable and non-renewable. Renewable energies include: 

• solar radiation and all of its biospheric transformations: phytomass 
formed by photosynthetic conversion; wind, arising from pressure 
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gradients created by differential heating of the ground; moving water 
originating in radiation-driven evaporation and precipitation or as wind-
driven waves and ocean currents; thermo-haline gradients in the oceans; 

• geothermal energy: the Earth’s heat generated by the decay of isotopes 
(1). 

On the other hand, fossil fuels are by far the most important non-renewable form of 
energy: coals and most hydrocarbons (crude oils and natural gases) are 
transformations of ancient biomass, buried in sediments and processed by high 
pressures and temperatures (for millions to hundreds of millions of years). All fossil 
fuels share the dominant presence of carbon, whose content ranges from nearly 
100% in the best anthracite coals to 75% in methane. At the same time, certainty 
level regarding resources of fossil fuels is not high, and their reserves keep changing 
as new techniques lower their extraction cost to the point that previously 
uneconomical deposits become profitable sources of energies (as we see for shale 
oil and gas). Finally yet importantly, nuclear energy can be produced either by 
fission of the isotopes of the heaviest natural elements or by fusion of the lightest 
ones (a process with, up to now, a difficult commercial realization). Since the late 
1950s, commercial nuclear stations employed uranium fission to generate 
electricity by the same means as in fossil-fuelled turbine stations (1). 

Energy systems have evolved over time. If, during the preindustrial era only 
very slow changes in the primary energy supply (dominated by biomass fuels) and 
in the use of prime movers1 (dominated by human and animal muscles) occurred, 
the last two centuries were characterized by a series of remarkable energy 
transitions. In fact, stasis and stagnation, minimal adjustments and slow innovations 
marked the entire preindustrial era, while the industrialization and the evolution of 
post-industrial societies have been marked by rapid diffusion of new inventions and 
widespread adoption of technical and organizational innovations. As a result, nearly 
5000 years of preindustrial history relied on inefficiently burned biomass fuels for 
heating households, metallurgy, and artisanal manufactures, and by applications of 
human and animal muscles to provide mechanical energy (sails being the only early 
exception). The condition did not change essentially even during the early modern 
era (1500-1800 AC) when some Western European societies began a small-scale 

 
1 Energy converters able to produce kinetic (mechanical) energy in forms suitable for human 

uses. Human muscles (somatic energy) were the only prime movers (converting chemical energy in 
food to kinetic energy of walking, running, and countless manual tasks) until the domestication of 
animals provided more powerful animate prime movers used in fieldwork, transportation, land for 
some industrial tasks. (1) 
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extraction of peat while adopting more efficient and powerful water wheels and 
windmills. The two fundamental transitions, from biomass to fossil fuels and from 
animate to inanimate prime movers, have taken place only during the last three 
centuries (in the case of some European societies) or just roughly 50 years ago (in 
China’s and India’s case), and the emergence of electricity began only during the 
1880s. Inevitably, these transitions, from small local scales, became truly global 
phenomena (1). Together with an exponentially increasing global population and 
the formation of complex high-energy societies, as reported by a study performed 
by Vaclav Smil and displayed in the book “Energy Transitions: History, 
Requirements, Prospects”, the global consumption of energy has been following a 

monotonic increasing trend since the beginning of the 19th century. Since the post-
World War II era (1950s), because of the enhancing widespread life standards and 
with the advent of increasing accessible and sophisticated technologies, this growth 
has considerably increased its speed (Figure 1).  

 
Figure 1: World energy consumption over the last 140 years.2 

Nowadays, according to the IPCC, one-third of the global energy consumption 
derives from the industry (corresponding approximately to over 40% of CO2 
emissions worldwide) (2) (3). Data show that in UK industries demand about 3200 
TWh per year, which represents about 26% of the total consumption in EU 
(Eurostat, 2015), while Germany, Italy, France, UK, and Spain, all together 
accounts for a total amount of about 60% as shown in Figure 2 (4). Analyzing the 

 
2 Coal, crude oil, natural gas, hydroelectricity, nuclear electricity and biofuels have been taken 

into account until 1990 (blue line). Then, the data provided by the Global Energy Statistical 
Yearbook (red line) conclude the trend until nowadays and because of the higher precision and 
comprehensiveness, there is a slight mismatch between the two curves across 1990. 
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energy utilisation in the industrial sector of the EU28 (member states of the EU 
before Brexit) (5), it comes out that chemical and steel industries are the main 
energy-demanding sectors, followed by paper processing, nonmetallic minerals 
treatment, and food, accounting for about 65% of the total energy consumption in 
the industry. On the other hand, road freight vehicles and passenger cars play an 
essential role in today’s global economic activity, energy consumption, and 

environmental impact. According to the International Energy Agency (IEA), 
transport accounts for more than half of the oil global demand, totaling around 52 
million barrels of oil per day (Considering Barrel of Equivalent Oil (BOE) 
corresponding to 88 TWh per day (6). Furthermore, the global fuel consumption for 
high-duty vehicles is increasing more rapidly than any other transport mode, 
especially in emerging markets such as India, China, and Latin America (7). 

 

Figure 2: Energy consumption in industry according to the different EU countries and in 
total (4). Reproduced under the terms of the CC BY NC ND License. 

Consequently, energy-related issues, including the location and exploitation of 
resources, the costs of extraction, transformation, and distribution, accessibility and 
demand, as well as awareness about use and consumption, are of paramount 
importance at this moment in time. The governments of every developed nation are 
increasingly funding research program to evaluate how to overcome these needs. 
Three key examples of this are 1) the International Energy Outlook 2019 delivered 
by the US Energy Information Administration, 2) the independent assessment 
issued by the UK Committee on Climate Change by request of the UK government, 
and 3) the European Green Deal for a climate neutral EU within 2050, with a plan 
to invest 1 trillion EUR. Therefore, action plans are required by virtuous 
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governments to support innovation and make it easier to access financial resources 
(8). As an example, the world’s largest fund manager, BlackRock (close to 2.64 
trillion EUR), announced to the US Securities and Exchange Commission the 
launch of a money-market fund, primarily investing in developed environmental 
practices (9). In fact, anthropogenic energy systems have a huge environmental 
impact, from locally devastating deforestation to global changes of the atmospheric 
composition: most of all, the greenhouse gases (GHGs) emissions coming from 
fossil fuel combustion that have been the cause of increasing tropospheric 
temperatures, acid deposition, photochemical smog, and higher ground ozone 
levels. Although some highly damaging processes have been either completely 
eliminated or reduced to acceptable levels (e.g. surface coal extraction and flue gas 
desulfurization), others are yet to be accounted into the real cost of energy.3  

1.2 Climate action: approaches to fight climate change 

The Intergovernmental Panel on Climate Change (IPCC) is the United Nations body 
for evaluating the science related to climate change. IPCC prepares comprehensive 
Assessment Reports (AR) about the state of scientific, technical and socio-
economic knowledge on climate change, its impacts and future risks, and options 
for reducing the rate at which climate change is happening. The Working Group I 
(WGI) contribution to the Sixth Assessment Report (AR6 Climate Change 2021: 
The Physical Science Basis) addresses the most up-to-date physical understanding 
of the climate system and climate change. It brings together the latest advances in 
climate science, and combines multiple lines of evidence from paleoclimate, 
observations, chemical and biological climate process understanding, and global 
and regional climate simulations. AR6 WGI assesses new scientific evidence 
relevant for a world whose climate system is rapidly changing, overwhelmingly due 
to human influence. The five IPCC assessment cycles since 1990 have 
comprehensively and consistently determined the rapidly accumulating proof of a 
changing climate system, with the Fourth Assessment Report (AR4) in 2007 being 
the first to conclude that warming of the climate system is unequivocal. Sustained 

 
3 All energy systems require infrastructures and their operation consumes considerable amounts 

of energy. Energy infrastructures comprise not only tangible components (e.g. high-voltage 
transmission lines or pipelines) but also intangible organizational and managerial arrangements for 
extracting, storing, and processing fuels and harnessing energy flows. Energy cost is a critical 
determinant of the viability of any energy system as only high-energy returns can create affluent 
societies with plenty of time left for leisure. These unavoidable costs of energy are not measured in 
energy terms but are monetized as capital and operating costs. (1) 
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changes have been recorded in all the main elements of the climate system: the 
atmosphere, land, cryosphere, biosphere and ocean. Multiple lines of evidence point 
out that the recent large-scale climatic changes are unprecedented in a multi-
millennial context, and that they represent a millennial-scale commitment for the 
slow-responding elements of the climate system, resulting in continued worldwide 
loss of ice, increase in ocean heat content, sea level rise and deep ocean acidification 
(10). Earth’s climate system has evolved over many millions of years, and evidence 
from natural archives offers a long-term perspective on observed and projected 
changes over the coming centuries. Global surface temperature has evolved over 
geological time: beginning approximately 6500 years ago, global surface 
temperature generally decreased, culminating in the coldest multi-century interval 
of the post-glacial period (since roughly 7000 years ago), which occurred between 
around 1450 and 1850 (the so called “Little Ice Age”). Over the last 50 years, global 
surface temperature has increased at an observed unprecedented rate in the last two 
thousand years, and probably no multi-centennial period after the Last Interglacial 
(roughly 125,000 years ago) was warmer globally than the most recent decade. 
During the mid-Pliocene Warm Period (Figure 3), around 3.3-3.0 million years ago, 
global surface temperature was 2.5-4 °C warmer, and during the Last Interglacial, 
it was 0.5-1.5 °C warmer than 1850-1900. 

 
Figure 3: Changes in atmospheric CO2 and global surface temperature (relative to 1850-
1900) from the distant past to the next 300 years (10). Reproduced with permission. 
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Reconstructions of past climate also reveal that atmospheric CO2 concentrations 
and global surface temperature are strongly coupled (Figure 3), based on evidence 
from a variety of proxy records over multiple time scales. From these data and 
considering the current socio-economic and environmental scenario, climate 
projections show that levels of global warming4 that have not been seen in millions 
of years could be reached by 2300, depending on the emissions pathway that is 
followed5, including high-CO2 emissions pathways without climate change 
mitigation as well as new low-CO2 emissions pathways (10). 

Understanding of the climate system’s fundamental elements is robust and well 

established. Scientists in the 19th century identified the major natural factors 
influencing on the climate system and the main natural drivers of climate change, 
including variations in incoming solar radiation, volcanic activity, orbital cycles, 
and changes in global biogeochemical cycles, have been analysed systematically 
since the early 20th century. They also hypothesized the possible cause for 
anthropogenic climate change being the carbon dioxide (CO2) emitted by 
combustion of fossil fuels (petroleum, coal, natural gas) and other major 
anthropogenic drivers, such as atmospheric aerosols (fine solid particles or liquid 
droplets), land-use change and non-CO2 greenhouse gases, were identified by the 
1970s. Since systematic scientific assessments began in the 1970s, the influence of 
human activity on the warming of the climate system has evolved from theory to 
established fact. Evidences fortified from the IPCC AR1 in 1990 to the IPCC AR5 
in 2013/14, and is now even stronger in the last IPCC AR6 and now, changes across 
a greater number of climate system components, including changes in regional 
climate and extremes can be ascribed to human influence. Human effect in the IPCC 
context refers to the human activities that lead to or contribute to a climate response, 
such as the human-induced emissions of greenhouse gases, which alter the 
atmosphere’s radiative properties and warm the climate system. Other human 
activities influencing climate include the emission of aerosols and other short-lived 

 
4 Global warming refers to the change of global surface temperature relative to a baseline. 

Specific global warming levels, such as 1.5°C, 2°C, 3°C or 4°C, are defined as changes in global 
surface temperature relative to the years 1850–1900 as the baseline (the earliest period of reliable 
observations with sufficient geographic coverage). (10) 

5 Five scenarios based on the Shared Socioeconomic Pathways (SSPs, referred to as SSPx-y) 
are used consistently across the IPCC AR6 WGI: SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and 
SSP5-8.5. “SSPx” refers to the SSP describing the socio-economic trends underlying the scenario 
and “y” refers to the approximate target level of radiative forcing resulting from the scenario in the 

year 2100. “Radiative forcing” refers to the change in the net, downward minus upward, radiative 
flux (in W m-2) due to a change in an external driver of climate change, such as a change in the 
concentration of carbon dioxide (CO2), the concentration of volcanic aerosols or in the output of the 
Sun. (10) 
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climate forcers (substances with a relatively short lifetime in the atmosphere 
compared with CO2, e.g. methane and ozone (11), and land-use change such as 
urbanisation. Progresses in our understanding of human influence is gained from 
longer observational datasets, improved paleoclimate information, a stronger 
warming signal since AR5, and improvements in climate models, physical 
understanding and attribution6 techniques through a wider range of climate 
variables and climatic impact-drivers7 (CIDs). Furthermore, new methods and 
analyses drawing from several evidence have provided high confidence in 
attributing changes in regional weather and climate extremes to human influence 
(Figure 4).  

 

Figure 4: Changes in global surface temperature relative to 1850-1900 (10). Reproduced 
with permission. 

In AR6, global surface temperature during the period of 1850-1900 is used as an 
approximation for pre-industrial conditions, although recognizing that radiative 
forcing have a baseline of 1750 for the start of anthropogenic influences. Likely, 
there was a net anthropogenic forcing in 1850-1900 relative to 1750, linked to a 

 
6 The process of evaluating the relative contributions of multiple causal factors to an observed 

change in climate variables (e.g., global surface temperature, global mean sea level change), or to 
the occurrence of extreme weather or climate-related events. Attributed causal factors include 
human activities (such as increases in greenhouse gas concentration and aerosols, or land-use 
change) or natural external drivers (solar and volcanic influences), and in some cases internal 
variability. (10) 

7 Physical climate system conditions (e.g., means, events, extremes) that can be directly 
connected with having impacts on human or ecological systems are described as ‘climatic impact 

drivers’ without anticipating whether their impacts are detrimental (i.e., as for hazards in the context 
of climate change risks) or provide potential opportunities. (10) 
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change in global surface temperature of around 0.1 °C, with an anthropogenic 
component of 0.0-0.2 °C. Later, global surface temperature has increased by 1.09 
°C from 1850-1900 to 2011-2020, with a likely range of human-induced warming 
in global surface temperature of 1.07 °C, while the change attributable to natural 
forcing is only ±0.1 °C (10). 
Climate change projections with climate models need information about future 
emissions or concentrations of greenhouse gases, aerosols, ozone depleting 
substances, and land use over time. This information can be estimated by means of 
scenarios, which are internally consistent projections of these quantities based on 
assumptions of how socio-economic systems could evolve over the 21st century. 
Scenarios are used as a method for systematically examining possible futures and 
allow to follow the cause-effect chain (Figure 5): from anthropogenic emissions, to 
changes in atmospheric concentrations, to variations in the Earth’ energy balance 

(‘forcing’, both anthropogenic and natural), to changes in global climate and 
ultimately regional climate and climatic impact-drivers. Carbon cycle and non-CO2 
biogeochemical feedbacks also influence the ultimate response to anthropogenic 
emissions. In the AR6, scenario-based climate projections are translated into global 
warming levels (GWLs) which are closely related to cumulative CO2 emissions. In 
fact, as anticipated in Figure 3, a near-linear relationship exists between cumulative 
CO2 emissions and the resulting increase in global surface temperature. This 
implies that continued CO2 emissions will cause further warming and associated 
changes in all components of the climate system. Cumulative CO2 emissions also 
provide a link to the assessments of mitigation options (10). 
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Figure 5: The climate change cause-effect chain. The five SSP scenarios as well as emission 
and concentration ranges for the previous representative concentration pathways (RCP) 
scenarios in year 2100 are shown (10). Reproduced with permission. 
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Since 1750, changes in the drivers of the climate system are dominated by the 

warming influence of increases in atmospheric GHG concentrations and a cooling 
influence from aerosols, both coming from anthropogenic activities. By 
comparison, long-term influence from solar activity and volcanoes has been 
negligible. Global concentrations of human aerosols peaked in the late 20th century 
and have slowly declined since in northern mid-latitudes, although they continue to 
increase in South Asia and East Africa. Concentrations of CO2, CH4, and N2O have 
increased to levels unprecedented in at least 800,000 years, and current CO2 
concentrations have not been experienced for at least 2 million years (Figure 6a). 
Although atmospheric CO2 concentrations have changed substantially over millions 
of years (Figure 3), during 1750-2019 CO2 increased by 131.6 ppm (47.3%) and 
the centennial rate of change of CO2 since 1850 has no precedent in at least the past 
800,000 years, while the fastest rates of change over the last 56 million years were 
at least a factor of 4 lower than over 1900-2019. Several high-accurate surface 
observations show that concentrations of CO2 have exceeded 400 ppm, reaching 
409.9 ppm in 2019 (Figure 6c). In the same year, concentrations of CH4 reached 
1866.3 ppb (Figure 6c) with an increase since 1750 of 1137 (157.8%) that far 
exceeds the range over multiple glacial-interglacial transitions of the past 800,000 
years. In the 1990s, CH4 concentrations plateaued, but started to increase again 
around 2007 at an average rate of 7.6 ppb yr-1. There is high confidence that this 
recent growth is largely driven by emissions from fossil fuel exploitation, livestock, 
and waste, with El Niño-Southern Oscillation (ENSO) driving multi-annual 
variability of wetland and biomass burning emissions. Since 1750, N2O increased 
by 62.0 ppb, reaching a level of 332.1 ppb in 2019. It is estimated that N2O 
concentration trends since 1980 are largely driven by a 30% increase in emissions 
from the expansion and intensification of global agriculture. The total 
anthropogenic effective radiative forcing (ERF) (Figure 6), including GHGs, 
halogenated gases, tropospheric aerosols and ozone precursor emissions, in 2019 
relative to 1750 was 2.72 W m−2, dominated by GHGs (positive ERF) and partially 
offset by aerosols (negative ERF). The rate of change of ERF likely has increased 
since the 1970s, mainly due to growing CO2 concentrations and less negative 
aerosol ERF (10). 



12 Introduction 

 

 

Figure 6: Changes in well-mixed greenhouse gas (WMGHG) concentrations and Effective 
Radiative Forcing. a) Changes in CO2 from proxy records over the past 3.5 million years; 
b) Changes in all three WMGHGs from ice core records over the Common Era; c) directly 
observed WMGHG changes since the mid-20th century; d) Evolution of ERF and 
components since 1750 (10). Reproduced with permission. 



Climate action: approaches to fight climate change 13 

 
In addition to global surface temperature, a wide range of indicators 

(atmospheric, cryospheric, oceanic and biospheric) of the climate system is rapidly 
changing, with many at levels unseen in millennia. The observed variations provide 
a coherent picture of a warming world, with many aspects that have now been 
formally attributed to human influences. It is almost certain that global surface 
temperature rise and associated changes can be limited promptly and substantially 
by reducing the global green house gas (GHG) emissions while persistent GHG 
emissions seriously increase the likelihood of potentially irreversible changes, in 
particular the contribution of ice sheets to global sea level change. Many indicators 
are increasingly diverging over the 21st century across the different SSPs and due 
to the slow response of the deep ocean and ice sheets, this divergence continues 
long after 2100, and 21st century emissions choices will have implications for global 
mean sea level (GMSL) rise for centuries to millennia (10). 

 

Figure 7: Observed, simulated and projected changes compared to the 1995–2014 average 
in 4 key indicators of the climate system through to 2100 differentiated by SSP scenario 
pathway (10). Reproduced with permission. 

Current regional climate is already very different from the climate of the early 
or mid-20th century if considering several climatic impact-drivers (CIDs) resulting 
in shifting magnitude, frequency, duration, seasonality, and spatial extent of 
associated climate indices (Figure 8). 
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Figure 8: The geographical location of regions belonging to one of five groups 
characterized by a specific combination of changing climatic impact-drivers (CIDs). The 
five groups are represented by the five different colors, and the CID combinations 
associated with each group are represented in the corresponding ‘fingerprint’ and text 

below the map (10). Reproduced with permission. 

It is very likely that mean temperatures have increased in all land regions and will 
continue to increase at rates greater than the global average. The frequency of heat 
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and cold extremes have increased and decreased, respectively and these changes 
are attributed to human influence in almost all regions and will continue through 
the 21st century. In particular, extreme heat would exceed critical thresholds for 
health, agriculture and other sectors more frequently by the mid-21st century with 2 
°C of global warming. Relative sea level rise will continue during the 21st century 
and will continue to rise beyond 2100, contributing to increase coastal flooding in 
low-lying areas and coastal erosion along most sandy coasts. Every region of the 
world will experience concurrent changes in multiple CIDs by mid-century (10). 

Since the IPCC Fifth Assessment Report (AR5), the international policy 
context of IPCC reports has changed. The UN Framework Convention on Climate 
Change (UNFCCC, 1992) has the primary goal of preventing “dangerous 
anthropogenic interference with the climate system”. In response, the Paris 
Agreement (2015) established the long-term goals of “holding the increase in global 
average temperature to well below 2 °C above pre-industrial levels and pursuing 
efforts to limit the temperature increase to 1.5 °C above pre-industrial levels” and 

of achieving “a balance between anthropogenic emissions by sources and removals 
by sinks of greenhouse gases in the second half of this century” (10). Because we 
are already committed to some level of climate change, responding to climate 
change involves a two-pronged approach, in the best-case scenario, working in 
synergy: 

• mitigation: reducing, preventing emissions of and stabilizing the levels of 
heat-trapping GHGs in the atmosphere, making the impacts of climate 
change less severe. Mitigation is achieved either by reducing the sources of 
these gases, e.g. by increasing the share of renewable energies, or 
establishing a cleaner mobility system or by enhancing the storage of these 
gases, e.g. by increasing the size of forests. In short, mitigation is a human 
intervention that reduces the sources of GHG emissions and/or enhances the 
sinks (12) (13); 

• Adaptation: adapting to the climate change already happening, anticipating 
the adverse effects of climate change and taking appropriate action to 
prevent or minimise the damage they can cause, or taking advantage of 
opportunities that may arise. Examples of adaptation measures include 
large-scale infrastructure changes, such as building defenses to protect 
against sea-level rise, as well behavioural shifts, such as individuals 
reducing their food waste. In essence, adaptation can be understood as the 
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process of adjusting to the current and future effects of climate change (12) 
(13). 

Parties to the Agreement have submitted Nationally Determined Contributions 
(NDCs) indicating their planned mitigation and adaptation strategies. However, the 
NDCs submitted as of 2020 are insufficient to reduce greenhouse gas emission 
enough to be consistent with trajectories limiting global warming to well below 2 
°C above pre-industrial levels (10). Furthermore, the 2030 Agenda for Sustainable 
Development, adopted by all United Nations Member States in 2015, providing a 
shared blueprint for peace and prosperity for people and the planet, now and into 
the future, established the 17 Sustainable Development Goals (SDGs), which are 
an urgent call for action by all countries, developed and developing, in a global 
partnership. They recognize that ending poverty and other deprivations must go 
hand-in-hand with strategies that improve health and education, reduce inequality, 
and spur economic growth, all while tackling climate change and working to 
preserve our oceans and forests (14). Goal 13 “Climate action” is defined as “Take 
urgent action to combat climate change and its impacts” with the following targets 
and indicators: 

• Target 13.1: strengthen resilience and adaptive capacity to climate-related 
hazards and natural disasters in all countries; 

o Indicator 13.1.1: number of deaths, missing persons and directly 
affected persons attributed to disasters per 100,000 population; 

o Indicator 13.1.2: number of countries that adopt and implement 
national disaster risk reduction strategies in line with the Sendai 
Framework for Disaster Risk Reduction 2015–2030; 

o Indicator 13.1.3: proportion of local governments that adopt and 
implement local disaster risk reduction strategies in line with 
national disaster risk reduction strategies. 

• Target 13.2: integrate climate change measures into national policies, 
strategies and planning; 

o Indicator 13.3.1: number of countries with nationally determined 
contributions, long-term strategies, national adaptation plans and 
adaptation communications, as reported to the secretariat of the 
United Nations Framework Convention on Climate Change; 

o Indicator 13.2.2: total greenhouse gas emissions per year. 
• Target 13.3: improve education, awareness-raising and human and 

institutional capacity on climate change mitigation, adaptation, impact 
reduction and early warning; 
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o Indicator 13.3.1: extent to which (i) global citizenship education and 

(ii) education for sustainable development are mainstreamed in (a) 
national education policies; (b) curricula; (c) teacher education; and 
(d) student assessment; 

o Indicator 13.3.2: number of countries that have communicated the 
strengthening of institutional, systemic and individual capacity-
building to implement adaptation, mitigation and technology 
transfer, and development actions. 

• Target 13.a: implement the commitment undertaken by developed-country 
parties to the United Nations Framework Convention on Climate Change to 
a goal of mobilizing jointly $100 billion annually by 2020 from all sources 
to address the needs of developing countries in the context of meaningful 
mitigation actions and transparency on implementation and fully 
operationalize the Green Climate Fund through its capitalization as soon as 
possible; 

o Indicator 13.a.1: amounts provided and mobilized in United States 
dollars per year in relation to the continued existing collective 
mobilization goal of the $100 billion commitment through to 2025. 

• Target 13.b: promote mechanisms for raising capacity for effective climate 
change-related planning and management in least developed countries and 
small island developing States, including focusing on women, youth and 
local and marginalized communities. 

o Indicator 13.b.1: number of least developed countries and small 
island developing States with nationally determined contributions, 
long-term strategies, national adaptation plans and adaptation 
communications, as reported to the secretariat of the United Nations 
Framework Convention on Climate Change (14). 

Nevertheless, atmospheric concentrations of the major greenhouse gases continued 
to increase despite the temporary reduction in emissions in 2020 related to measures 
taken in response to the COVID-19 pandemic. The six years from 2015 to 2020 are 
likely to be the warmest on record. Furthermore, climate change is making the 
achievement of many SDGs less likely. To limit global warming in accordance with 
the Paris Agreement, the world would need to achieve net zero carbon dioxide 
emissions by around 2050, a goal that, in this moment, looks improbable (14). 

Fortunately, as of April 2020, 118 countries and territories had reported the 
development and adoption of national or local disaster risk reduction strategies, an 
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increase from 48 countries and territories in the first year of the Sendai Framework. 
As at 31 December 2020, 190 parties (189 countries and territories plus the 
European Union) had communicated their first nationally determined contribution 
to the United Nations Framework Convention on Climate Change, of which 44 were 
least developed countries and 40 were small island developing States. A further 48 
countries and territories, of which one is a least developed country and five are 
small island developing States, have also communicated a second or updated 
nationally determined contribution. Of these 48 countries and territories, 39 
included adaptation information in their new or updated contribution. The 
nationally determined contributions demonstrate that countries and territories are 
articulating more quantified targets and indicators for adaptation and identifying 
links between adaptation, the Goals and other frameworks. As at 31 March 2021, 
125 of 154 developing countries were carrying out measures for national adaptation 
plans and prioritizing the formulation and implementation of the plans in their 
adaptation efforts. Moreover, six least developed countries (including three small 
island developing States) and another four small island developing States have 
completed a national adaptation plan. Further least developed countries have draft 
national adaptation plans and are on track to complete and submit these with a view 
to ensuring that all least developed countries have national adaptation plans by 2021 
(14). According to IPCC, global emissions should be cut to 45 per cent below 2010 
levels by 2030 in order to limit global warming to 1.5 °C above pre-industrial levels. 
Emissions from developed countries were approximately 6.2% lower in 2019 than 
in 2010, while emissions from 70 developing countries rose by 14.4% in 2014 (14). 
Total climate finance reported by States parties included in annex I to the 
Framework Convention on Climate Change continues to increase, reaching an 
annual average of $48.7 billion in the period 2017-2018. This represents an increase 
of 10 per cent compared to the 2015-2016 period. While more than half of all 
climate specific financial support in the 2017 and 2018 was targeted at mitigation 
action, the share of adaptation support is growing, and many countries and 
territories are prioritizing adaptation in their financial support provision. (14) 

During the last United Nations Climate Change Conferences of Parties (COP 
26), held in UK, every Party (representing almost 200 countries) agreed the 
Glasgow Climate Pact that will accelerate action on climate this decade completing 
the Paris Rulebook, which provides details on how the Paris Agreement pledges 
can be met. The COP26 achievements can be summarised as follow: 

• mitigation: secured near-global net zero (over 90% of world GDP covered 
by net zero commitments), NDCs (new 2030 emissions targets) from 153 
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countries and future strengthening of mitigation measures such as move 
away from coal power, halt and reverse deforestation, reduce methane 
emissions and speed up the switch to electric vehicles; 

• adaptation & loss and damage: boosted efforts to deal with climate impacts 
(80 countries covered by either Adaptation Communications or National 
Adaptation Plans to increase preparedness to climate risks). Record 
amounts of adaptation finance have been pledged, including committing to 
doubling 2019 levels of adaptation finance by 2025. Nations have 
announced new partnerships to improve access to finance, including for 
Indigenous Peoples; 

• Finance: developed countries have made progress towards delivering the 
$100 billion climate finance goal and will reach it by 2023 at the latest. 34 
countries and 5 public finance institutions will stop international support 
for the unabated fossil fuel energy sector next year. Private financial 
institutions and central banks are moving to realign trillions towards global 
net zero. Developed countries committed significantly increased funding to 
vital funds such as the Least Developed Countries Fund; 

• collaboration: accelerating collaboration between governments, businesses 
and civil society to deliver on climate goals faster, whilst collaborative 
councils and dialogues in energy, electric vehicles, shipping and 
commodities will help deliver on commitments. Paris Rulebook finalised, 
agreeing the ‘enhanced transparency framework’ (common reporting of 

emissions and support), a new mechanism and standards for international 
carbon markets, and common timeframes for emissions reductions targets 
(15). 

Although for the first time in a COP text, nations agreed to begin reducing coal-
fired power (without carbon capture) and to start to eliminate subsidies on other 
fossil fuels, some researchers are still dissatisfied considering the lack of stronger 
commitments to reduce emissions, and failure to agree “loss and damage” finance, 
a sort of insurance policy for compensating climate-vulnerable countries for 
damage resulting from emissions that they did not create. Furthermore, following 
objections from China and India, a promise in earlier drafts of the text to “phase 

out” coal was changed to “phase down”. Even if the deal includes commitments on 
ending deforestation, reducing methane emissions and a pledge from the financial 
sector to move trillions of dollars of investments into companies that are committed 
to net-zero emissions, modelling suggests that it will still not be enough to limit 
global warming to 2 °C above pre-industrial levels. If countries meet their 2030 
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targets, global temperatures will still rise 2.4 °C above pre-industrial levels by 2100, 
according to an analysis published on Climate Action Tracker. “We have kept 1.5 

degrees alive. But its pulse is weak, and it will only survive if we keep our promises 
and translate commitments into rapid action”, COP26 president Alok Sharma said. 
Charlie Gardner, a conservation biologist at the University of Kent in Canterbury, 
UK, sayd more radical action is needed, such as ending fossil-fuel production more 
quickly and transitioning economies away from constant growth (16).  

Despite the issue of climate finance i.e. funding from wealthy nations to help 
low- and middle-income countries transition away from fossil fuels was deeply 
discussed, there was considerable anger over the failure by high-income nations to 
meet an earlier pledge to provide US$100 billion in climate finance annually from 
2020. “The message coming out of this COP is every country for themselves,” says 

Sara Jane Ahmed, a climate-finance researcher. However, the Glasgow Climate 
Pact includes a commitment to double funding to help the lowest-income countries 
improve climate resilience to $40 billion by 2025. The deal also commits to 
continue work on a definition of climate finance that would be acceptable to all 
countries since, at the moment, different countries define climate finance in 
different ways (16). COP26 negotiators also finalized the rules that govern 
international cooperation and carbon markets creating an accounting system that is 
intended to prevent double-counting of emissions reductions. With a common 
accounting framework, separate trading schemes, such as those currently operating 
in Europe, China and parts of the United States will enable connections, creating a 
more international market. Furthermore, a recent analysis of the climate 
commitments estimated that if a global carbon market would exist, the world would 
save around $300 billion annually by 2030 and, if those savings were reinvested in 
climate mitigation, it would more than double the projected annual emissions 
reductions in 2030 (16). 

1.3 Waste heat recovery, waste heat to power and energy 
harvesting 

Energy is the fundamental source transformed by our everyday life processes, but 
it also spans from the residential activities, to mobility, to the industrial sectors. The 
energy produced for heating a material, moving an object or powering an electronic 
device is always higher than the energy effectively absorbed by the process: this is 
what the second law of thermodynamics states and the reason lies in the irreversible 
nature of any thermodynamic transformation and the consequent non-unitary 
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efficiency. As a result, energy is always wasted in a quantity that depends on the 
physical or chemical processes governing the system and, usually, in the form of 
mechanical vibrations, electromagnetic radiations and, above all, thermal 
dispersions, with a related production of waste heat. Enormous amounts of waste 
heat injected into the environment also have the side effect of locally increasing the 
atmospheric temperature, especially in urban environments, slightly moving 
solution equilibria of several gaseous species. For the purpose of this work, we will 
mainly focus on: 

• water vapour: it is the major contributor among all since it provokes from 
≈ 30 to 70% of the overall greenhouse effect, because of the large amount 
dispersed in the atmosphere despite its low heat capacity (with respect to 
other GHGs) and the role played in the positive feedback loop influencing 
the global warming (17);  

• carbon dioxide: it is the most popular and the main gas to be monitored 
because, even if its heat capacity is lower than other GHGs’, it is more 
abundant than water vapour and has longer lifetime in air (thousands of 
years with respect to the tens of methane). Furthermore, it plays an 
important role in regulating the pH index of the oceans, and in the positive 
feedback loop (18) (19). 

According to a review of energy consumption at the global level, it is evident 
that most of the energy we use daily is derived from fossil fuels, whereas 
renewables account for less than one-quarter of global consumption worldwide 
(20). Furthermore, the over-exploitation of energy sources have been resulting in 
criticalities, at the political, social and logistic level. In fact, as introduced in the 
previous sections, energy consumption, environmental impact, and sustainability 
have risen fast through the ranks, achieving the first places in driving investments, 
policies, and concerns of all countries at any developmental stage. Due to global 
warming, increasing energy costs, and green politics, the search for sustainable, 
responsible and clean energy represents a highly impacting and exponentially 
growing sector. In this sense, a reduction of GHGs emissions, implying a 
conversion of waste heat to more noble forms of energy and a concurrent increase 
in efficiency of the same devices and processes, is, nowadays, of paramount 
importance. For this reason, simultaneously with the development of powered 
devices, several approaches for reducing energy losses exist and nowadays, many 
of waste heat recovery (WHR), waste heat to power (WHP), energy harvesting and 
conversion systems are investigated and many of them are already available on the 
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market. While WHR and WHP technologies are focused only on converting large 
streams of thermal waste into, respectively, mechanical and electric power, energy 
harvesting is defined as the process wherein the sources such as mechanical load, 
vibrations, temperature gradients, heat, light, salinity gradients, wind, etc., are 
scavenged and converted to obtain relatively small levels of power in the nW-mW 
range (21). According to the field of interest, energy-harvesting systems differ in 
the working principles and the employed materials, as direct consequence of the 
physical effects exploited for the energy conversion. At the same time, regarding 
the operation of industrial and power plants, dilemmas exist about how to increase 
efficiency, how to better convert energy between its forms, and how to utilize waste 
heat arising from thermodynamic inefficiencies. The creation of a common 
approach with a new attitude towards our fragile natural environment is required. 
Alongside an increase in the consumption of primary energy, the amount of waste 
heat increases, therefore representing a greater economic and ecological potential 
for utilization.  

Waste heat is a by-product of various processes and it is released in different 
forms such as: combustion gases to the atmosphere, heated water into the 
environment, heated products from industrial processes, heat from hot surfaces and 
so on. For example, to estimate the amount of waste heat 𝑄 [J] released from a 
continuous hot vapor volume into the environment, it is possible to use the 
following equation: 

𝑄 = 𝑐 𝑚 𝛥𝑇, 

where 𝑚 [kg] is the mass of the hot vapour volume, 𝑐 [J kg-1 K-1] is the heat capacity 
of the vapor, and 𝛥𝑇 [K] is the temperature difference between the hot vapour and 
the ambient environment. In addition, the heat coming from phase transformations 
(latent heat) must be taken into account, which is released after the condensation of 
a gas or the solidification of a liquid. Thus, the higher the mass flow and 𝛥𝑇 between 
hot and cold reservoirs, the greater the waste heat amount. Other fundamental 
aspects also play an important role and must be considered in a multivariable 
optimization model, before any technology is adopted: 

• time availability: the temporal distribution of energy availability throughout 
a day, week, and season, where a more continuous flow is always preferred. 
To increase heat stability in time, heat storage could be implemented, which 
is another huge field under development; 
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• thermoeconomic analysis: it takes into account the Return on Investment 

(ROI), usually comprising between 5 and 10 years, to pay back the 
installation; 

• energetic and environmental sustainability: it should be evaluated through a 
full life cycle assessment (LCA), of plant/device life expectancy, 
development costs, and decommissioning. 

Dealing with heat, a form of energy that intrinsically contains entropic (dispersive) 
terms, is the exergy, by definition: “the total amount of energy that can be extracted 

from a physical system given its position in an external environment.” The concept 
of exergy brings together two aspects of an energy transformation process: its 
“quality” and its “quantity.” Ideal thermodynamics is conceived as a far-from-
reality analysis, where processes are deconstructed as an integral of infinite 
processes in quasi equilibrium. Exergy analysis is fundamental for WHR processes, 
as its outcomes take into account the sources of irreversibility, which are intrinsic 
to real processes (22) (23). To understand the abundance of this source, its 
economic value, and the importance of converting it into more noble energy forms, 
we must consider that, because of the average efficiency of industrial processes and 
thermal machines, the 72% of global energy consumption is lost in the form of heat 
(24), totaling 12 PWh year-1. Of this, around 66% is available at low temperature 
(LT) conditions below 200 °C, for a total of about 8 PWh year-1, 25% is available 
at medium temperature (MT), between 200 and 500 °C, resulting in 3 PWh year-1, 
and the last 1 PWh year-1 is available at high temperature (HT), with conditions 
above 500 °C. In view of the enthalpy content and distribution of the different 
sources of waste heat, low/medium temperature sources are considered the most 
fertile field for research and development, with an impressive industrial growth rate. 
Considering the average heat to power efficiency in the LT and MT ranges being 
15% and 45% respectively, an estimation on the possible amount of electric energy 
recovered from waste heat and injected into the grid, or used locally, is around 2.5 
PWh year-1. This amount can generate a turnover of more than 300 billion EUR if 
the electricity is sold to industries (at 0.125 EUR kWh-1, which is the 2015 cost 
toward industrial consumption) or more than 550 billion EUR if sold to households 
(at 0.221 EUR kWh-1, which is the 2015 cost toward household consumption). A 
bulk of 2.5 PWh year-1 represents 1.5% of the global energy production. However, 
the cost per kWh generated could be much higher, considering the installation costs 
for WHR/WHP solutions, and must benefit from intelligent politics aimed at 
sustaining research, development, and production of highly efficient integrated 
processes and investment in equipment manufacturing. According to market reports 
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estimates for the WHP market size, a significant value of 13.2 billion EUR has been 
pointed out for 2018 and, expecting a current annual growth rate (CAGR) of 13%, 
its value in 2025 will approach 26.4 billion EUR (25).  

Industrial WHR deals with temperatures ranging from 60 °C (cleaning 
processes) to more than 1700 °C (iron and steel, cement, glass, and ceramic 
processing industries). For example, in the chemical industry, the typical 
temperature range is from 100 to 500 °C (in some cases up to 1000 °C) (26). In 
Figure 9, several industrial processes are associated with the corresponding 
temperature range.  

 

Figure 9: Temperature ranges for different industrial heating processes (25). Reproduced 
with permission. 

Among the various industrial sectors, the amount of waste heat fraction (with 
respect to the total energy consumption) can vary significantly. The largest amount 
of waste heat is derived from the food and tobacco, pulp and paper processing, basic 
metal industries, chemical industry, and nonmetallic mineral processing, and 50% 
of waste heat is in the temperature range between 300 and 350 °C (5). In the USA, 
metallurgy and nonmetallic mineral transformation contributes for the 20-50% of 
the energy used and the recovery potential for energy-intensive industries in the UK 
is around 10% of the total amount (27). Waste heat potential in the EU has been 
estimated to lie above 350 TWh year-1, the greatest part between 100 and 200 °C. 
This is an important amount of energy compared with the 3218 TWh energy 
consumption of 2016 (4). Waste heat below 100 °C represents a marginal portion, 
whereas within the 200 and 500 °C range quantities that are more important are 
found (4). The statistics related to the waste heat potential in percentages per 
industry sector for all the former countries belonging to EU28 (4) are shown in 
Table 1.  
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Table 1: Waste heat potential percentage per industry sector in Europe (4). 

Industrial sector Heat consumption [TWh] Waste heat [%] 

Iron and steel 580 11.4 

Chemical and petrochemical 600 11.0 

Nonferrous metal 115 9.6 

Nonmetallic minerals 390 11.4 

Food and tobacco 345 8.6 

Paper pulp and print 395 10.6 

Wood and products 100 6.0 

Textile and leather 50 11.0 

Other 660 10.4 

 

Since WHR technologies suffer from long payback periods, high investment 
requirements, several additional requirements in terms of materials and design due 
to chemical activity and corrosion, they have been introduced in specific situations 
without wider diffusion. At the same time, developing countries are experiencing 
an ongoing industrialization process and can take advantage of experiences and 
technologies developed in more advanced countries. For sure, the industrial WHR/ 
WHP will definitely be under spotlight for the next years (28). 

Regarding the automotive sector, in consideration of the Paris Agreement, 
many countries are evaluating different solutions to secure improvements in 
transport efficiency and emissions reductions, both for light-duty vehicles (LDVs) 
and heavy-duty vehicles (HDVs). In response to this energy and environmental 
challenges, the automotive industry is focusing on high-efficiency vehicles. In fact, 
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according to the Global Fuel Economy Initiative objective, within 2030, LDVs 
should improve the fuel economy by 50% and save 0.5 Gt of CO2 emissions per 
year (6). Nowadays, the principal path toward sustainable transportation is the 
electrification and hybridization of automotive powertrains, while the industry is 
also focusing on different technical solutions to increase the fuel efficiency of ICE 
vehicles. A complete physical analysis of fuel consumption in an automotive 
system was conducted, indicating that 58% of the traction power at the wheel is lost 
due to vehicle inertia in an urban driving condition. On the contrary, aerodynamic 
losses become dominant in highway driving conditions (50% of the traction power 
at the wheel) (7). The US EPA City and Highway Driving Cycles provide an energy 
loss analysis based on energy utilization in different driving conditions and different 
size-mass vehicles (Figure 10). It is interesting to note a loss in fuel energy, of 
around 35% and 30% in exhaust and coolant gases, respectively, representing more 
than half the losses in wasted heat form (29) (30). 

 

Figure 10: A Sankey diagram showing the fuel energy utilization of an ICE (25). 
Reproduced with permission. 

Nowadays, engine manufacturers concentrate on two different ways to increase the 
thermal efficiency of an ICE. The first one focuses on improving the 
thermodynamic cycle of the engine, operating on the choice of fuel, combustion 
system, and air path. For example, downsized engines deployed in production 
vehicles improve the fuel economy by 8–10% for LDVs in urban pathways (31). 
The drawback of this approach consists of a reduction of available power and an 
increase of fuel consumption, especially in highway conditions. The second trend 
concerns WHR and WHP. WHR has the important feature to not affect the engine 
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design and technical features of the vehicle, as it uses the heat rejected by 
combustion. Therefore, it is suitable for different driving conditions and it can be 
easily integrated. However, the key point of this technology is to guarantee 
competing requirements of costs, engine durability, and emissions (32). By 
considering detailed models and simulations of the thermodynamic behaviour in an 
ICE (33) (34), it is possible to conclude that the exergy loss (or availability loss) 
mainly originates by irreversible combustion processes and the energy is mainly 
conveyed by exhaust gases. This suggests that the best option to maximize energy 
recovery is to install the recovery plant in close contact with the exhaust gas ducts 
or the cooling system. A further important feature is thermal availability or rather 
entropy maximization, representing the maximum amount of work necessary to 
establish equilibrium in the system (35). This concept is closely related to heat 
grade (temperature). While HT and MT conditions are widely used for practical 
power generation, LT sources represent today challenge in the automotive industry. 
LT sources are mainly localized in the cooling systems (radiator and air 
conditioning) and in exhaust gases exiting other recovery devices (36).  

During the past decades, technology has pointed in the direction of an extreme 
miniaturization of electronic components and portable devices. Alongside the 
development of healthcare (37), sport and fitness tracker ultralow-power (ULP) 
devices (38) (39), approaches for producing electric energy from human body waste 
heat have become widely analysed (40). Despite the development of new supply 
technologies, researchers have started to explore a possible definitive solution, 
battery-less devices integrating an energy-harvesting system where mechanical 
load, vibrations, temperature gradients, heat and light, are scavenged and converted 
to obtain relatively small amounts of power. For the purpose of this work, some 
thermo/tribo/pyroelectric devices are presented. Of course, wearable devices are 
not comparable with industrial or automotive applications in terms of energy 
produced, but still they are part of categories of technologies able to convert waste 
heat into power, which, moreover, can be explored in the sports and space 
application field, where small amounts of power are enough to power smart devices. 
Considering that the energy requirements of an average person under 60 years are 
in the range of 8.8-17.6 MJ day-1 (man) and between 7.1 and 14.2 MJ day-1 (woman) 
(41), and assuming to radiate a large part of this energy in the form of heat, a thermal 
source of some tens of Watts is available (42). Then, the harvest of even a small 
part of this energy would enable to power wearables devices such as smartwatches 
that need a few tens of mW to operate (43). In standard conditions, i.e., a body 
temperature of 36.6 °C (44) and a room temperature of 27 °C, the Carnot efficiency 
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is ≈ 3%, immediately highlighting the limit for the application on the human body. 
However, even 1% of a total power in the order of 100W still represents an amount 
of energy sufficient to power wearables. 

Although waste heat may be exploited, ideally it should be avoided: this is done 
through the energy optimization of processes by needs-based controls, process 
operation and design, improved insulation, the use of highly efficient electric drive 
systems and a change towards more energy efficient production methods. However, 
even after energy optimization, significant potential remains (26). A large number 
of WHR, WHP and energy harvester exist and in the next sections, some of them 
will be presented. 

1.3.1 Thermodynamic machines 

In this subsection, the most interesting and promising thermodynamic cycles 
adopted in a WHR technology are briefly illustrated and commented. 

1.3.1.1 Brayton Cycle (BC) 

In the BC, a compressor compresses air isentropically. Then it receives heat from 
exhaust gases at constant pressure and finally it expands isentropically in a turbine 
to generate electrical power. At this point, the air is discharged back to the 
atmosphere and the process is repeated. BC represents an optimal choice for WHR 
systems working at mild temperatures in the industrial sector. This approach has 
been explored in the 1980s to convert waste heat from adiabatic engines, enabling 
a reduction of running costs on one side and a reasonable additional capital 
investment on the other. Recently, a BC system was employed for the blast furnace 
slag in the iron and steel industry (45). In another case, a BC system was integrated 
into a diesel engine, connecting the turbocharger compressor with the compressor 
that operates on the BC. Results showed that the fuel economy of the diesel engine 
could be improved by 2.6% at fast rotation regimes and 4.6% at lower regimes, at 
full load (46). The performance of a BC machine operating with internal 
combustion engine (ICE) exhaust gases was investigated (47). 

1.3.1.2 Stirling cycle (SC) 

In the SC, the air, helium, or hydrogen is compressed isothermally. Then, it passed 
through a regenerator (or heat exchanger) that operates at constant volume, where 
the gas absorbs heat, while its pressure and temperature raise. Then, the gas flow 
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through an isothermal expansion and finally it goes back through the regenerator, 
releasing an amount of heat. The application of a Stirling engine (SE) is interesting, 
especially in conjunction with gas turbine (GT) cycles where waste heath is 
generated (48). Recently, a double-action thermoacoustic SE-based electrical 
generator capable of recovering liquified natural gas (LNG) cold exergy was 
proposed, converting the external thermal energy into acoustic work (49). 

1.3.1.3 Organic Rankine Cycle (ORC) 

Based on Rankine cycle (RC), ORC system uses organic working fluids instead of 
water, allowing to manage waste heat at temperatures up to 300 °C (50). A pump 
pressurizes the working fluid in liquid form; heat is then moved from the heat source 
to the working fluid through a superheater and an evaporator, where the organic 
fluid gets vaporized; then, the high-pressure working fluid flows into an expansion 
turbine, connected to the load (electrical power generator); at the end, the cooling 
source controls the organic fluid returning back into liquid form in the condenser. 
Hydrocarbons, siloxanes, refrigerants, and CO2 can be exploited instead of water, 
thanks to their advantageous lower boiling and critical points, lower specific 
volumes, as well as lower viscosities, higher vapour pressures, and higher 
molecular masses with respect to water-based fluids (50). In addition, ORCs are 
highly valued in current research for the availability and the simplicity of their 
components and for the low flammability, corrosion, and toxicity of the working 
fluids. Currently, several ORC-based plants are installed in many countries (Italy, 
Austria, Germany, the Netherlands, Sweden, U.S.A., Canada, etc.) and the number 
of plants is still growing. The adaptability and the scalability of this technology 
permit to harvest different heat sources, from industrial to domestic applications. 
To date, there has been a consistent number of ORC manufacturers and commercial 
applications in industry sectors. Currently, there are many examples of installed 
plants all over the world such as: the Fonderia di Torbole (Brescia) in Italy, which 
has been hosting an ORC plant since 1996, updated in 2018, and producing 690 
kW; Toscelik Hot Strip Mill in Turkey producing 1MW since 2011; NatSteel in 
Singapore with an installed plant producing 555 kW since 2013; Elbe-Stahlwerke 
Feralpi in Germany producing 2.7MW since 2013; ORI Martin in Italy producing 
1.9MW since 2016; the Munksjö pulp mill in Sweden producing 750 kW since 
2010; and the glass manufacturing plants of Sisecamin in Ostellato, Porto Nogaro, 
and Manfredonia in Italy, sharing a capacity of 5MW since 2016 for each of the 
locations. A cement plant in Lengfurt, Germany, burns around 3150 tons of clinkers 
per day in a rotary furnace at flame temperatures of about 2000 °C. This generates 
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hot furnace exhaust gases (350 °C, heat flux at around 8 MW) and waste heat from 
the clinker cooler (275 °C, about 60 MW). Part of this heat is injected back into the 
furnace. Recently, this technology has been widely used also in the transportation 
sector (50). In  
Figure 11 the schematic of an ORC installation in an industrial plant is shown.  

 

Figure 11: Schematic of ORC installation in an industrial plant (51). Reproduced with 
permission. 

In the automotive research field, BC, SC, ORC and the following KC are 
currently being analysed. In particular, ORC seems to be most economically 
advantageous for WHR when the thermal source is below 150 °C (52). In fact, an 
ORC permits exploiting LT sources in a very efficient way (53). It is also very 
attractive for large scale production, because of the low cost, the easy integration 
with the cooling system and the marginal impact on engine design. At the same 
time, some design challenges exist. The most evident is the miniaturization of the 
expander machine (54) which operates with organic fluids (55). This is fundamental 
in reducing the weight-to-power ratio of the dynamic machine (56), decreasing the 
inertia of the vehicle. The operation conditions of the ORC can be categorized into 
direct and indirect. In the direct recovery method, the engine block is the heat 
exchanger, avoiding an additional component (57), exploiting higher temperatures 
and larger amount of heat rejected by the ICE. Various analyses show how the heat 
dissipated by the engine block can be coupled with the vaporizer cooling system, 
enhancing the recovery of about the 3% (58). On the other hand, in the indirect 
method, heat is transferred from the coolant to the ORC working fluid using an 
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extra heat exchanger, and the heat dissipated by the coolant fluid can be used for 
the evaporation system or as a preheater for a HT Rankine-Hirn cycle (59) (60) (61) 
(62). In this case higher efficiencies are achieved (63), but with a heavier and bulky 
system, other than economically unfavourable in automotive applications (64). 
Other approaches (65) involve the use of the heat rejected by the cooling system for 
the confluent cascade expansions in the ORC system. The matching conditions 
between working fluid and ORC systems are under analysis to maximize the heat 
exchange. In LT recovery systems, organic fluids with a low boiling and low 
freezing temperature are employed, allowing the absorption of the low-temperature 
heat in the ORC system. However, it is difficult to maintain a high mass flow, since 
the low stability of organic fluids at HT and low specific heat. Ways to increase the 
efficiency are designing larger recovery system (as in industrial plants) or using 
high-specific-heat fluids like water. Furthermore, another important parameter 
affecting the efficiency is the thermal fluctuation, due to changeable driving 
conditions. This phenomenon negatively affects WHR systems, limiting the 
operational range and inducing an efficiency drop during partial load. A solution 
could be controlling the stream, ensuring a close and safe optimal operational point 
(66). Finally yet importantly, the net economic advantage involved by using WHR 
systems has to be compared with the costs of additional volume occupied by an 
ORC system, affecting the vehicle transportation capacity (67). The main 
companies that are funding research and development in ORC are BMW, General 
Electrics, Cummins Engine and United Technologies Corporation and Figure 12 
shows the schematic of an ORC standard configuration in automotive system. 

 

Figure 12: Schematic of ORC installation in an automotive system (68). Reproduced under 
the terms of the Creative Commons CC BY license. 
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1.3.1.4 Kalina Cycle (KC) 

KC is an absorption-based power generation cycle, based on RC. The working fluid 
enabling KC systems is a mixture of ammonia and water, which increases the 
recovery efficiency. Condensed water-ammonia mixture is compressed 
isentropically and then it is heated at constant pressure while it evaporates (first 
ammonia and then water); subsequently, it is isentropically expanded into a turbine 
and finally condensed (first water and then ammonia) at a constant pressure 
releasing heat. The operating temperature lies between 90 and 500 °C. With respect 
to ORC and supercritical cycles, KC shows superior performances. Reducing the 
temperature difference between the working fluid and the heat source, reversibility 
is increased and dissipation reduced. With respect to RC, where a considerable 
amount of heat is lost during the isothermal vaporization of water into steam, the 
binary mixture in the KC vaporizes non isothermally, improving the efficiency of 
the cycle (69). Moreover, KC has one more big advantage compared with RC, since 
it is possible to modify the NH3:H2O ratio in the working fluid and then pressure 
levels. In this way, the thermal performances are maximized (70) but, at the same 
time, the engine is more complex and may require an additional pumping system. 
With respect to ORC, in the same temperature range, KC are 15-25% more efficient 
with the tangible outcome that power plants featuring hot fluid below 150 °C are 
increasingly based on this new technology (50).  

Several specific applications have produced adaptations of KC systems, with 
more than 30 solutions that have been introduced so far. For example, in the cement 
industry, superheated NH3:H2O vapor is generated, harvesting low-grade heat; it 
is then expanded in a turbine, condensed in regenerative heat exchangers, diluted 
and fed into a low-pressure condenser, and finally injected into the high-pressure 
condenser before reaching the vapor generators again. KCs can recover industrial 
waste heat in the range from 80 to 400 °C for power generation. Existing industrial 
WHR applications include: Sumitomo plant in Japan with an installed plant 
producing 3.5MW since 1999; Husavik, Iceland, plant converting 2.0MW since 
2000; Fuji Oil plant in Japan converting 4.0MW since 2005; DG KHAN plant in 
Pakistan converting 8.6MW since 2013; and Star Cement plant in Dubai producing 
4.75MW since 2013. KCs are limited in their industrial applications for some 
technical issues that have not been solved yet, in particular, for fine tuning the boiler 
evaporation ratio and the early condensation of the NH3-H2O mixture (8). A 
comparison of performances between KC and transcritical ORC for WHR in 
different internal combustion engine (ICE) and working conditions shows that, 
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compared with KC, the transcritical ORC shows evident advantages on the overall 
thermodynamic efficiency, low operation pressure, and simple component 
configuration with exhaust temperature from the engine of over 220 °C. The 
optimal thermal performance of the transcritical ORC is in the range 295–345 °C. 
Nevertheless, when moving over or under the optimal temperature drop, the 
performance decreases considerably. Moreover, the extremely high expansion ratio 
of the turbine requires a complex multistage design and large system size (71). 
Another comparison between the thermodynamic performances of KC and ORC 
has been conducted for the case of heat recovery from two diesel engines, each one 
with an electrical power of 8900 kW. Supposing a mean temperature difference in 
the heat recovery exchanger of 50 °C, a net electric power of 1615 kW and of 1603 
kW can be generated, respectively, for KC and ORC. Although the output levels 
are almost equal, KC requires a much higher maximum pressure to obtain high 
performances. Then, at least for a low power level and MT and HT thermal sources, 
KC appears to be unjustified because the increase in performances is very small 
(with respect to a properly optimized ORC) and must be obtained with a more 
complex plant scheme, larger surface heat exchangers, and particular plants 
featuring pressure and corrosion resistance (72). Nowadays, the number of 
thermodynamic WHR/WHP systems commercialized in the industry sector is very 
limited, even though industrial waste heat is available in abundance and the concept 
of utilization or recovery is not new. The reasons are mainly related to resource 
constraints and the insufficiency of regulatory, organizational, and business plans 
(8). 

1.3.1.5 Carbon Dioxide Trans-Critical Cycle (CDTCC) 

CDTCC systems are based on CO2, which ensures nontoxic, nonflammable, 
noncorrosive operation. Since CO2 reaches the supercritical state at 7.38 MPa and 
31.1 °C, it is widely applied to low-grade heat recovery systems (73). The working 
principle is the same as the ORC but, in this case, heat is rejected below the critical 
point and absorbed above, having a working fluid in the superheated state under 
supercritical pressures, maximizing performances (74). CO2 is isentropically 
compressed, heated at constant pressure, isentropically expanded, and finally 
condensed, releasing heat at constant pressure. CDTCC was theoretically compared 
with a R245fa ORC, operating on a low-grade heat reservoir, and concluded that 
exergy efficiency would benefit from using a recuperator (73) (75).  
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1.3.1.6 Trilateral Flash Cycle (TFC) 

TFC is a quite recent promising technology having a huge recovery potential in 
comparison with ORC, as the energy recovered can roughly double over the same 
temperature difference; an economic outcome of this efficiency is related to the 
savings generated by avoiding any cooling/heat rejection system in a power plant. 
A TFC consists of a modified ORC where the organic working fluid is heated up to 
the saturation temperature under high pressure rather than evaporated, implying that 
the heat transfer is optimal when no fluid is brought across its boiling point. TFC-
based systems can substitute ORC units installed in MT processes between 70 and 
200 °C, and they are able to follow any temperature variation on both the inlet and 
outlet phases of the cycle (28) (5). 

1.3.1.7 Supercritical CO2 (SCO2) Brayton Cycle 

The SCO2 BC is a standard cycle operating with CO2. It combines the advantages 
of both steam RC and GT systems. The fluid is compressed in the incompressible 
region and the higher turbine inlet temperature can be utilized with no material-
related issues in comparison with the SRC. Since CO2 is able to sustain intense 
density variations as a consequence of slight temperature and pressure fluctuations, 
it allows excellent energy extraction at HT with high energy density of the installed 
plant, one order of magnitude below GT. SCO2 systems are mainly used in HT 
applications for direct WHR while driving an electrical power plant. Considering 
that the heat rejection also occurs at HTs, other systems such as a properly matched 
ORC could be cascaded. The most typical application is with geothermal sources, 
accounting for almost 75% of global installed capacity. The diffusion of SCO2 is 
quite limited, due to the capital-intensive requirements in multi-MW power plants. 
Nevertheless, small providers cover the niche of small WHR plants ranging from 
10 to 150 kW (5).  

1.3.2 Thermoelectric devices 

Thermoelectric (TE) systems belong to WHP/WHR and energy harvesting 
technologies as well, but they have significantly different features with respect to 
the thermodynamic cycles. First, TE systems are solid-state devices able to convert 
heat into electricity by means of the Seebeck effect. They are adopted in several 
application domains such as factories, power plants, computers, vehicles, stoves, 
and wearable devices (50). The Seebeck effect is due to from the capability of 
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specific materials to produce current when subjected to a temperature gradient. The 
propensity of a material to manifest this effect is a nonlinear function of the 
temperature, and it is specific for each different material and crystalline 
configuration. TE materials are currently commercialized for integration into high-
performance cooling systems needed to realize high heat fluxes to very LTs at 
precise rates (50). In general, the materials can be divided into three categories 
depending on the temperature of operation: since the first device was developed, 
bismuth has been the most widely used material for LT applications. Furthemore, 
antimony–telluride Sb2Te2 or its alloys are used for p-type composition instead of 
bismuth–telluride, because of their tunable high carrier mobility, resulting in 
stronger and optimized Seebeck effect. 

Several industrial companies have focused on TE technologies as these devices 
can compete with fluid-based systems, like compressors or heat pumps. 
Furthermore, solid-state energy conversion is more appealing because of its 
simplicity, if compared with compressing or expanding two-phase fluid systems. 
Although their limited efficiency, several commercial uses have been realized. The 
reasons behind this success are the relatively small size and complexity, vast 
scalability, robustness, rapid response time, lack of toxic operational emissions, 
long reliability and lifetime, inertness, and lack of moving components (50) (76). 
Many countries, such as the USA, UK, Australia, Ukraine, Japan, and South Korea, 
are focusing their attention on this field (77) (78) and several researches have been 
already accomplished to characterize the TEGs performances under various heat 
sources like diathermal oil heaters, cook stoves, and waste heat from industrial 
process. Recently, the concept of the hybrid power-generation system was 
introduced. It is composed of one TE module held by two copper layers with four 
heat pipes generating the temperature difference between the two TEG sides (79). 
Another application of TEG modules is in support of the industrial wireless sensor 
networks (IWSNs), clusters of wireless sensor nodes in industrial plants and 
commercial areas. They consist of a high number of sensor nodes, including sensor 
units and control electronics, communication, and power supply. Most of these are 
powered by means of batteries having strong limitations in terms of energy because 
of the constrained node and battery size. Therefore, several researchers explore the 
possibility of coupling IWSNs with TEGs to harvest energy and extend batteries’ 

lifetimes, achieving higher power densities with respect to other energy harvesters. 
It has been concluded that with 0.6ms-1 of air flow on the TEGs and without using 
any heat sink, the hot side being at 50 °C and the cold one at 20 °C, the output 
power is around 80 μW. A TE component was employed to supply an autonomous 



36 Introduction 

 
sensing node for T measurement (80) and others were produced and characterized 
to power systems for environmental monitoring, in the order of 10mW for a 
temperature difference of 10 °C (81). In another application domain, 52% of 
Australian households hot water heaters are powered using natural gas and liquified 
petroleum gas (LPG) systems. By exploiting the thermal gradient generated 
between hot exhaust gas exiting and cold water from ducts, it would be possible to 
generate power by means of TEGs. Through the testing conducted, a power 
generation unit including 60 TE cells would be able to produce more than 40W and 
more than 20W in case hot water is around boiling temperature and 80 °C, 
respectively. In the latter case, the efficiency of the system is estimated to fall in the 
range 0.37–1.03% (82). Furthermore, some hybrid concept and devices have been 
analyzed for enhancing the performances of a geothermal-based ORC and proposed 
two novel systems in which, in the first case, part of the waste heat is recovered 
using a TEG for power generation whereas in the second for hydrogen production 
(by means of a proton-exchange membrane electrolyzer). Results indicated that the 
proposed system has exergy efficiencies higher than that of the basic ORC by 
21.9% and 12.7%, respectively. They also reveal that the specific product cost for 
the proposed solutions is lower than that for the basic ORC, despite a higher total 
cost rate (83). The possibility of using TEG to recover waste heat from a KC was 
analysed revealing an improvement of around 7.3% of the net output power and 
higher energy and exergy efficiencies. Furthermore, they evaluated economically 
the integration of TEG with the KC, indicating modest profitability (84). Recent 
studies by Pacific Northwest National Laboratory considered some well-known 
industrial activities, such as aluminum smelting, glass manufacturing, and cement 
production, concluding that small internal combustion engines (ICEs) could be 
profitably replaced by external combustion TE engines. This technology is 
vibration free and less acoustically impacting and can be fueled using propane, 
butane, liquefied natural gas, bio alcohols, and not necessarily ones based on fossil 
sources (76). Both US and Japan Governments have introduced new regulations to 
encourage companies to introduce TE devices in trucks and cars to partially convert 
waste heat from the exhausts into electricity, powering steering, brakes, water 
pumps, turbochargers and so on. Although efficiency depends on the level of 
system integration and driving conditions, diesel consumption could be reduced by 
5-10% (76). Several leading automotive manufacturers such as Volvo, 
Volkswagen, BMW, and Ford are introducing WHR systems able to provide around 
1 kW of electrical power and increase consequently the thermal engine overall 
efficiency using TE generators (TEGs). A WHR system for automotive exhaust 
heat recovery composed of 24 TE modules was tested with an output of ≈12W with 
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a ΔT of 30 °C (85), and another very efficient TE module (15% efficiency) was 
produced (86). Furthermore, solar thermoelectric generators (STEGs) have been 
developed efficiently, coupling thermal solar collectors with TE devices, as the 
absorbed heat is conveyed on the TE devices by means of a diathermal fluid. 

Regarding the automotive sectors, in order to improve vehicle efficiency some 
WHR systems exploiting the TE effect have been proposed, since TEGs allow to 
recover heat from ICE, reducing fuel consumption and with no increase in the 
emissions. In particular, exhaust TEG (ETEG) is the most promising technology, 
because it has no moving parts, it requires less maintenance in comparison with 
ORC systems, and it is silent in operation. Despite the light weight of ETEG and its 
versatility, main issues exist. The main are the low efficiency (5-10%), high cost 
and large temperature differences required for considerable energy conversion. In 
particular, the cold side of the ETEG module should be at a temperature as low as 
possible to maximize efficiency and then, cooling mechanisms are required to 
maximize the thermal gradient. In a typical ICE application, the system is composed 
of four modules: a TEG module, a heat sink, a heat exchanger, and a power-
conditioning unit (PCU). A typical configuration is illustrated in Figure 13. Exhaust 
gases flow through the heat exchanger placed on the exhaust pipe, warming the hot 
side of the TEG module, while the cold side can be refrigerated using a liquid or an 
air-cooled heat tank system. The generated electric power is stored in a battery, 
matched with the car electrical system through a PCU (87) (88). This component is 
essential to guarantee the maximum power transfer in different driving conditions 
(idle or operational). 

 

Figure 13: Example of ETEG design. Reproduced with permission (89). Reproduced with 
permission. 
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Komatsu (Japan), Marlow (USA), and HiZ (USA) are the main producers and seller 
of TEG modules using Bi2Te3 as active material. In particular, HiZ produces several 
devices working with a maximum temperature of 250 °C and ΔT of 200 °C, 
producing from 2 to 20 W of electrical DC power, at a cost between 18 and 80 EUR 
per module, depending on size and application. An important factor affecting the 
efficiency is the installation position. In general, it is possible to adapt both size and 
shape of the TEG module according to the recovery application. Several installation 
positions were tested, finding that for LT applications the optimal position is after 
the catalytic and filtering blocks of the exhaust system (90). As example, if using 
six Bi2Te3 TEG modules on a 3696 c.c. gasoline engine with hot and cold sides at 
225 and 255 °C, respectively, the generated output power is higher than 40 W (91), 
improving the fuel economy of a vehicle up to 2% (92) (93). A different approach 
similar to the ORC case, substitutes the radiator with 72 TE modules (Bi2Te2 with 
an area of 4x4 mm) and 128 heat pipes, recovering energy from the engine coolant. 
The coolant flows in contact with the modules, transferring heat to the hot side, 
reaching 95 °C. To keep the cold side at 25 °C, a common air-cooling system is 
used. With this configuration, almost 30 W of electrical DC power is generated 
during the idle condition and almost 75 W during the driving condition, recovering 
0.4% of wasted heat (93). Currently, the main limit in the commercialization of 
TEGs is the cost ranging between 2500-3500 EUR kW-1 while, to be competitive, 
the cost per energy capacity should be 395 EUR kW-1 (94). BMW, Nissan, Jaguar, 
Land Rover, and Porsche are some of the manufacturers investing in this field, 
although only HDVs can benefit from TEG systems, as it is easier to lower the 
installation cost, considering both the driving conditions (long driving distances) 
and the higher amount of energy from exhaust gases with respect to LDVs.  

In the wearable domain, TEGs for LT waste heat harvesting do not use bulky 
material but rather thin layers of material and then, they are typically referred as 
micro-wearable TEG (μ-WTEG). Initially, TEGs employed rigid substrate for 
example a multistage thermopile (95), or a completely self-powered device to 
measure the oxygen content in blood embedded in a wristwatch (Figure 14) (96). 
In this case, a commercial sensor is placed on the forefinger. The wristwatch TEG 
charges a storage capacitor able to provide 0.7-2 V as output voltage while a DC/DC 
converter, ensuring stable and higher open circuit voltage, is mounted after the 
capacitor. A potential of 2.05 V is obtained, sufficient to supply the wireless sensor. 
The maximum power extracted is more than 100 μW during daily activities. 
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Figure 14: Fully powered wireless pulse oximeter (97). Reproduced with permission. 

Then, an electroencephalography (EEG) system was proposed (98) and a battery-
less device specific for EEG, electrocardiography, and electromyography data 
transfer was investigated (99). More recently, two different devices, a TE and 
piezoelectric energy harvester were characterized, to obtain a self-powered system 
(100). Results show that a 9 cm2 TEG system is able to generate up to 20 μW at RT 

with respect to 3.7 μW of a 5 cm2 piezoelectric one. By properly setting the 
parameters, they reached an output voltage (Vo) of 12 mV and open circuit voltage 
(Voc) of 24mV, with a ΔT of 0.5 °C. The main drawback of rigid WTEGs is the 
incapability of adapting to the human skin curves, with consequent heat transfer 
losses. Moreover, the integration of rigid WTEGs into clothes is not easy and makes 
them uncomfortable and therefore, flexible devices have taken place. About 
wearable applications, comfort is not the only constraint. The low thermal 
difference extremely affects the overall efficiency. To overcome this limit, a local 
absorber placed below the TEG legs onto the layers was introduced (101), 
increasing the ΔT from the usual 2 ÷ 4 to 20 °C. A prototype with 10 p–n couples 
developed an output of around 4.44 μW and a Voc of 55.15 mV. However, the local 
temperature increment could result uncomfortable for the user but this solution 
paves the way for future implementation in WTEGs. Another important step 
involves the integration of harvesting systems directly into the clothes fibers. 
Textile TE materials were analysed from both application (monitoring, computing, 
energy harvesting) and production (fabric finishing and coating or fibers/yarns 
coating technologies) points of view. Thanks to the easy integration, comfort, and 
air permeability they represent good alternatives.  
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1.3.3 Pyroelectric devices 

Pyroelectric (PE) systems can be classified as energy harvester more than 
WHR/WHP systems since their application is still not adopted in large scale plants 
but on miniaturized device. The working principle is based on the pyroelectric 
effect i.e. the capability of specific materials to displace electrical charges from a 
temporal temperature variation, unlike thermoelectricity, where a stationary 
temperature gradient triggers the process. PE allows to avoid the main issue of 
TEGs that is the need of huge heat flows to maintain a large temperature gradient. 
For this reason, PE are under consideration because they have promising efficiency 
and ease in installation. 

TEGs and PEGs performances were compared showing that even though the 
power generated by PEGs is low, their efficiency is much higher than that of TEGs 
(102). Recently, the innovative method for low-grade WHR based on 
nanogenerators has been deeply investigated and, even though a large margin for 
improvements is still present, some interesting results have been reached. For 
example, a hybridized pyro-vortex device, realized in polyvinylidene fluoride 
(PVDF), was realized, with an area of 2 cm2 (103). The idea behind this work is to 
exploit the energy of the wind to realize an inexpensive and efficient harvester 
providing an uninterrupted energy output. In particular, the vortexes generated by 
this give rise to two conversion mechanisms: molecular transport, proportional to 
the gradients of the averaged velocity of the wind and heat fluxes, and convective 
transport, which gives rise to turbulent stresses caused by the momentum transfer 
produced by velocity fluctuations. In fact, this device allows to produce a stable 
output current, reaching a maximum power density of 2.82 μWcm-2. A combination 
of PE and triboelectric hybrid energy harvesters has been also proposed with the 
idea of harvesting useful energy from low-grade waste fluids (104). In practice, 
drops of fluid can fall onto the device surface and energy can be recovered, 
exploiting both their thermal and kinetic energy. In fact, the drop hitting the surface 
will release its energy on it, provoking friction and thus triboelectrification to take 
place, but also have a certain temperature that will provoke temperature variation, 
allowing pyroelectrification. The maximum power produced per unit area is similar 
to the one proposed by Rouadi, lying around 2.6 μWcm-2. Interesting is to notice 
that all these devices have been realized in PVDF, which seems to be a promising 
material in LT waste heat harvesting, and are in the solid state. 

As already pointed out, heat constantly flows out from our body because of 
self-thermal regulation. Thanks to the homeostasis process, the human body is able 
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to maintain always an external temperature of about 36 °C, in a range of 1 °C. 
Furthermore, the physiological temperature changes are slow. Then, PE devices are 
clearly unsuitable for human body energy harvesting, because of the very 
efficiency. Nevertheless, a feasibility study on using a nanogenerator as a self-
driven power supply for wearable devices was conducted (105) but it is evident that 
a combination of more effects, in particular triboelectric and PE, is the best solution 
to partially overcome this limit. At the same time, hybrid systems exploiting piezo 
and pyroelectric effects have been analysed (106). As an example, a mouse powered 
by means of human heat, was proposed, exploiting just the PE effect (107). In this 
case, the current generated by the PE effect was so low that was completely 
dominated by the one due to the piezoelectric effect, intrinsic of pyroelectric 
materials, that was provoked by the user’s hand. Furthermore, a commercial PE 
device was investigated, composed of a piezoceramic foil placed between two 
conductive electrodes, proving the feasibility of of using water vapour to power the 
device, with a maximum output power of 0.034 μWcm-2 (108). Recently, a very 
interesting hybrid device was proposed, implementing a thermocell and a PE 
harvester, with the aim of recovering heat by both stable gradient and temporal 
variation of temperature (109). This device consists of two layers of PVDF, coated 
with carbon nanotube/cellulose nanocrystals composites, that serve as the electrode 
and absorber, and a block of polyurethane (PU), installed under the two PVDF 
films. The first deals with heat recovery from T variation, which is the PE part, 
while when the temperature gradient is established in the thermocell, a redox of 
ferrous/ferric chloride acid develops and converts it into useful electric energy. The 
cell has shown a current density production of 1.2 Am-2 for a ΔT of 100 °C. 
Assuming an illumination of AM 1.5G, the PVDF film generates up to 200 V of 
output voltage under illumination and -120 V with no illumination. The main 
advantage is then in the versatility as the device can harvest energy in different 
conditions, being operational 24/7. The harvester has shown a maximum output 
power produced, of 1.86 and 0.9mWm-2, for the thermogalvanic and PE 
components, respectively. Recently, a wearable PEG based on human breathing 
was proposed (110), where a thin film of PVDF was introduced in a mask. 
Exploiting the heat contained in the breadth, the maximum temperature variation 
recorded was 12 °C and the maximum power extracted reached 0.68 ΩWcm-2.  

1.3.4 Triboelectric devices 

The triboelectric effect is a friction-induced electrification between two materials 
(see 2.2 for a more detailed description) and triboelectric nanogenerators (TENGs) 
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exploit contact electrification to convert mechanical energy into electricity (111), 
and they have been proposed to drive hundreds of light-emitting diodes (LEDs) 
(112), and charge lithium-ion batteries for powering wireless sensors and 
commercial cell phones (113). Recently, new devices have been conceived in order 
to collect energy from other environmental sources, such as wind (114), human 
motion (115), ocean waves, and tides (116). So far, TENGs have been designed 
employing solid-state materials whose optimal performances are obtained under dry 
conditions. However, triboelectricity has also been observed when liquids flow 
through pipes or polymeric films made of dielectric materials (117). As examples, 
voltages up to 300 mV have been observed when deionized water (DIW) flows 
through a 1 m long rubber tube (118), and surface charge densities of 4.5 C/cm2 

have been measured on water droplets injected by a polytetrafluoroethylene (PTFE) 
tip (119). Recently, with the advent of low power electronics (recovery systems, 
environmental monitoring, Internet of Things), triboelectric devices have found to 
be used as a renewable energy source, to harvest energy from several types of 
mechanical energy, including vibrational, rotational, wind, and tidal wave energy. 
The important features of these devices consist in their ease of fabrication, stability, 
and high-energy conversion efficiency (120). Therefore, the right functionalization 
of TENGs is important in order to build a marketable device for recovery 
applications, even from unexplored energy sources such as waste heat. 

1.3.5 Magnetocaloric machines 

In equilibrium conditions, a magnetic colloid (a suspension of magnetic 
nanoparticles in a liquid carrier) is a system where magnetization is 
thermodynamically coupled with temperature. At rest and at a specific temperature, 
some energy is transferred from phonons to the magnetic domain structure; if an 
external magnetic field is applied adiabatically, the magnetic domains align and 
reduce their number (entropy is consumed). When the field is removed, in the 
absence of energy exchanges with the environment, the material cools down. This 
is the so-called magnetocaloric effect (MCE). Considering a sample of 
ferromagnetic material, for example MnCr2S4 crystals: if no magnetic field is 
present, it is at thermal equilibrium with the surrounding environment and the 
magnetic dipoles are randomly oriented; then, if a magnetic field is switched on, 
the sample starts heating up, whereas the dipoles become aligned in the direction of 
the applied field. Subsequently, heat is transferred to the surrounding environment 
by means of a heat-transfer medium, but when the external magnetic field is 
removed, the dipoles orientations randomize, which translates into a further 
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temperature reduction of the sample. Possible heat-transfer materials are water or, 
for very LT, liquid He (121).  

1.3.6 Technological overview 

After this in-depth analysis, all the identified technologies have been sorted 
according to their typical application and optimal temperature range in Figure 15, 
in order to give an immediate, qualitative glimpse on the statistics of technology 
application. For this reason, the reader should focus on the temperature ranges 
rather than on the specific temperature values. 

 
Figure 15: WHP and energy harvesting technologies sorted according to their typical 
application and optimal temperature range. 

Furthermore, a comparison in terms of efficiencies, post-installation costs per 
kW, and typical installed power output is shown in Table 2. In the table, data 
relative to CDTCC are not given at MT due to the intrinsic properties of CO2, 
implying that the cycle operates at cryogenic temperatures. The TE efficiencies are 
computed using conventional physical models and assuming reasonable 
temperature ranges in operating conditions (55 °C of ΔT for LT and 150 °C of ΔT 

for MT). For PE efficiency, data have been derived by a previous study and the 
same temperature ranges as above have been considered. The reader should never 
forget that closed-loop thermodynamic cycles based on any specific fluid feature 
intrinsic installation costs that strongly limit their power output lower bound, 
whereas purely solid-state systems such as TEGs and PEGs suffer from the specular 
limit, toward the upper bound. 
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Table 2: Efficiency and installation cost/kW comparison between the mentioned 
technologies. 

 BC SC KC CDTCC ORC TE PE 

η @ LT 0.40a 0.13 0.10d 0.15f 0.12g 0.037 0.15 

η @ MT 0.40a 0.20 0.15d – 0.20g 0.073 0.13 

Cost per kW 
[kEUR kW-1] 

1b 12-2.5 6.5- 
2.5e 

N.A. 2.8- 
1.2h 

2.5 N.A. 

Installed power 
[MW] 

7.8i 0.0015j 0.4k 0.0046l 0.35m 0.012n N.A. 

 

The references are reported as follows: a (122), b (123), c (124), (125), e (126), f 
(125), g (74), h (127), i (128), j (129), k (130), l (131), m (132), n (86).  

Once the available WHP technologies have been analyzed, the question arises on 
whether they could represent a valid approach to increase the quota of “green” 
installed power, working in conjunction with both fossil fuel-based processes and 
renewable resources-based processes. Considering their costs per kW and 
comparing them with photovoltaic systems (on average the cost per kW is 1.4 
kEUR kW-1 as of December 2018), two technologies are already competitive: BC 
and ORC. On the other side, the higher production costs of wind turbines (on 
average 1.4 kEUR kW-1 as of 2017 for onshore plants and 3.5 kEUR kW-1 for 
offshore ones), of biomass-based power plants (3.3 kEUR kW-1), and of 
hydroelectric power plants (3.6 kEUR kW-1) give already a strong evidence of the 
bright future this sector will experience. Parallel to industrial development and 
technology readiness level, the most statistically relevant results in all ranges of 
reviewed current solutions mainly involve optimization through thermoeconomic, 
exergetic, and LCA analyses, as well as material development. A completely 
different approach is seen for emerging technologies, where basic studies and 
theoretical developments are frequent. In conclusion, WHR/WHP technologies 
have reached a maturity level that could significantly boost their mass application 
in close relationship with industrial processes and wherever waste heat is generated, 
such as in the automotive field, regardless of the policies enforced at the local/global 
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level. Scientific research, on the other hand, is rapidly expanding and casting light 
on less explored multidisciplinary fields, where combined effects (such as pyro + 
thermo + magneto) have been shown to greatly enhance conversion efficiencies and 
volume/mass specific power/energy. In particular, the most promising directions to 
explore are 1) magnetocaloric and thermomagnetic hydrodynamic machines on the 
one side and 2) TE, triboelectric, and PE devices on the other side. The former 
group is suitable for small-scale systems and the latter suitable for wearables (25). 

1.4 A novel concept for energy harvesting 

Up to now, we discussed energy and climate issues, waste heat to power and energy 
harvesting. Surprisingly, this is not where the project was born. In fact, it was 
conceived far away from these topics. So, let’s step back for a moment to see where 
everything started: the space exploration in extreme environments. 

Extreme planetary environments represent the next frontier for in situ 
exploration, where future missions will be characterized first by robotic 
reconnaissance and, later, by human interventions (133). In these harsh scenarios, 
several factors, such as temperature, pressure and radiation, make many missions 
hard to conceive at present. In fact, extreme environments, on Earth and other 
locations in the solar system, are characterized by very low or very high 
temperatures, high radiation, high pressure, corrosive and toxic chemicals, where 
autonomous robotic missions need increasing complexity and ultra-advanced 
technology (133) since interactions with robots are difficult to model due to reasons 
such as dynamics, uncertainty, complexity and unpredictability (134). Although 
humans have already successfully placed rovers, landers and probes respectively 
on the Moon, on Mars, on the comet 67P/Churyumov–Gerasimenko, on Jupiter, on 
Titan - just to give some examples - robotic system development for planetary 
surface exploration is still at the dawn (133) mainly due to unstructured, sandy and 
rocky terrain and micro-gravity. In these environments, sustained damages to robots 
are too costly to fix and rescue efforts are unavailable for robots trapped in the 
environment due to their remoteness (134). Even if a larger robot would better suits 
for traversing most surfaces, the increased size of present-day rovers limits their 
mobility capabilities and the need for developing a whole new generation of small, 
agile, and rugged robots, performing unconventional mobility including hopping, 
climbing, rolling and crawling, is increasing (135). Furthermore, planetary robotics 
must also address several conflicting demands. First, high levels of system 
robustness are required despite time delays for Earth communication that 
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necessitates high levels of autonomy. Second, the operational environments are 
both very complex and yet only partially known. Finally, the variability of 
technology needs across the expanse of prospective surface missions is immense, 
yet technology development funding is extremely limited (133). 

Advancements of material science and cybernetic technology in the field of 
Smart Fluid Systems (SFS) show that, compared to conventional robotic systems, 
liquid or colloid-based robots would offer advantages in terms of versatility, 
adaptability, resiliency, mobility, distributed architecture and autonomy, especially 
for applications in harsh environments, such as gas giants, comets and asteroids, or 
deep-sea and post-earthquake areas for search and rescue applications (133) but 
also for oil and gas pipes and nuclear waste inspections (136). In fact, a soft and 
deformable robot would be suitable, as example, for traversing unpredictable 
terrain, moving through small holes and many other applications in the exploration 
of gas giant planets or small bodies like comets and asteroids, oceans and lakes 
depths, post-earthquake areas, and so on. For example, it is worth considering 
Venus, where a spherical and deformable shape would better suits in high-pressure 
environments (90 bar) and an inert, non-metallic, shell would be fundamental for 
surviving a corrosive atmosphere (containing sulfuric acid), where conventional 
electronics would not be able to withstand high temperatures (up to 473 °C). A 
smart fluid (SF) is defined as a liquid-state system featuring unprecedented 
properties thanks to the cooperation of two phases, whose single constituents enable 
smart distributed functionalities such as information processing capabilities, self-
powering, sensing capabilities, and mobility (133). Thus, complex systems based 
on liquid media, named colloidal autonomous systems (CASs) represent a new 
paradigm in the field of cybernetic systems, joining the versatility of conventional 
robotics and the advantages of soft robotics. Here, energy harvesting, storage and 
management capabilities play an essential role. Indeed, in order to increase the 
energy efficiency and the autonomy level of intelligent robots, harvesting energy 
from the external environment and internal subsystems has become fundamental 
(137) (138) (139). In particular, with the advent of soft robots, composed of highly 
compliant materials similar to those found in living organisms (140), energy 
harvesting from many sources has been explored, mainly for mobility purposes 
(141) (142). For this purpose, the engineering feasibility of an energy harvesting 
and storage system applicable to SFS, named Colloidal EneRgEtic System 
(CERES), has been assessed, proposing a starting point to address waste heat to 
power and energy harvesting with nonconventional solutions (143), combining the 
nanoscale properties of solid materials and the advantages of fluids. 
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Physics 

As preview, the main materials involved in the CERES project are colloids 
featuring, in particular, magnetic, triboelectric and pyroelectric properties. Thus, in 
this section, the physical phenomena governing the system are described to provide 
a better understanding of the initial conceptual ideas and further development, 
during the design and characterization of the prototypes.  

2.1 Magnetic phenomena 

2.1.1 Magnetism 

In nature, different materials respond differently to the influence of an external 
magnetic field, �⃗⃗� . The capability of certain materials, like mineral magnetite 
(Fe3O4), to attract iron (Fe) is known since ancient times. However, apart from this 
macroscopic effect, the magnetization generated within the material depends on the 
nature of the material itself. In fact, magnetism depends on the atomic/crystalline 
structure of the sample, the orbital momentum and spin of electrons, and 
macroscopic geometry, and it is classified as (144): 

• diamagnetism: it appears in all materials and is the propensity of a material 
to oppose an applied magnetic field and to be repelled. However, in a 
material featuring also paramagnetic/ferromagnetic properties (a tendency 
to enhance an external magnetic field), the paramagnetic/ferromagnetic 
behavior dominates. Thus, diamagnetism is observed only in a purely 
diamagnetic material, such as water, wood and heavy metals (gold, 
mercury), where there are no unpaired electrons and the intrinsic electron 
magnetic moments cannot produce any bulk effect. In these cases, the 
magnetization arises from the electrons' orbital motions, understanding of 
which requires a quantum-mechanical description. Since these materials 
have a very small relative magnetic permeability 𝜇𝑟 [H/m], their particles 
tend to develop an induced magnetic field in the opposite direction of an 
external magnetic field. Typically, this effect is very weak and no 
macroscopic consequence are observed. However, if it is the only magnetic 
contribution, i.e. in diamagnetic materials, the repulsive force can be so 
strong to cause levitation; 
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• paramagnetism (Figure 16a): typical of materials weakly attracted by the 

external magnetic field such as aluminum, titanium and iron oxide. In 
paramagnetic materials, there are unpaired electrons, i.e. atomic or 
molecular orbitals with exactly one electron in them, which is free to align 
its magnetic moment in any direction. When an external magnetic field is 
applied, these magnetic moments tend to align themselves in the same 
direction as the applied field, reinforcing it. This phenomenon can be 
described by means of the Curie’s law, indicating that the susceptibility, 𝜒, 
of paramagnetic materials is inversely proportional to their temperature, i.e. 
that paramagnetic materials become more magnetic at lower temperatures; 

• ferromagnetism (Figure 16b): typical of few materials such as iron, nickel, 
cobalt, their alloys, and some alloys of rare-earth metals that, like 
paramagnetic materials, have unpaired electrons which tend to align parallel 
to the external magnetic field. However, additionally, they also tend to 
orient parallel to each other to maintain a lowered-energy state, even in the 
absence of an applied field. So, contrarily to paramagnets, ferromagnets 
retain the magnetization once the external field is removed making possible 
to realize permanent magnets, since the magnetic moments of atoms stick 
together and align themselves into small regions called magnetic domains. 
At the same time, every ferromagnetic substance has its own Curie 
temperature, or Curie point, above which it loses its ferromagnetic 
properties. This is because the thermal tendency to disorder overwhelms the 
energy-lowering due to ferromagnetic order; 

• antiferromagnetism (Figure 16c): typical of few materials such as hematite, 
chromium, alloys such as iron manganese (FeMn) and oxides such as nickel 
oxide (NiO) that, unlike a ferromagnetic materials, have magnetic moments 
of neighboring valence electrons which tend to point in opposite directions, 
arranged so that each neighbor is anti-parallel. Antiferromagnets have a zero 
net magnetic moment, meaning that the material itself produces no field. 
Antiferromagnets are less common compared to the other types of behaviors 
and are mostly observed at low temperatures. In varying temperatures, 
antiferromagnets can be seen to exhibit diamagnetic and ferromagnetic 
properties; 

• ferrimagnetism (Figure 16d): typical of few materials such as magnetite (the 
oldest known magnetic material), yttrium iron garnet (YIG), cubic ferrites 
composed of iron oxides with other elements such as aluminum, cobalt, 
nickel, manganese and zinc. Like ferromagnets, they retain their 
magnetization in the absence of a field but, like antiferromagnets, 
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neighboring pairs of electron spins tend to point in opposite directions. 
These two properties are not contradictory, because in the optimal 
geometrical arrangement, there is more magnetic moment from electrons 
pointing in one direction, than from those pointing in the opposite one and 
the overall magnetization is partially counteracted by a population of atoms 
developing a weak opposite magnetic field; 

• superparamagnetism: typical of ferromagnetic or ferrimagnetic 
nanoparticles (NPs), where magnetization can randomly flip direction under 
the influence of temperature, with a typical flipping time called the Néel 
relaxation time. In the absence of an external magnetic field, when the time 
used to measure the NPs magnetization is much longer than the Néel 
relaxation time, their magnetization appears to be in average zero: they are 
in the so called “superparamagnetic state”. In this situation, an external 
magnetic field is able to magnetize the NPs, similarly to a paramagnet. 
However, their magnetic susceptibility is much larger than that of 
paramagnets. Ferrofluids (FFs) behave as superparamagnetic materials.  

 

Figure 16: Different types of magnetism in materials: (A) paramagnetism, (B) 
ferromagnetism, (C) antiferromagnetism, (D) ferrimagnetism. 
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2.1.2 Magnetization 

The term magnetization, typically denoted by with �⃗⃗�  [A/m], is defined as the total 
magnetic moment per unit volume, i.e. the vector expressing the density of 
magnetic dipoles formed spontaneously or because of the external field. It also 
represents the ability of the material to re-orient its magnetic dipoles according to 
the direction of the applied magnetic field, �⃗⃗�  [A/m], creating an additional 
contribution to the magnetic flux density, �⃗�  [T], and having the general form: 

�⃗� = 𝜇0(�⃗⃗� + �⃗⃗� ). 

Since the magnetization is a function of the applied magnetic field, in the case of 
paramagnetic/ferromagnetic materials, provided that the magnetic relaxation time 
of the material is much shorter than that of magnetic field variation, the relation 
between �⃗⃗�  and �⃗⃗�  can be expressed as: 

�⃗⃗� =  𝜒�⃗⃗� . 

In a paramagnetic material, where the magnetic moments are initially randomly 
oriented and slightly re-orient in the presence of magnetic field, the magnetization 
behaviour can be described by the Langevin relation. It represents a theoretical 
magnetization curve as function of an external applied magnetic field in the case of 
ideal paramagnetic gas of particles, without considering any dipole-dipole 
interaction. Neglecting the mutual action of the magnetization field generated by 
the paramagnetic particles, the mechanical work, 𝑊 [J], done on a magnetic dipole 
by an external magnetic field is: 

𝑊 =  −�⃗⃗� ∙ �⃗� =  − 𝑚 𝐵 𝑐𝑜𝑠𝜃, 

where 𝑚 [A m-2] is the magnetic moment of a magnetic dipole. According to 
Boltzmann statistic, the probability of occupation of a state with energy 𝑊 is: 

𝑝𝐵 =  𝑒𝑥𝑝 (
−𝑊

𝑘𝐵𝑇
) =  𝑒𝑥𝑝 (

𝑚 𝐵 𝑐𝑜𝑠𝜃

𝑘𝐵𝑇
) =  𝑒𝛽𝑐𝑜𝑠𝜃, 

with                                                        𝛽 = 𝑚 𝐵

𝑘𝐵𝑇
. 

In superparamagnetic particles, 𝑚 re-orient almost immediately with the 
application of an external field. The Boltzmann statistics states that thermal 
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fluctuations counteract the action of the magnetic field generating a randomness of 
the orientation (angular distribution) of the magnetic dipoles due to the thermal 
agitation of the particles. In this case, we assume that the magnetization magnitude 
is constant and only its direction can change, rotating on a sphere of radius �⃗⃗� .  

The net magnetization is the average component of the total magnetization moment 
along the direction of the external magnetic field. From a statistical mechanics point 
of view, it can be defined as the ensemble average over the surface of the sphere 
(phase space in spherical coordinates): 

𝑀 =  𝑛 𝑚 
∫ 𝑑𝜑
2𝜋
0 ∫ 𝑒𝛽𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 𝑑𝜃

𝜋
0

∫ 𝑑𝜑
2𝜋
0 ∫ 𝑒𝛽𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 𝑑𝜃

𝜋
0

, 

where 𝑛 = 𝑁/𝑉 is the volume concentration of magnetic dipoles, 𝑁 is the number 
of dipoles and 𝑉 is the control volume. Assuming identical and non-interacting 
particles: 

𝑛 𝑚 =  
𝑁

𝑉
𝑉𝑁𝑃𝑀𝑑 =  Φ𝑀𝑑 = 𝑀𝑠, 

where Φ is the volume packing fraction of NPs within the system (0 ≤ Φ ≤ 1), 𝑀𝑑 =
𝑚

𝑉𝑁𝑃
 is the domain magnetization of the bulk magnetic particle, 𝑉𝑁𝑃 is the volume 

of the particles and 𝑀𝑠 is the saturation magnetization, which corresponds to the 
value of magnetization when all dipoles are aligned with the external magnetic 
field. For magnetite particles 𝑀𝑑 = 4.46 × 102 kA/m (145). 

By solving the integral, we obtain the Langevin relations (Figure 17): 

𝑀 =  𝑀𝑠 ( coth 𝛽 − 
1

𝛽
), 

                                              𝐿(𝛽) = 𝑀

𝑀𝑠
= coth 𝛽 − 

1

𝛽
 , 

with                                                 𝛽 = 𝜋

6

𝑀𝑑𝐻𝑑
3

𝜅𝐵𝑇
. 

In the weak-field limit (Figure 17), the Langevin relation can be expressed as: 

𝑀 ≃ 𝑀𝑠
𝑚 𝐵

3 𝑘𝐵𝑇
=  𝑛 𝑚 

𝑚 𝐵

3 𝑘𝐵𝑇
. 
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Figure 17: Langevin relation at different temperatures for FF EMG 901 with NPs 
concentration 𝚽 = 0.12. Left: full magnetization curve, right: linearization in the weak field 
limit (146). Reproduced with permission. 

2.1.3 Magnetic flux 

One way to harvest energy in the CERES project is by converting the momentum 
generated by the motion of a magnetic fluid into electro-magnetic energy (see 4.1) 
in a two-steps recovery system: first thermal to dynamic and then, dynamic to 
electromagnetic energy conversion. In this case, the extraction system is based on 
the Faraday-Neumann-Lenz law, in which a variation in time of the magnetic 
induction flux, Φ [Wb], over an open surface will generate an induced 
electromotive force according to: 

𝜙𝑚(𝑡) = −
𝜕Φ(�⃗� )

𝜕𝑡
= − 

𝜕

𝜕𝑡
∬ �⃗�  (𝑟 (𝑡)) ∙ �̂� 𝑑𝑆
0

Σ(𝑡)
. 

Due to the linearity of the derivative and integral operators, it is possible to decouple 
the time variation with respect to the magnetic induction (transformer) and to the 
open surface (motional): 

𝜙𝑚(𝑡) = − (
𝜕Φ(�⃗� )

𝜕𝑡
|
Σ = 𝑐𝑜𝑛𝑠𝑡

+
𝜕Φ(�⃗� )

𝜕𝑡
|
𝐵 = 𝑐𝑜𝑛𝑠𝑡

), 

𝜙𝑚(𝑡) = −∬
𝜕�⃗� (𝑟 (𝑡))

𝜕𝑡
⋅

0

Σ
�̂� 𝑑𝑆⏟          

𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟

 +  ∮ 𝑣 Σ(𝑟 (𝑡)) × �⃗� (𝑟 (𝑡)) 𝑑𝑙 
0

𝜕Σ⏟                
𝑀𝑜𝑡𝑖𝑜𝑛𝑎𝑙

 . 

The transformer part represents power generated by the variation of particle 
magnetization in time, in a fixed region, Σ, while the motional part can represents 
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the effects of the surface motion or the surface deformation in time. The motional 
electromotive force represents the action of the Lorentz force on the free charges 
(electrons) in the conductive material that defines the open surface. Note that this 
effect can be observed only if the charges have a velocity component perpendicular 
to the magnetic induction field. Therefore, the velocity term represents the variation 
in time of the open surface Σ along a generic path. 

Assuming that a static magnetic field is differentiable and defined at each point of 
the domain, the magnetic induction is defined as: 

�⃗� (𝑟 (𝑡)) =  𝜇0[ �⃗⃗� (𝑟 (𝑡)) + �⃗⃗� (𝑟 (𝑡))] =  𝐵(𝑟 (𝑡)) �̂�𝐵, 

where �̂�𝐵 is the unit vector in the direction of the magnetic field, and 𝑟 (𝑡) represents 
the displacement vector. 

In the transformer part, the first term is a derivative of a vector field with respect to 
a scalar term and it is developed as: 

𝜕�⃗� 

𝜕𝑡
= 

𝜕𝐵

𝜕𝑡
�̂�𝐵 + �⃗⃗� 𝐵 × �⃗� , 

where �⃗⃗� 𝐵 is the angular velocity of the vector �⃗� . Considering the magnetic 
induction field oriented along the normal vector of the surface in order to maximize 
the magnetic flux (�̂�𝐵 · �̂� = 1): 

(�⃗⃗� 𝐵 × �⃗� ) ⋅ �̂� =  0. 

Then, supposing a static external magnetic field, the time derivative of the magnetic 
induction is: 

𝜕𝐵

𝜕𝑡
= 𝜇0

𝜕𝑀

𝜕𝑡
. 

Since in the CERES system is a way to harvest energy by means of static coils 
defining a static open surface, Σ, the motional part of the equation is negligible. So, 
the temporal definition of the electromotive force, 𝜙𝑚(𝑡), is:  

𝜙𝑚(𝑡) = −∬ 𝜇0
𝜕𝑀(𝑟 (𝑡))

𝜕𝑡
�̂�𝐵 ⋅

0

Σ
�̂� 𝑑𝑆. 

It is now possible to use the chain rule in order to reduce the variation of the scalar 
field 𝑀 into its spatial and temporal components: 
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𝜕𝑀(𝑟 (𝑡))

𝜕𝑡
= ∇𝑀(𝑟 ) ⋅ 𝑣 p(𝑡), 

where 𝑣 p(𝑡) is the particle velocity distribution as function of time and ∇𝑀(𝑟 ) is 
the gradient of the magnetic induction. Note that all the parameters are defined only 
in the integral domain Σ. Thus, the closed-form equation of electromotive force is: 

𝜙𝑚(𝑡) = −∬ 𝜇0[∇𝑀(𝑟 ) ⋅ 𝑣 p(𝑡)][�̂�𝐵 ⋅ �̂�]
0

Σ
𝑑𝑆. 

Now, the magnetization field can be defined by the Langevin relation so that the 
role of temperature, magnitude of the external magnetic field and particle 
concentration is highlighted (also influencing the motional part of the system). 
Extending the domain of integration using a solenoid coil structure for the energy 
harvesting, a "volumetric domain" is defined, where 𝜙𝑚 is proportional to the 
number of coil of the solenoid 𝑁: 

𝜙𝑚(𝑡) = −∑ ∬ 𝜇0[∇𝑀(𝑟 ) ⋅ 𝑣 p(𝑡)][�̂�𝐵 ⋅ �̂�𝑖]
0

Σ𝑖
𝑑𝑆𝑁

𝑖=1 . 

Supposing the magnetization and velocity contribution uniform along the solenoid:  

𝜙𝑚(𝑡) = −𝑁∬ 𝜇0[∇𝑀(𝑟 ) ⋅ 𝑣 p(𝑡)][�̂�𝐵 ⋅ �̂�]
0

Σ
𝑑𝑆. 

So, the electromotive force is generated by the variation of the relative magnetic 
permeability or by the movement of the ferromagnetic core inside a solenoid.  

Supposing that the magnetization field is parallel to the normal surface vector and 
the velocity of the particles is collinear with respect to the gradient of the magnetic 
induction and 𝑀 is a symmetric function with respect to the center of the solenoid: 

𝜙𝑚(𝑡) = −𝑁𝜇0
Δ𝑀

𝐿
∑𝑣p(𝑡), 

where 〈𝑀〉 is the mean value of the magnitude of the magnetization along the length 
of the solenoid, 𝐿 is the length of the solenoid and Σ is the area of the solenoid. The 
term 𝑛 = 𝑁/𝐿 is the linear coil density. In the weak-field limit and with constant 
temperature: 

𝜙𝑚(𝑡) = −𝑛𝜇0
C

𝑇
Δ𝐻∑𝑣p(𝑡). 



Ferro-hydrodynamics: conservation equations 55 

 
Thus, for optimizing the design of a CERES harvester, the velocity changes in 
function of temperature and magnetic field must be investigated. This can be done 
by means of a holistic approach, mainly based on the experimental knowledge of 
the physical mechanisms that are involved in the motion generation, or by 
simulating the behaviour of the fluid inside the device, or by characterizing the 
extraction system in a controlled way as in 4.3.1 (146). 

2.1.4 Ferro-hydrodynamics: conservation equations 

When dealing with fluids, the principle of mass conservation states that for any 
closed system (no transfer of energy and matter), the mass of the system must 
remain constant over time. So: 

𝑑𝜌

𝜌
 =  (

𝜕𝑙𝑛𝜌

𝜕𝑃
)
𝑇
𝑑𝑃 + (

𝜕𝑙𝑛𝜌

𝜕𝑇
)
𝑃
𝑑𝑇, 

where 𝜌 is the density [kg/m3], 𝑃 the pressure [Pa] and 𝑇 [K] the temperature. The 
first term represents the bulk compliance, while the second term is the negative of 
the volume coefficient of thermal expansion. In the case of colloidal systems 
moving far from sonic velocity, the finite compressibility of the fluid is negligible. 
So, the fluid is considered incompressible, i.e. no variation of density in time is 
observed (no expansion or compression). 

The coefficient of thermal expansion plays an important role in the system 
dynamics and the density is linearized, around the working point temperature, using 
a first order Taylor expansion: 

𝜌 =  𝜌0[ 1 − 𝛼𝑉(𝑇 − 𝑇0)], 

where 𝛼𝑉 is the coefficient of thermal expansion. 

Adopting an Eulerian approach, it possible to demonstrate that: 

𝐷𝜌

𝐷𝑡
+  𝜌 ∇ ⋅ �⃗� =  0, 

where �⃗�  is the velocity and the term 𝐷
𝐷𝑡
 is the material derivative, defined as: 

𝐷

𝐷𝑡
= 

𝜕

𝜕𝑡
+ �⃗� ⋅ ∇, 

and considering an incompressible fluid: 
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∇ ⋅ �⃗� =  0. 

The presence of superparamagnetic NPs like magnetite generates a strong response 
to external magnetic fields leading to the so called magneto-convection effect. In 
ferro-hydrodynamics the ponderomotive Kelvin force plays a fundamental role 
pulling the more magnetised portion of fluid to move toward the region where 𝐵 is 
stronger. In the case where FF is non-uniformly heated, i.e. a thermal gradient is set 
across the fluid layer: 

• in case of non-uniform field, e.g. generated by placing a permanent magnet 
in proximity to the liquid layer, ∇𝐻 is directly responsible for the fluid 
motion since a gradient of magnetic forces act on the NPs; 

• in case of uniform field, e.g. generated by means of an electromagnet or 
Helmholtz coils, the magnetic induction, �⃗� , is expressed as the sum of 
magnetization, �⃗⃗� , and magnetic field, �⃗⃗� . In this case, since �⃗⃗�  changes as 
function of the temperature, 𝑇, the internal magnetic field of the NPs, �⃗⃗� , has 
to lower where the magnetization is stronger, generating a gradient of 
magnetic field. 

The momentum equation for a magnetic fluid under gravitational and magnetic 
fields is obtained considering the internal and external forces acting on the system: 
inertial forces, pressure forces, viscous forces plus gravitational and magnetic 
forces. For an incompressible Newtonian fluid in the Eulerian frame, the 
momentum equation is: 

𝜌
𝐷�⃗⃗� 

𝐷𝑡
= − ∇𝑝 +  𝜌𝑔 +  𝜂∇2�⃗� + 𝑓 𝑚, 

where 𝑡 is the time, 𝑔  the gravitational body force, 𝜂 the dynamic viscosity and 𝑓 𝑚 
the magnetic body force. In the case of dispersed paramagnetic colloidal particles, 
in addition to the force induced on a magnetic dipole by an external magnetic field, 
the internal magnetization of the fluid induces a variation of the external magnetic 
field. Therefore, in this case, it is better considering the action of the magnetic 
induction on the single magnetic dipole. Using the separated magnetic charge 
model for a magnetic dipole the force acting on a single domain NP, represented as 
a magnetic dipole, is evaluated (147). Thus, the local force is defined as: 

𝐹 𝑚 = (�⃗⃗� ⋅ ∇)�⃗� , 
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where �⃗⃗�  is the magnetic moment of a single dipole and �⃗�  the magnetic induction. 
Since, in the case of FF, the NPs dimension is below the critical diameter (about 10 
nm (148)), the particle is considered as a single domain structure and the magnetic 
force per unit volume is: 

𝑓 𝑚 = (�⃗⃗� ⋅ ∇)�⃗� , 

with �⃗⃗�  representing the magnetization density of the whole fluid. Note that this 
term does not represent the macroscopic Kelvin body force, since it takes into 
account the magnetic dipole interaction that is not negligible in FFs. 

In the quasi-stationary limit, the magnetized particles react to the applied magnetic 
field almost instantly. Therefore, the magnetization vector �⃗⃗�  will be collinear with 
�⃗⃗�  in each instant of time, so that: 

�⃗⃗� =
𝑀

𝐻
�⃗⃗�                      �⃗⃗� =

𝑀

𝐵
�⃗� . 

Owing to these assumptions: 

(�⃗⃗� ∙ ∇)�⃗� =
𝑀

𝐵
(�⃗� ∙ ∇)�⃗� , 

and considering the vector equality: 

(�⃗� ∙ ∇)�⃗� = 𝐵∇𝐵 − �⃗� × (∇ × �⃗� ). 

Considering a non-conducting fluid, with no displacement currents, it is possible to 
express the Maxwell’s equations as: 

∇ ∙ �⃗� = 0                  ∇ × �⃗⃗� = 𝐽 +
𝜕�⃗⃗� 

𝜕𝑡
= 0, 

and combining the above mentioned equations: 

∇ × �⃗� = 𝜇0∇ × (�⃗⃗� + �⃗⃗� ) = 𝜇0 (
𝑀

𝐻
+ 1)∇ × �⃗⃗� = 0. 

Summing up: 

𝜌
𝐷�⃗⃗� 

𝐷𝑡
= − ∇𝑝 +  𝜌𝑔 +  𝜂∇2�⃗� + 𝑀∇𝐵. 
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Since �⃗⃗�  is both function of the magnetic field and the temperature: 

∇𝑀(𝐻, 𝑇) =  
𝜕𝑀

𝜕𝐻
∇𝐻 + 

𝜕𝑀

𝜕𝑇
∇T, 

with: 

𝜒 ≡
𝜕𝑀

𝜕𝐻
,                 𝐾 ≡ −

𝜕𝑀

𝜕𝑇
, 

where 𝜒 is the differential magnetic susceptibility and 𝐾 the pyromagnetic 
coefficient. The Langevin relation and the Curie law highlight the dependence of 𝜒 
on the magnetic field intensity and the temperature. However, it is possible to 
decouple the temperature dependence using the pyromagnetic coefficient: 

𝜒 = 𝜇0
𝐶

𝑇
,           𝐾 = 𝜇0

𝐶

𝑇2
𝐻. 

Finally, the magnetic force per unit volume can be written as: 

𝑀 ∇𝐵 =  𝜇0𝑀∇𝑀 + 𝜇0𝑀∇𝐻 =  𝜇0𝑀[(1 +  𝜒) ∇𝐻 −  𝐾 ∇𝑇]]. 

Considering a small variation of the magnetization with respect to the 
magnetization around the working point, 𝑀0, it is possible to use a first order 
approximation for describing the intensity of the magnetization field: 

𝑀 =  𝑀0 +  𝜒Δ𝐻 −  𝐾 Δ𝑇, 

with:  

 Δ𝐻 =  𝐻 − 𝐻0,           Δ𝑇 =  𝑇 − 𝑇0, 

with 𝐻0 being the applied magnetic field at temperature 𝑇0. 

Finally, applying the Boussinesq approximation (valid for small variation of density 
Δ𝜌 ≪ 𝜌0), assuming that variations in density have no effect on the flow field, 
except for buoyancy forces: 

𝜌
𝐷�⃗⃗� 

𝐷𝑡
= − ∇𝑝 + 𝜌0𝛼𝑉∆𝑇𝑔 +  𝜂∇

2�⃗� + 𝜇0𝑀 [(1 +  𝜒) ∇𝐻 −  𝐾 ∇𝑇]. 
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Regarding both thermal and mechanical energy, combining the approach for the 
electrodynamics of moving media and the thermodynamic approach, the 
temperature equation for an incompressible magnetizable fluid is: 

𝑑𝑈 =  𝑇𝑑𝑆 −  𝑝𝑑𝑉 + 𝜇0𝐻 ⋅ 𝑑𝐼, 

where 𝑈 is the internal energy per unit mass, 𝑇 the temperature, 𝑆 the entropy per 
unit of mass, 𝑉 the specific volume, 𝑝 the pressure and 𝐼 = 𝑀𝑉. 

For an incompressible fluid: 

𝑑𝑈

𝑑𝑡
=  𝑇 

𝑑𝑆

𝑑𝑡
+ 𝜇0�⃗⃗� ⋅

𝑑𝐼 

𝑑𝑡
. 

According to Finlayson (149), it is possible to express the entropy as: 

𝜌𝑇
𝑑𝑆

𝑑𝑡
= − ∇ ⋅ 𝑞 + Φ, 

where 𝑞 = −κ∇𝑇 is the heat flux and Φ is the viscous dissipation. Considering the 
continuity equation, the Fourier’s law for thermal conduction and the Maxwell 
relations: 

[𝜌𝐶𝑝,𝐻 − 𝜇0�⃗⃗� ⋅ (
𝜕𝑀

𝜕𝑇
)]
𝐷𝑇

𝐷𝑡
+ 𝜇0𝑇 (

𝜕𝑀

𝜕𝑇
) ⋅

𝜕�⃗⃗� 

𝜕𝑇
= 𝜅∇2𝑇 + Φ, 

where 𝐶𝑝,𝐻 is the heat capacity at constant volume and magnetic field and 𝜅 the 
thermal conductivity (assumed constant). Supposing that conduction, natural 
convection and magneto-convection are the main heat transfer mechanisms in the 
colloid, neglecting the magnetocaloric effects and the viscous dissipation: 

𝜌𝐶𝑝
𝐷𝑇

𝐷𝑡
=  𝜅∇2𝑇. 

2.1.4.1 Thermomagnetic convection 

In magnetic fluid, it is possible to generate convection motion by means of spatial 
variation of magnetization, which depends on temperature and a large enough 
temperature gradient across the volume containing the fluid is applied. The 
maximum possible variation in the particle magnetization occurs in the 
neighborhood of phase transition where the particle have null magnetization. 
However, the effect is still present even if we are far away from it. If dealing with 
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colloidal suspensions of paramagnetic particles in a carrier liquid, the pyromagnetic 
coefficient can play an important role in the convection mechanism. Supposing to 
have a one-dimensional converter, filled with FF, in which a homogeneous 
magnetic field is applied along the x-direction and a thermal gradient is set across 
the isothermal boundary layers of the reactor (along the x-axis), as per Figure 18. 

 

Figure 18: Linear temperature decay in one-dimensional reactor (146). Reproduced with 
permission. 

Since: 

∇ ⋅ �⃗⃗� =  − ∇ ⋅ �⃗⃗� , 

and: 

 𝜕𝐻𝑥

𝜕𝑥
= − 𝜒

𝜕𝐻𝑥

𝜕𝑥
+  𝐾 

𝜕𝑇

𝜕𝑥
= 

𝐾

1 + 𝜒

𝜕𝑇

𝜕𝑥
, 

where 𝐻𝑥 is the x-component of the internal magnetic field, a spatial variation of 
temperature will induce a gradient of magnetic field intensity (the cooler part 
having a higher magnetization than the warmer part), so an induced force acting on 
the magnetic particles along the x-direction. Note that even if a uniform magnetic 
field is applied to a non-isothermal ferrofluid, Kelvin force driving thermomagnetic 
convection will arise. 

Supposing the distance between the two isothermal walls being small enough, the 
thermal gradient is considered linear: 
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𝐻(𝑥) =  𝐻(0) + 

𝐾

1 + 𝜒

Δ𝑇

𝑑
𝑥, 

where 𝐻(0) is the value of the external magnetic field intensity. Thus, the crucial 
term affecting the effect of the thermo-magnetic force is the difference of 
temperatures across the layer, Δ𝑇, and the distance between the walls, 𝑑. 

 

Figure 19: Sketch of thermomagnetic effect (150). Reproduced with permission. 

Therefore, thermomagnetic convection is the result of the ponderomotive force due 
to non uniform magnetization. As per natural convection, this phenomenon arises 
as consequence of non uniform heating along the direction of the thermal gradient. 
This can be exploited in the case of reduced gravity conditions (in orbit), where 
non-conducting FF with high pyromagnetic coefficient, far from its Curie’s 

temperature, can be employed in heat exchange application when natural 
convection is not possible. 

An analysis on the Δ𝑇 required to induce natural and thermomagnetic convection 
in magnetite-based FFs (with different solvents as carrier fluid) has been conducted, 
showing that, in a geometric configuration similar to the one in Figure 19 with thin 
layers (≤ 1mm), magnetic convection predominates over the buoyancy mechanism 
(Table 3), giving precious indications for the CERES design and optimization. 
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Table 3: Temperature difference required to induce natural (N) and thermomagnetic (T) 
convection in magnetite-based FFs (149). 

Δ𝑇 [K] 

 Water Kerosene n-Heptane 

d [cm] N N+T N N+T N N+T 

1 0.1 0.1 0.05 0.05 0.008 0.008 

0.5 0.9 0.9 0.4 0.4 0.06 0.06 

0.2 15 7 6 5 1 1 

0.1 120 17 51 19 8 5 

 

Furthermore, the interaction between of thermal and magnetic fields and the 
combination of their directions can be exploited to impose a specific direction to 
the magnetic fluid activated by a thermal gradient. Suslov et al. (151) developed a 
computational and experimental analysis in a vertical layer of an oil-magnetite 
based FF imposing isothermal surfaces and setting the thermal gradient. Then, a 
homogeneous and isotropic magnetic field orthogonal to the surfaces and parallel 
to the thermal gradient vector was imposed using a Helmholtz coil. Results show 
different possible motional patterns of the magnetic colloid, with a strong 
dependence to the magnitude of the magnetic field and the intensity of thermal 
gradient. Four types of characteristic motions have been observed, reported in 
Figure 20 and for the cases of natural convection and vertical thermomagnetic rolls 
experimental infrared images are shown in Figure 21.  
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Figure 20: Schematics of main flow patterns (from the left to the right): natural convection 
(H=0); thermogravitational waves; stationary vertical thermomagnetic rolls; oblique 
thermomagnetic waves (151). Used with permission. 

    

       

Figure 21: Schematic and infrared image of thermo-gravitational rolls when H is null (left) 
and H = 35 kA/m (right). In both cases, 𝚫𝑻 between the hot and cold sides is 40 °C (152). 

Thus, in the case of the CERES harvester geometry, thermal and magnetic fields 
can be combined in order to generate the desired periodic flow along the toroidal 
axis of the tank (see 4.1). The most suitable solution would be a geometry in which 
the Δ𝑇 guarantees the natural convection, while H triggers concatenated stationary 
vertical thermomagnetic rolls, and the combination of the two effects defines a 
spiral-like motion along the converter which suits well with the device shape. 
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2.2 Triboelectricity 

Triboelectricity is defined as a contact-induced electrification in which a material 
becomes electrically charged when friction with a different material occurs. Every 
day we experience this effect since it generates electrostatic phenomena. 
Nevertheless, the mechanism behind triboelectrification is still under debate 
between a solid-state and a more holistic approach, mainly based on an engineering 
modeling (146). Theoretically, triboelectricity is described as a phonon-induced 
phenomenon (153). In fact, the viscous friction forces generate vibrations in the 
polymeric structure of the pipe (phonon generation), electron-transfer (triboelectric 
effect) and dissipation in the form of heat. Other approaches (168) define the 
number of charge carriers extracted by triboelectric effect as a function of energetic 
compatibility (affinity, Fermi level, etc.) which influences directly the triboelectric 
series. This means that a system constituted of same colloid flowing at the same 
velocity would produce electrical power with a different efficiency according to the 
different material of the pipe (FEP, PTFE, PVC, etc.). In fact, when two materials 
come in contact, a chemical bonding is established between the surfaces and if the 
process is slow enough, allowing electrons, holes, or ion/molecules to flow in order 
to reach the thermal equilibrium, the electrochemical potential of the two materials 
equalizes. The sign of the charges carried by a material depends on its relative 
polarity in comparison to the second material (118). During the separation process, 
some of bonded atoms have the tendency to keep electrons, mainly due to the 
difference of electronegativity between the two materials, producing a charge 
accumulation on the surfaces. Furthermore, the active area plays an important role, 
since the process is strictly related to the friction coefficient. In order to maintain 
this charge, the characteristic time of discharge can be modeled as an RC circuit 
where 𝝉 = 𝟏/𝑹𝑪. Then, material choice is driven by high resistivity and high 
relative dielectric constant (good electric insulator), geometrical parameters, high 
difference in electronegativity and high active surface. Almost any material we 
know undergoes triboelectrification: synthetic polymers, metals, wood and silk. 
The ability of a material for losing/gaining electrons depends on its polarity and the 
tendency to gain or lose electrons is usually described using the so called 
triboelectric series (3.2.2). Once the most suitable material, according to the 
application, has been selected, also the surface morphology can be modified by 
physical and chemical treatments for creating nano patterns or functionalizing the 
surface using NPs, molecules, nanotubes or nanowires, effective for enhancing the 
contact area and the triboelectrification process (146). 
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Recently, with advances in low power electronics (recovery systems, 

environmental monitoring, IoT and so on), triboelectric devices have found 
employment as energy harvesters from mechanical energy, wind and tidal wave 
energy featuring ease of fabrication, stability and high-energy conversion 
efficiency. Therefore, the right functionalization of a triboelectric nanogenerator 
(TENG) is important in order to build a marketable device for recovery 
applications. TENGs have four basic modes of operations, represented in Figure 
22, that can be used in different operating conditions, according to the specific 
application. For sake of simplicity, only the Single-electrode mode (SEM) is 
explained in detail, since it is the only one adopted in the CERES project. 

 

Figure 22: Operational modes of TENGs. a) Vertical contact-separation mode, b) Contact-
sliding mode, c) Single-electrode mode, d) Freestanding triboelectric-layer mode (154). 
Reproduced with permission. 

SEM features only one electrode connected to a load. This characteristic is 
fundamental for mobile applications, such as human walking or fluid motion, where 
only one object is moving. The second electrode is set as a reference, which can be 
placed anywhere in the space but, during characterization, it is usually plugged to 
the same ground of the measurement systems (154). The operating principle can be 
described by the coupling of contact electrification and electrostatic induction. 
Considering a conductor-to-dielectric system, e.g. an aluminum primary electrode 
in contact with a fluorinated ethylene propylene (FEP) pipe: surface charge transfer 
takes place on the contact area of the two materials. Since, according to the 
triboelectric series, the FEP have a tendency to accumulate electrons due to the 
presence of fluorinated groups (high electronegativity), a net positive charge is 
transferred to the aluminum surface. Because of the insulating properties of the 
polymers, a long-time retention of triboelectric charges (hours or even days) is 
expected (154). Considering a reference electrode, a potential difference is 
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established between the two electrodes. The open circuit voltage, VOC, keep 
increasing until reaching the maximum value and when a load is connected in 
between the two electrodes, an instantaneous current will flow. This effect can be 
observed in presence of a continuous contact-separation between the two materials 
(contact mode) or if a continuous charge accumulation because of a flowing 
medium, as in the case of water-based, applications takes place (154).  

In the CERES project, the idea is to exploit the positive charging of colloidal 
titania (TiO2) in a FEP pipe (negative material in the triboelectric series) in order to 
have an accumulation of electrostatic energy from the fluid motion, that is generated 
by wasted sources. In Figure 23, a graphic representation of the working principle 
is shown and it will be better explained in 4.3.2. 

 

 

Figure 23: Graphic representation of triboelectric phenomenon in cross (left) and lateral 
section (right) views of the pipe (155). Reproduced under the terms and conditions of the 
Creative Commons Attribution (CC BY) license. 

2.3 Pyroelectricity 

Pyroelectricity (PE) was investigated for the first time thousands of years ago even 
though an effective comprehension of the effect came out with the thermodynamics 
studies on the of matter during 18-19th century. The working principle, reported in 
Figure 24, is described by a spontaneous polarization occurring when temperature 
conditions are unsteady, bringing the dipoles to reorient according to the thermal 
gradient. Thus, PE is the ability of a material to spontaneously polarize when a 
temperature variation occurs and it represents the changes in surface charge density 
due to heating or cooling. This ability does not depend only on the material 
employed but also on its crystal structure since, in order for the pyroelectric effect 
to occur, an unbalance between the centers of charges needs to be established. For 
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this reason, only some configuration, are suitable for pyroelectric devices, such as 
triclinic, monoclinic or tetragonal structure. 

 

Figure 24: schematic of pyroelectric effect phenomenon (156). Reproduced with 
permission. 

Several types of PE materials have been analysed, trying to find the best 
compromise to enhance efficiency in the realization of PE generators (PEGs). 
Currently, lead zirconate titanate (Pb,Zr)TiO3 (PZT) or barium titanate BaTiO3 
(BT) features the highest-known PE coefficients (-268 and -200 μCm-2 K-1, 
respectively). With linear materials, having an increasing dielectric constant with 
an increasing applied electric field, are able to produce just few μWcm-3 for 
temperature variations of 20 °C. However, using nonlinear materials, featuring 
particular thermodynamic path cycles (Figure 25), the performance can be strongly 
increased: 

• Ericsson cycle: it consists of two isobaric transitions, isoelectric in the 
polarization-E plane (157) and two isothermal transitions, a compression 
and an expansion (158); 

• Olsen cycle that is formed by two isoelectric processes and two isothermal 
ones. Several experiments have been conducted with different materials 
under different crystalline forms (e.g. single crystals and thin films) (159) 
(160) (161); 

• Lenoir cycle, a cycle formed by three transitions: isochoric heat injection, 
isentropic expansion, and isobaric heat rejection. This cycle was 
demonstrated to be more performing than the Ericsson one (162). 
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Figure 25: The typical trend of an Ericsson (a), Olsen (b) and Lenoir (c) cycle (163). 
Reproduced under the terms of the a Creative Commons Attribution CC BY 4.0 license. 

In the CERES project, the idea is to exploit the polarization of colloidal barium 
titanate (BaTiO3) when undergoing a thermal gradient, the same exploited to 
generate the colloid motion within the device, generated by wasted sources.  
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Materials 

In this section, an introduction about the class of materials under analysis for the 
CERES project is provided and then the specific materials employed for the 
experimental campaign are described in detail. 

3.1 Colloidal systems 

If a fluid is a substance with no resistance to shear deformation and a liquid is a 
nearly incompressible fluid with adapting shape but almost perfect volume 
retention, soft-matter systems react much more sensitively to mechanical 
perturbations (such as shear) as compared to pure molecular materials. Research 
activities in this field has exhibited rapid growth and strong diversification because 
soft-matter systems are essential in many technical applications and play a key role 
in medical, pharmaceutical and biological problems (164).  

In this work, we focused on colloids, complex condensed matter system, lying at 
the boundary between completely homogeneous systems such as solutions, and 
completely heterogeneous systems such as suspensions (133). Usually defined as a 
stable suspension of solid nanoparticles (NPs) in a carrier fluid (both in liquid or 
gaseous form), colloids are classified according to the aggregation state of their 
components (S = solid, L = liquid, G = gaseous):  

• S-S (solid sol); 

• S-L (sol); 

• S-G (solid aerosol); 

• L-S (gel); 

• L-L (emulsion); 

• L-G (liquid aerosol); 

• G-S (solid foam); 

• G-L (foam), 

where the first letter refers to the dispersed phase and the second to the dispersion 
medium. Sols (S-L), also named colloidal suspensions, are characterized by a solid 
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suspended phase with the ability to confer specific unique physical properties 
according with the nature of the NPs (magnetic, thermal, photo, tribo, pyro, etc.), 
maintaining the liquid nature of the solution.  

3.1.1 Complexity 

Even if colloidal suspensions represent the simplest complex fluids, important 
questions in confining geometries and additional external fields are still open since 
soft matter reacts sensitively to external perturbations and manipulations and stable 
colloids are rare in real case scenarios, where colloidal matter is usually exposed to 
external perturbations. The sensitivity of colloidal soft matter to external fields has 
been exploited empirically in many different applications but the systematic 
scientific understanding is still immature. In contrast to molecular condensed matter 
systems, working with colloids provides the fascinating opportunity to control and 
tailor the external perturbation and study their influence on scales of length and 
time, which are typically associated with the particle structure, with the final goal 
of systematically control properties of colloidal matter using external fields (164). 
Distinguishing between the complexities of the colloid itself (complexity of the 
system) and that of the circumstances under which the colloid is investigated 
(complexity of the problem), it is possible to schematically visualize (Figure 26) 
possible research directions (arrows in Figure 26 parallel to x and y-axis).  

 

Figure 26: Schematic diagram of complexity: the x-axis shows the complexity of the 
system, the y-axis the complexity of the problem. The problems associated with different 
kinds of external field are indicated (164). Reproduced with permission. 
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The simplest situation is a system composed of equally sized spherical particles in 
equilibrium corresponding to a one-component classical system with a radially 
symmetric pair potential in the absence of any external field. Problem complexity 
is enhanced analysing the same system in an external potential (confining 
geometries, magnetic and laser optical fields). Then, by turning from equilibrium 
to steady-state non-equilibrium problems and finally, for fully non-equilibrium 
situations with explicit time-dependent processes (shear flow, electric fields). On 
the other hand, system complexity is increased in a binary or multicomponent 
(polydisperse) mixture of spherical particles. Even more complexity arises from 
cylindrically symmetric (rod-like or plate-like) particle shapes featuring 
orientational degrees of freedom, mixtures of spheres/rods/plates, flexible particle 
shapes (164). 

In the present work, we dealt mainly with spherical NPs or a binary/trinary mixture 
of spherical NPs, under the influence of shear flow, thermal, magnetic and electric 
field representing a complex system in a high-complex, full non-equilibrium 
problem. 

3.1.2 Stability 

A big advantage of employing colloidal suspensions is that, in the limit of stability, 
the global system can be considered as single-phase, since the mutual interaction 
among the particles and the molecules of the carrier liquid are balanced by the 
Brownian motion (induced by the thermal effects) and by the physico-chemical 
properties of the carrier phase. However, colloids feature non-trivial collective 
properties and can present some phase transitions, such as: 

• flocculation, occurring when the dispersed phase coalesces; 

• gelation, occurring when the dispersant changes viscosity. 

These phase transitions can be reversible, also depending on exogenous inputs 
(133). In fact, in a suspension, three main forces act on the solid particles:  

• attractive electrostatic dipole-dipole interactions, i.e. Van der Waals forces, 
inversely proportional to the sixth power of the separation distance between 
two particles; 

• repulsive electrostatic forces that arise from the interaction in electric 
double layer; 
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• repulsive force among adsorbed molecules on the surface of the particles, 

i.e. steric force (165).  

These physico-chemical effects are exploitable for avoiding agglomeration, for 
example by adjusting the solution pH and the ion concentration, or by using 
surfactants (surface-active agents), dispersing agents added to the suspension to 
improve the separation of the particles and to prevent their settling or clumping 
(166).  

Homogeneity is one of the main feature of colloidal systems. Considering a 
generic system where gravity and Van der Waals forces (attraction forces among 
NPs) plus an external magnetic field (characterizing the current work) tend to 
destabilize the suspension, two main effects can guarantee its stability: 

• brownian motion, the random movement of fine particles in a carrier liquid; 

• steric or ionic repulsion.  

Therefore, it is possible to say that a colloidal system is stable if there is an energy 
balance between stabilizing and destabilizing mechanisms. In particular, it is 
possible to define the thermal energy, expressing the magnitude of the Brownian 
motion, associated to a spherical particle in colloidal suspension as: 

𝐸𝑇  = 𝑘𝐵  𝑇, 

where 𝑘𝐵 is the Boltzmann constant (1.38 × 10−23 m2 kg s−2 K−1) and 𝑇 is the 
temperature. For providing sufficient mixing, the gravitational energy or the 
magnetic energy has to be lower than the thermal energy. 

In a suspension, the effect of sedimentation due to gravitational effects is 
evaluated by means of the difference of potential energy, ∆𝐸𝑃, related to the balance 
between Archimedes force and gravity of a NP:  

∆𝐸𝑃 = (𝜌𝑠 − 𝜌𝑙)𝑉𝑔ℎ, 

where 𝜌𝑠 and 𝜌𝑙 [kg m-3] are the densities of solid NPs and of the carrier liquid 
respectively, 𝑉 [m3] is the volume of the particle, 𝑔 [m s-2] is the standard gravity 
constant and ℎ is the relative height between the top and the bottom of the reservoir 
containing the suspension. Considering a spherical NP with diameter 𝐷 [m] so that: 

𝑉 =  
𝜋𝐷3

6
. 
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It is possible to define the critical diameter of the NP, i.e. the maximum diameter 
that the particle can have in order to be gravitationally stable (𝐸𝑇  >  ∆𝐸𝑃): 

𝐷 < (
6 𝑘𝐵𝑇

𝜋 (𝜌𝑠−𝜌𝑙) 𝑔ℎ
)

1

3. 

Furthermore, if dealing with magnetic NPs, the application of an external 
magnetic field could induce sedimentation. Defining the magnetic potential energy 
as: 

𝐸𝐻  =  − �⃗⃗� · �⃗� . 

For moving a magnetic particle, a difference of magnetic field intensity within the 
solution is needed. Hence, we can define a variation of potential energy ∆𝐸𝐻 
proportional to the difference of the magnetic field intensity. Supposing the 
magnetization collinear to the external magnetic field: 

∆𝐸𝐻  = −𝜇0 𝑚 ∆𝐻. 

The magnitude of the magnetic moment is: 

𝑚 =  𝑀𝑉 =  
𝜋𝑀𝐷3

6
, 

where 𝑀 is the domain magnetization of the constitutive material. In our case, for 
magnetite-based FFs this value is equal to 4.46 × 102 kA/m. Thus, the critical 
diameter is (𝐸𝑇  >  ∆𝐸𝐻): 

𝐷 < (
6 𝑘𝐵𝑇

𝜋 𝜇0 𝑀 ∆𝐻
)

1

3. 

In addition, the application of a magnetic field trigger the magnetic dipole-dipole 
interaction, increasing the probability of NPs agglomeration, that should be avoided 
to prevent sedimentation and guarantee the homogeneity of the medium. Consider 
the motion of a NP in the magnetic field generated by another NP. In order to 
minimize the potential energy, the two particles tend to get closer and the dipole-
dipole energy, 𝐸𝑑𝑑, can be expressed as: 

𝐸𝑑𝑑 = −
𝜇0

4𝜋
(3

(�⃗⃗⃗� 1∙𝑟 )(�⃗⃗⃗� 2∙𝑟 )

𝑟5
−
�⃗⃗⃗� 1∙�⃗⃗⃗� 2

𝑟3
), 
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where 𝑟  is the position vector with respect to the center of gravity of the two NPs. 
Assuming the two NPs being close enough, they reach the minimum of energy 
when they are in contact. Thus, replacing 𝑟 with 𝐷 and introducing 𝑚 in terms of 
𝑀 and 𝑉: 

𝐸𝑑𝑑
𝑚𝑖𝑛 = −

𝜋𝜇0𝑀𝐷
3

72
. 

Since the stability condition is defined considering the thermal energy of two NPs, 
the critical diameter is (2𝐸𝑇  >  |𝐸𝑑𝑑𝑚𝑖𝑛|): 

𝐷 < (
144 𝑘𝐵𝑇

𝜋 𝜇0 𝑀
2)

1

3. 

3.1.3 Viscosity 

In a suspension, the viscosity depends on the carrier liquid and on the suspended 
particles. In the case of non-interacting particles in highly diluted solutions (volume 
fraction Φ < 0.11), a linear relation developed by Einstein is used (145): 

𝜂0 = 𝜂𝑐 ( 1 + 
5

2
 Φ𝑠), 

with 𝜂0 and 𝜂𝑐 [kg m-1 s-1] representing the dynamic viscosities of suspension and 
carrier liquid in absence of a magnetic field and Φ𝑠 the modified volume 
concentration of NPs, dependent on the geometrical dimensions of the surfactant so 
that: 

Φ𝑠 =  Φ (
𝑑+2𝑠

𝑑
)
3
, 

where 𝑑 [m] is the NPs diameter and 𝑠 [m] the surfactant thickness.  

When the concentration of the suspended phase is increased, the particles interact 
each other, generating complex chained structures (145) and influencing the 
viscosity in a way that:  

𝜂0 = 𝜂𝑐 [ 1 − 
5

2
Φ𝑠 + (

5

2
Φ𝑐 −  1) ( 

Φ𝑠

Φ𝑐
)
2
]
−1

, 

where Φ𝑐 is the critical volume fraction (usually 0.74, when the above expression 
is used for comparison with experiments). In Figure 27, the linear (Einstein) and 
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quadratic (Rosensweig) models for viscosity are compared in the case of FF EMG 
901 (see 3.2.1.1) 

 

Figure 27: Comparison between Einstein and Rosensweig models for viscosity, in the case 
of FF EMG 901 (146). Reproduced with permission. 

Furthermore, if dealing with superparamagnetic fluid, the application of a magnetic 
field increases the interparticle interaction introducing magnetoviscous effects 
modeled (145) as a variation of local concentration of bidisperse systems, 
containing a small fraction of large particles (d ≥ 10 nm) forming chains in 
presence of an external magnetic field, and a large fraction of smaller particles (d <
10 nm) with weak interparticle interaction. So, if no magnetic field is applied, the 
relation between stress and shear rate is linear and the FF behaves as a Newtonian 
fluid, as is it were a suspension of non-magnetic NPs. On the other hand, if a 
magnetic field is applied, the fluid has a strong magnetoviscous behaviour due to 
particle/particle interactions and the relation between shear and stress is not 
anymore linear (146). 

3.1.4 Specific heat and heat capacity 

In a suspension, the presence of a solid phase modify the thermodynamic response 
of the material. Modeling the fluid as a single-phase mixture in thermal equilibrium, 
as preliminary analysis, the specific heat of a generic colloidal suspension, 𝐶𝑃[J kg-

1 K-1], with volume concentration of NPs, Φ, is defined as: 

𝐶𝑃 = 
(1 − Φ)𝜌𝑓𝐶𝑃𝑓+ Φ𝜌𝑝𝐶𝑃𝑝

𝜌
, 
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with                                       𝜌 =  (1 −  Φ)𝜌𝑓 +  Φ𝜌𝑝, 

where 𝜌𝑓 and 𝜌𝑝 [kg m-3] and 𝐶𝑃𝑓 and 𝐶𝑃𝑝 are the densities and specific heat of 
carrier fluid and NPs, respectively. Adopting the same approach, the thermal 
conductivity, 𝜅 [W m-1 K-1], of a colloidal mixture is defined as: 

𝜅 =  𝜅𝑓
2 𝜅𝑓+ 𝜅𝑝− 2 Φ(𝜅𝑓− 𝜅𝑝)

2 𝜅𝑓+ 𝜅𝑝+ 2 Φ(𝜅𝑓− 𝜅𝑝)
, 

where 𝜅𝑓 and 𝜅𝑝 are the thermal conductivities of carrier fluid and NPs, 
respectively. However, a more complex analysis could also consider Brownian 
motion and magnetic interaction between particles. In fact, the application of an 
external magnetic field can generate short-chained structures of NPs, changing the 
distribution from homogeneous dispersion medium to non-uniform aggregated 
particles (146). 

3.1.5 Magnetic permeability 

If dealing with a magnetic colloid, the magnetic susceptibility is defined in function 
of the volume concentration of ferromagnetic NPs. With respect to the classical 
Langevin relation (2.1.2), 𝑀𝐿, the magnetization is considered as a combination of 
the external field 𝐻0 and the collective magnetic field produced by the NPs (167). 
Furthermore, all the magnetite particles are equal in volume, the internal magnetic 
field inside the droplets is uniform and the fluid is homogeneous. For describing 
the magnetization of a superparamagnetic fluid, the first order modified mean-field 
model is used, taking into account a linearization of the inter-particle interaction: 

𝑀(𝐻) =  𝑀𝐿𝐻𝑒, 

with                                      𝐻𝑒 =  𝐻 + 
4 𝜋

3
𝑀𝑠𝐿 ( 

𝑚𝐵

𝑘𝐵𝑇
), 

where 𝐿(𝑥) is the Langevin equation, 𝑀𝐿(𝑥) is the Langevin relation and 𝑀𝑠 is the 
saturation magnetization. 

So, the relative magnetic permeability, 𝜇𝑟 [H m-1], is defined as, taking into account 
that the magnetic permeability of the carrier liquid is equal to the unity: 

𝜇𝑟 = 1 + Φ
𝑀𝑝(𝐻𝑝)

𝐻0
. 
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In the case of spherical NPs and in the weak-field limit, where the linear 
magnetization relation, 𝑀𝑝 = 𝜒𝑖𝐻𝑝, is valid, the initial magnetic permeability of 
superparamagnetic fluid is defined as:  

𝜇𝑟 =  1 + 
𝜒𝑖 Φ

1 + 
1

3
 𝜒𝑖 (1 − Φ)

. 

However, in order to have an accurate quantitative model, demagnetization related 
to the NPs eccentricity and inter-particle aggregation, should be considered 
especially if vol. concentration is > 8%, since NPs start to aggregate and the local 
fields generated by the aggregates influence the orientation of NPs moment along 
the direction of the applied magnetic field (146) (168). 

3.2 Employed colloids and materials 

3.2.1 Ferrofluids 

In nature, no spontaneous magnetic materials in a liquid state are found since the 
melting point of ferromagnetic materials is higher than their Curie’s temperature. 

In fact, higher temperatures make magnets weaker, as spontaneous magnetism only 
occurs below the Curie temperature. So, even if natural magnetic fluid exist (melts 
and solutions of salts, oxygen), it was not possible to have a liquid with high 
magnetic susceptibility until 1938, when William Cronk Elmore prepared the first 
satisfactory colloidal magnetite (Fe3O4) (169). Only later, in 1965, at NASA 
laboratories, Steve Papell, exploiting the properties of colloids, developed and 
patented a process to synthesize a superparamagnetic fluid, named ferrofluid (170). 
According to Rosensweig (171), ferrofluids (FFs) are colloids containing NPs of 
ferromagnetic material suspended in a carrier liquid. This allows the substance to 
be highly susceptible to the presence of an external magnetic field (Figure 28) but 
once the magnetic field is removed, the magnetisation is completely lost. Thus, FFs 
are classified as superparamagnetic materials.  

 
Figure 28: Picture of FF under the influence of a static magnetic field. 
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Nowadays, in the most common FFs NPs of maghemite (Fe2O3 cubic lattice), 
hematite (Fe2O3 trigonal lattice), magnetite (Fe3O4 cubic lattice) and other ferrites 
(MFe2O4, with M identifying a transition metal), are dispersed. Several solvents are 
adopted, mainly: 

• organic solvents: hexane, benzene, toluene, kerosene, nitrated and 
halogenated hydrocarbons; 

• water. 

The NPs are coated with a surfactant, amphiphilic molecules having a hydrophobic 
and hydrophilic part (oleic acid for oil-based, anionic or cationic dispersant for 
water-based), acting as stabilizing agents and preventing agglomeration. At the 
same time, surfactant makes the overall fluid not electrically conductive. 
Furthermore, in order to guarantee the stability of NPs suspension the diameter of 
spherical NPs has to be small enough so that gravitational sedimentation is balanced 
by thermal agitation as per 3.1.2. Therefore, their typical dimension is ≈ 10nm, 
making them single-domain magnetic NPs. Their final structure is schematically 
represented in Figure 29. 

 

Figure 29: Schematic representation of the FF NPs (172). Reproduced with permission. 

The interest to FFs arises because their flow can be significantly controlled by the 
influence of moderate magnetic fields (173). Controlling a fluid using an external 
magnetic field opens a wide spectrum of possibilities in different application fields, 
from passive cooling systems in low gravity environments to biomedical, vibration 
damping, magnetic sealing and cancer treatment applications. Moreover, it is 
possible to recover and harvest electrical energy from the motion of the magnetic 
fluid, exploiting its magnetization and demagnetization properties as explained in 
4.1. 
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3.2.1.1 FF EMG 901 

In our inductive tests, we employed a FF purchased from Ferrotec, with a solid 
phase of magnetite (Fe3O4 cubic lattice) chosen for its ferromagnetic properties in 
a large temperatures range, since the Curie point of Fe3O4 is at ≈ 675 °C. The NPs 
are coated with oleic acid and are dispersed in a light hydrocarbon oil (kerosene-
like). Its main characteristics are reported in Table 4. 
 

Table 4: Physical Properties of FF EMG 901 

 Unit Value 

Appearance - Black-brown fluid 

Carrier liquid - Light hydrocarbon oil 

Nominal particle diameter [nm] 10 

Magnetic particle concentration [% vol.] 11.8 

Density [kg m-3] 1.43 × 103 

Flash point [°C] 89 

Saturation magnetization [mT] 66 

Viscosity @ 27°C [mPa s] 8 

Initial magnetic susceptibility - 6.79 

3.2.2 Triboelectric colloids  

As mentioned in 1.3.4, triboelectricity has also been observed when liquids, such 
as water, flow through polymeric pipes/films made of dielectric materials. In fact, 
water plays an important role in the electrification of materials and a particular kind 
of contact electrification (flow electrification) has been reported in different studies 
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where insulating liquids cause electrification of electronic components or determine 
shock problems in petroleum pipeline hazards (174) (175). However, other 
interesting triboelectric phenomena can be associated with pure water flowing 
between hydrophobic surfaces, such as polytetrafluorethylene (PTFE) (146). The 
charging process that occurs in polymers is not completely clear, as in depth as in 
metal but several consistent charging patterns are observed. In particular, insulators 
and organic polymers can be arranged in the triboelectric series from those that 
charge most positive, like nylon, to those that charge most negative, like the 
halogenated polymers (176). Fluorinated ethylene propylene (FEP) is defined as a 
negative element in the triboelectric series (Figure 30), also due to its fluorinated 
groups in the polymeric structure (177) (178).  

 
Figure 30: Triboelectric series (154). Reproduced with permission. 

Since water tends to charge positively in presence of electronegative elements, 
FEP is the perfect candidate for the study of triboelectric effects. Although the work 
is based on the use of FEP, the same approach could be extended to several other 
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polymeric materials having a broader employment in general piping systems such 
as polyvinyl chloride (PVC), since they are defined as negative element in the 
triboelectric series (154) (176). A complete outlook on the electrification processes 
in pure water states that ion-partitioning near solid-liquid interfaces (hydroxyl 
adsorption of water-hydrophobic surfaces) is fundamental in material electrification 
(179), and an example of water-based TENGs using a Ti-mesh, operating in single 
electrode mode (SEM) is provided in Figure 31 (120). 

 
Figure 31: Example of water-based TENG using a Ti-mesh in SEM (120). Reproduced 
with permission. 

Furthermore, titanium oxide powder has been employed in a solid-state TENG 
exploiting the contact electrification between a PTFE thin film and a layer of TiO2 

nanomaterial (nanowire and nanosheet) array. The as-developed TENG has been 
systematically studied and demonstrated as a self-powered nanosensor toward 
catechin detection, with output voltage and current density increased by a factor of 
5.0 and 2.9 respectively, demonstrating the good triboelectric match between PTFE 
and TiO2 (180) (181). 

3.2.2.1 Colloidal TiO2  

In our triboelectric tests, we employed colloidal titania (TiO2 or T), prepared 
starting from TiO2 powder, purchased from Degussa, featuring extremely high 
purity (TiO2 content > 99.5%) and a composition of 40% rutile and 60% anatase. 
TiO2 was chosen for its triboelectric properties and for its chemical compatibility 
with water-based suspensions. TiO2 was dispersed in DIW, purchased from Carlo 
Erba, featuring an electrical resistivity of 12.8 MΩ/cm, by means of a 30 minutes 
long ultrasonic bath operating at 40 Hz (Bransonic® M, Branson Ultrasonics).  

Two samples of colloidal TiO2 at different vol. concentrations were prepared, 
featuring an excellent stability toward sedimentation avoiding electrostatic 
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aggregation of the NPs, even without adding surfactants (that would have hindered 
electronic transfer phenomena) or balancing pH.  

 
Table 5 shows the physical properties of colloidal TiO2 at 1% vol. concentration. 

 

Table 5: Physical Properties of colloidal TiO2 at 1% vol. concentration. 

 Unit Value 

Appearance - White fluid 

Carrier liquid - Deionized water 

Nominal particle diameter [nm] 30 

Triboelectric particle concentration [% vol.] 1 

Density [kg m-3] 1.03 × 103 

Viscosity @ 27°C [mPa s] 0.91 

 

3.2.3 Pyroelectric colloids  

In addition to solid-state pyroelectric energy harvester, in the recent past liquid-
state PEGs were proposed using a liquid-based switchable interface (182), and a 
hybridized pyro-piezo ferrofluidic wearable harvester exploiting vibrations induced 
by the body motion, during walking or running, and body temperature variations 
was conceived. The combination of all these currents resulted in 11.4 mA with a 
pyroelectric current of 3.03 nA (183). Furthermore, a colloidal wurtzite structure 
CdSe/ZnS quantum dots photodetector based on photoinduced-PE effect was 
employed in a layer placed between two gold electrodes producing a current 
whenever the light at a specific wavelength hit the device, showing low-cost, easy-
fabrication and high-speed independent self-power without any external source 
(184). 
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3.2.3.1 Colloidal BaTiO3 

In our pyroelectric tests, we employed colloidal barium titanate (BaTiO3 or BT), 
prepared starting from BaTiO3 powder, purchased from Inframat® Advanced 
Materials™, chosen for its excellent pyroelectric performances. BaTiO3 was 
dispersed in the FF EMG 901, purchased from Ferrotec, for guaranteeing the 
dispersion of BT NPs, by means of a of horn sonicator (Branson Digital Sonifier® 
Model 450) operating at 100 W, with a duty cycle of 10 s of rest each 10 s of 
operation. FF EMG 901 was diluted with Kerosene (Carlo Erba), compatible with 
the FF carrier fluid, in order to reach a 2% vol. concentration of Fe3O4. BaTiO3 
NPs were added to reach a 0.5% vol. of BT, resulting in a colloid whose physical 
properties are reported in Table 6. 

Table 6: Physical Properties of colloidal BaTiO3 at 0.5% vol. concentration. 

 Unit Value 

Appearance - Black-brown fluid 

Carrier liquid - Light hydrocarbon oil 

Nominal particle diameter [nm] 300 

Particle structure - Tetragonal 

Pyroelectric particle concentration [% vol.] 0.5 

Density [kg m-3] 0.92 × 103 

Viscosity @ 27°C [mPa s] 2.13 
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CERES project  

In this section, the main steps and milestones related to the PhD project are 
described and discussed. Starting from the initial conceptual idea and the first 
prototype, showing how and why the design has evolved, the test conducted and the 
main findings and, finally, future optimizations, the following subsections illustrate 
how the project has evolved: first, designing, building and testing new prototypes 
and then, changing the approach of the analysis, simplifying the experimental setup. 
Finally, the investigation of new colloidal materials exploiting different physical 
effects, for the purpose of energy harvesting, is proposed. 

4.1 Toroidal converter 

The first conceptual idea of a CERES prototype was that of a toroidal energy 
harvester and converter, with geometry similar to that of Tokamak fusion reactors, 
(185) able to scavenge waste heat, from cylindrical surfaces, and convert it to 
electricity. The idea behind this work comes from the awareness of unprecedented 
thermophysical potential of FFs (186). In fact, the goal was to exploit the 
combination of thermal gradient and magnetic field to trigger a driven 
thermomagnetic advection of FF within the device, and with dedicated induction 
coils, coupled with permanent magnets, extract electromagnetic induction forces 
and then electrical power, ready to be used, accumulated in supercapacitors or 
stored in batteries. For all these reasons, it was named ThermOmagnetic 
hydRODYNAmic energy harvester (TORODYNA). Of course, considering the 
particular geometry, hot pipes would be the most suitable applications for such 
device.  

 

Figure 32: Concept of TORODYNA converter, inspired by the Tokamak structure (146). 
Reproduced with permission. 
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Some FF-based solutions already exist but they include an active pumping 

system that adsorbs energy from an external source and are not optimized for energy 
production only, but are conceived to dissipate heat and to recover a tiny portion of 
the energy available as kinetic energy (187). The energy output is typically low, 20 
µV across a 1000 turn copper-wire of 130 µm diameter (1300 Ω/km leading to 

around 50 Ω) corresponding to 80 fW (188). Another interesting application based 
on electromagnetic induction by FF is that of oscillating heat pipe, a device that 
exploit the thermal gradient between a heat source and a heat sink using a closed-
loop serpentine filled with FF, magnetized by permanent magnets and forced to 
move across an extraction coil (189). In this case, the required thermal gradient 
must be high enough to induce a phase transition in the FF solvent, creating vapour 
that pumps the fluid in the circuit, with a resulting figure of merit of 10 pW/K. 
Steady oscillations are established with rather high thermal power, above 70 W, 
thus preventing applications in wearable/portable devices/appliances (190). 
Furthermore, thermomagnetic cycles on Gd rotors were able to convert waste heat 
starting from 2 °C of ΔT with the output of 52.5 μW/K cm3 (191). Another 
interesting device, operating with 20 °C of ΔT, was fabricated to exploit 

thermomagnetic effects and induce currents in a coil, with a remarkable output of 1 
mW under certain conditions, with the drawback of requiring exotic materials, like 
La-Fe-Co-Si (192). With 40 °C of ΔT the technology of thermo-osmotic WH have 
promising power densities in the order of 1 Wm2 (193), while much lower power 
could be extracted (550 fW/K) if, instead of using special membranes, conical holes 
are drilled to separate the two reservoirs (194). Other relevant examples involve a 
thermomagnetic based device exploiting the magnetic fluid motion to drive a 
mechanical rotor (195), and a thermo-magnetic driven motor exploiting a magnetic 
fluid (196), although, in both cases, the devices are not able to harvest electrical 
energy. 

This highlights the need of a novel and first closed-loop thermomagnetic 
hydrodynamic energy harvester, based on thermomagnetic advection and 
exploiting a commercial FF. Such new robust and low-cost energy harvester 
exploits minimal temperature gradients and converts them into electricity 
employing non-toxic materials, thanks to the stabilization of magnetic particle 
density waves known as “Hopfions” (Figure 33), whose layout is that of knots 
twisted around the toroidal cycle (i coordinate system) p times and twisted around 
the poloidal cycle (j coordinate system) q times. A homogeneous, with high 
magnetic permeability core moving inside the induction coils would generate no 
electromotive force in case the magnetic flux variation is negligible with respect to 
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the coil volume. Therefore, in a toroidal container filled with a homogeneous 
magnetic fluid set in motion, we will measure no electromotive force on poloidal 
windings. Density waves appear and move in the structure and self-organize into 
clusters from whose movement it is possible to extract electromagnetic energy. 
Using a curved geometry instead of a flat one and closing the loop offer the FF a 
circular trajectory useful for electromagnetic conversion as described later. Thus, 
the torus appeared as a natural choice. The thermal gradient and the magnetic field 
are set across the container walls, so the resulting density waves twist along the 
toroidal and poloidal axes and generate a stable helical flow of magnetically 
charged particles, similar to the helical plasma flow in nuclear fusion reactors (197). 

 

Figure 33: TORODYNA concept based on Hopfions phenomenon. 

4.1.1 TORODYNA prototype 1.0 

4.1.1.1 TORODYNA 1.0: design and fabrication 

The main guidelines for the design of the first prototype were: 

• light, easily transportable and movable apparatus, with inner diameter (ID) 
= 20 cm and outer diameter (OD) = 40 cm; 

• thermally conductive and magnetically transparent structure; 
• delta of temperature of, at least, 50 °C generated by means of heating 

modules, such as Peltier cells or thermal tapes; 
• permanent magnets to generate a static magnetic field, eventually solenoids 

to allow tunability; 
• commercial FF as principal material; 
• measurement ports for fluid and wall temperature sensors; 
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• very low roughness of the internal surface of the device; 
• visualization windows for looking inside the device; 
• stand-alone, expandable USB data acquisition system (DAQ) with multiple 

channels; 
• sield programmable gate array (FPGA) for managing and controlling 

thermal and magnetic fields. 

The initial basic sketch is illustrated in Figure 34.  

 

Figure 34: Initial sketch of the prototype. 

With such dimensions, the internal volume of the prototype would have been of 
about 7 liters and considering the cost of FF being about 6000 €/L, it was necessary 

to find a compromise. Therefore, the internal volume was reduced to 1 L, the best 
trade-off between the FF cost and the volume needed to keep the physics at the 
macroscopic scale, giving also the advantage of increasing the thermal gradient for 
a given 𝛥𝑇 and enhancing the thermomagnetic advection. In order to do so, only 
the cross-section was squeezed while maintaining the same global dimensions, 
maintaining appropriate fluid dynamic parameters. So, four different lenticular 
configurations have been proposed and are shown in Figure 35.   

       

    (a)                           (b)                      (c)                                (d) 

Figure 35: Lenticular cross section configurations. 
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Considering that, a convective symmetric motion was expected, in order to 
guarantee a suitable geometry, the first configuration has been selected.  

In Figure 36, the front view of the final configuration is shown. 

 

Figure 36: Front view of TORODYNA 1.0 structure with final dimensions. 

4.1.1.1.1 Polylactic acid (PLA) 3D printed structure 

Since the early stage of the project, for the first apparatus, a 3D printed structure 
was preferred so that we could produce different prototypes at low cost before 
reaching the optimal configuration. To meet the requirements of lightness and 
manoeuvrability, a polymeric material was preferred and, in order to assure 
chemical compatibility with the FF employed in the device, which is an oil-based 
one dilutable in kerosene, the polylactic acid (PLA) has been selected, being also 
thermally resistant and biodegradable. Finally, a polytetrafluoroethylene (PTFE) or 
Teflon spray layer was applied to allow high smoothness on the internal surface. 
Moreover, to finalize the design the wall thickness was sized in function of the 
material deformability, temperature probes size and consequent fluid dynamic 
disturbance. The global structure has been divided in two separate parts to create 
an assembly easy to be inspected: a main body with a top cover. The main body is 
an open hollow ring developed revolving for 360° the cross-section configuration 
shown in Figure 35a. The bottom is drilled to permit the drainage of the FF while 
the top cover presents two holes for the fast-on connectors installed to fill up the 
ring and venting the air. Each part is matchable with the other by using a silicone 
sealant avoiding screws holes, difficult to be generated with a 3D printer.  
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The isometric and section view of both parts are shown in Figure 37. 

 

(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

Figure 37: (a) Main body isometric view; (b) main body section; (c) top cover isometric 
view; (d) top cover section, modeled in SolidworksTM environment. 

Finally, a bottom base has been designed to support the prototype on the testbed. 
Its 3D model is shown in Figure 38. 

 

Figure 38: Isometric view of the bottom base. 
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4.1.1.1.2 Thermomagnetic region 

Regarding the thermal and magnetic field, initially, we decided to generate a 
thermal gradient across the lateral sides of the prototype by means of thermoelectric 
modules (Peltier cells) and to apply a static magnetic field parallel to the thermal 
gradient, by means of permanent magnets. In optimal conditions, when the Peltier 
cells were steadily switched on, the inner wall was heated and the outer cooled 
down but it was possible to invert the thermal gradient by inverting the polarity of 
thermoelectric modules. They were arranged taking into account the available 
space, the modules dimensions and desired number, the clearance needed for 
installation, measurement ports and maintenance. For each TORODYNA’s side, 8 
equally spaced “thermomagnetic regions” are present, each of them composed of a 
2x3 matrix, where the columns are filled by magnets, Peltier cells and magnets, 
respectively, according to Figure 39. 

 

Figure 39: Front view of a “thermomagnetic region”. “M” represents the permanent 

magnet, “P” the Peltier cell. 

To install the modules, specific housings were designed, where the modules were 
installed by using a water soluble thermal grease. The two rows are staggered of 
“half module” in order to generate a non-equilibrium in the magnetic and thermal 
fields and trigger the motion, choice verified in experiments. The modules, both 
thermal and magnetic, measure 30x15 mm, choice driven mainly by the available 
space and modules cost. Table 7 shows the specifications of the 32 Peltier modules, 
while the 64 magnets are made of AlNiCo5 (Aluminium-Nickel-Cobalt) alloy 
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(usually composed of 8–12% Al, 15–26% Ni, 5–24% Co, up to 6% Cu, up to 1% 
Ti, and the balance is Fe), thermally resistant up to 500 °C, and axially magnetized 
through the thickness dimension. In Figure 40 the global TORODYNA structure is 
shown. 

Table 7: Peltier modules main specifications 

 Unit Value 

Imax [A] 3.9 

Vmax [V] 7.8 

Pcmax [W] 19 

ΔTmax [K] 74 

Length x Width x Thickness  [mm] 30 x 15 x 3.6 

 

 

Figure 40: TORODYNA structure: bottom base, main body and top cover. 
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4.1.1.1.3 Power supply system 

Initially, the 32 Peltier modules were powered by 8 power suppliers (Bel), one every 
four modules. The power supplies were grouped in two groups of 4 and their 
metallic supports was also used as electric GND. For more details on the power 
supply, the reader is referred to Figure 41 and Table 8. 

 

Figure 41: Stack of power suppliers (198). Reproduced with permission. 

 

Table 8: Power supply main specifications. 

 Unit Value 

Type / HN12-5.1-AG 

Input voltage  [Vac] 100 ÷ 264 

Output voltage [Vdc] 12 

Output current [A] 5.1 

Nominal power [W] 66 

Efficiency [%] 55 

Operating temperature range @ 100% load [°C] 0 ÷ 50 
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Being cost-effective, implies a limit in the number of power suppliers and 

considering the high level of current absorbed by the TE modules, 2 to 2.5 V were 
set as input for the Peltier cells, enough to generate a significant thermal gradient 
(in the order of 1000 K/m) between the two sides of the converter. Therefore, two 
additional stages of voltage regulators were installed between the power supply and 
the Peltier cells to guarantee electrical compliance. The first stage involves a 
LM7805 (Fairchild) in order to lower the voltage from 12 V to 5 V, with an output 
current comprised between 5 mA and 1 A, with an output power up to 15 W. Since 
these voltage regulators can reach very high temperatures (up to 130 °C) due to the 
large power dissipation, thermal heat sinks were installed as shown in Figure 42a. 
Furthermore, a medium size fan was installed near the circuits, providing a 
continuous air flux. The second stage is composed of ADP7157 (Analog Devices) 
and lowers the voltage between 1.2 V and 3.3 V, according to the resistors added 
in the circuit, with an output current up to 1.2 A. Since this regulator presents an 
exposed pad on the bottom side, acting both as ground and as thermal heat sink, we 
need to solder it on a proper socket with an integrated circuit, to adapt the linear 
regulator to the breadboard (Figure 42b). Each regulator circuit contains two 10 kΩ 
resistors, and five 10 µF capacitors used to by-pass some pins to ground in order to 
have a lower noise. Therefore, the measured output voltage was VO ≈ 2.34 V 
sufficient to power one Peltier module. In Figure 43, the schematic of the circuit is 
shown: from the power supply output (12 V) which is the input of the LM7805 that 
reduces it to 5V (VOUT_1). Then, the ADP7157 lowers it to about 2.34 V 
(VOUT_2). The potential divider, composed of 10 kΩ resistors, adjusts the output 
voltage at the desired value. 

 
(a) 

 
(b) 

Figure 42: (a) LM7805 and (b) ADP7157 voltage regulators (198). Reproduced with 
permission. 
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Figure 43: Schematic of the two stages of voltage regulators (198). Reproduced with 
permission. 

The final implementation on a breadboard is shown in Figure 44, where the reader 
can notice two resistors, five capacitors, LM7805 with its heat sink (behind) and 
ADP7157 mounted on its IC socket. In addition, the coloured jumpers are used to 
make the circuitry connections. Here, the cables coming from the power supply are 
missing just for clarity reasons. 

 

Figure 44: Implementation of two stages of voltage regulators on the breadboard (198). 
Reproduced with permission. 
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4.1.1.1.4 Temperature monitoring system 

To monitor and control the fluid and walls temperature, on each side, 8 equally 
spaced measurement ports are present. For the fluid, 16 N-type (complaint with the 
magnetic field) glassfibre exposed welded tip thermocouples probes (RS 
component) are installed between two thermomagnetic regions, where a clearance 
of 60 mm is left. The fluid temperature probes are the least possible invasive in 
order to avoid disturbance flow. In  are illustrated.  

Table 9, the main specifications are illustrated.  

Table 9: Fluid thermocouples main specifications. 

 Unit Value 

Type / N 

Operating temperature range [°C] -60 ÷ +350 

Time constant [s] 1.5 

 

For the wall, 16 negative temperature coefficient (NTC) ND03N00103KCC 
thermistors (AVX) probes are fixed with thermal grease at the center of each 
heating region, assuming the temperature almost constant and uniform within this 
region. The connection between the thermistor and the DAQ system is made 
through a dedicated channel providing 5 V, where the potential difference on the 
thermistor is read thanks to a voltage divider between a 10 kΩ resistor and the 
thermistor itself.  
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Table 10 shows the specifications. Both thermocouples and thermistors were 
previously calibrated. 

Table 10: Wall thermistors main specifications. 

 Unit Value 

Type / NTC 

Operating temperature range [°C] -50 ÷ +150 

Thermal time constant  [s] 6 

Probe Length x Width x Thickness [mm] 7 x 3 x 2 

 

In Figure 45 a close-up view of a thermomagnetic region of the TORODYNA 
converter is provided, where the sensors are visible. 

 

Figure 45: Close-up view of TORODYNA converter. 

4.1.1.1.5 Data Acquisition system 

The temperature sensors are connected to the Data Acquisition System, which is 
the National Instruments 6289 M Series Data Acquisition with 18-bit of resolution, 
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sample rate of 625 kS/s, and 32 single ended channels. For more information, please 
refer to Table 11. 

Table 11: DAQ System main specifications 

 Unit Value 

Type / NI 6289 

Number of channels / 32 single ended 

Digital output / 48 

Analog output / 4 

Aggregate sample rate  [kS/s] 500 

Timing resolution [ns] 50 

 

All the sensors are controlled and monitored by LabVIEWTM routines. In this 
case, a block diagram (Figure 46) was used to acquire analogical signals, selecting 
the desired sample rate and channels. A start/stop button was inserted in order to 
initiate (or terminate) the data acquisition. The 32 channels were divided into two 
groups, one for the thermocouples and one for the thermistors. The thermistors 
channels show resistance values that are properly converted into temperature ones 
by means of the Steinhart-Hart equation (199); in order to perform this conversion, 
16 function blocks are used. Then, the 16 thermocouple and the 16 thermistor 
signals are put together and sent to a Write to Measurement File block, in order to 
write the future collected data into a spreadsheet .xlsx file, meanwhile their 
instantaneous values appears live in windows and graphs. Then, the data were 
manipulated with other software, such as Origin or MATLAB, performing detailed 
data analysis. 
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Figure 46: Block diagram for temperature monitoring realized in LabVIEWTM (198). 
Reproduced with permission. 
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In Figure 47 the data collected are represented in MATLAB graphs, showing an 
entire acquisition period lasted about 21 h. 

 

Figure 47: Temperature graphs developed in MATLAB. Top: thermistors (TR), bottom: 
thermocouples (TC) (198). Reproduced with permission. 

4.1.1.1.6 Extraction system 

Finally, inductive coils made from Oxygen Free Copper (OFC) wire, chosen to 
minimize the extraction losses due to wire resistance, wrapping the structure and 
coupled with the permanent magnets, compose the extraction system, as shown in 
Figure 48. Here, it is clear that the permanent magnets have a dual function: while 
triggering the thermomagnetic advection of the FF along the converter, they locally 
magnetize the FF where it flows through the coils, so that it can induce an 
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electromotive force that, otherwise, would be null because of its 
superparamagnetism.  

 

Figure 48: Frontal view of a TORODYNA section, showing thermomagnetic region, 
inductive coils and temperature sensors.  

The coils are wrapped up along the entire ring in the poloidal direction (as 
shown in Figure 49) or in a and a mixed poloidal/toroidal configuration (Figure 50), 
in the free space between two adjacent thermomagnetic regions.  

 

Figure 49: TORODYNA prototype in operating conditions with poloidal coils. 
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Figure 50: Mixed toroidal/poloidal coils. 

Therefore, if the FF motion inside the torus has a purely toroidal component, 
then purely poloidal coils can optimally intercept all of its magnetic flux. On the 
other case, if the FF motion is helical (hence the velocity field having both a toroidal 
component and a poloidal one), then mixed poloidal/toroidal coils are more 
suitable. Other two coils (one poloidal and one toroidal) are used to induce a 
magneto-static field helping in the starting phase to trigger a net clockwise flow 
along the toroidal coordinate. After a few minutes, both coils are disconnected to 
measure the pure harvesting component of electromotive force. 

4.1.1.1.7 Characterization system 

The output power generated by the TORODYNA extraction system is measured by 
a source meter, to measure the intensity of the current induced by EMF, and a 
precision impedance meter, used to measure the inductive, capacitive and resistive 
behaviours of the extraction coils, respectively the Keithley 2635A and the Agilent 
E4980A (Figure 51). The latter has been equipped with an Agilent test fixture 
16047A, in order to have a better coupling between coils and instrument. All the 
instruments are controlled and monitored by LabVIEWTM routines. 
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Figure 51: Keithley 2635A SourceMeter (left) and Agilent E4980A LRC meter (right). 

4.1.1.1.8 Overview 

The assembled experimental is shown in Figure 52, where the inductive coils, the 
measurement system and the laptop are the only missing components.  

 

Figure 52: Experimental apparatus for the characterization of TORODYNA 1.0. 

For a clearer understanding of the connections, the user is referred to Figure 53 in 
the following page. 
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Figure 53: Schematic of the experimental apparatus. 
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4.1.1.1.9 Upgrades 

At a second stage, the Peltier cells were controlled by a Peltier array controller 
(PAC) electronic system (Figure 54), capable of pulse width modulation (PWM) 
control of the cells and at the same time capable of measuring the temperature from 
the thermocouples/thermistors with commercial I2C read-out components. The 
motherboard integrates all AC/DC modules to power the cells and the read-out 
electronics, including a commercial FPGA with embedded ARM A9 
microprocessor. The FPGA interfaces all the microprogrammed components on the 
motherboard and probes the hardware using ad-hoc Linux drivers and a mainline 
Kernel. 

 

Figure 54: Peltier Array Controller. 

Other future upgrades of the setup involve the utilization of thermal camera for 
thermal infrared imaging (Figure 55) of the prototype and the employment of 
ultrasound velocity profile probes for the analysis of the fluid velocity within the 
converter.  
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Figure 55: Thermocamera views. 

4.1.1.2 TORODYNA prototype 1.0: tests and results  

In order to validate the prototype, during the first tests a biphasic colloid was 
employed. In fact, the TORODYNA was filled with deionized water (DIW) and 
just a small amount of FF. Given the immiscibility between water and the 
hydrocarbon solvent of the FF, the resulting colloid was constituted mainly of DIW 
with travelling packets of FF. On one side, this allowed to employ only a small 
volume of FF to observe the impedance behaviour of TORODYNA; on the other, 
to have a clear signal, when the FF moved along the converter and trough the coils.  

4.1.1.2.1 Impedance analysis 

Considering the number of electronic devices employed, including cables and coils 
for the extraction system, analysing the impedance behaviour of TORODYNA was 
fundamental, also to exclude the presence of parasitic inductance. In fact, the large 
number of coils and magnetic material could lead to phenomena related to magnetic 
fields and currents, such as the mutual induction, in addition to the induced EMF. 
In this section, the two main electrical parameters are analysed in detail: inductance 
and resistance. Since from the impedance measurements it resulted to be negligible, 
the capacitance analysis is not reported here.  

During the first test, the inductance was monitored. The inductive behaviour of 
the CERES reactor is analysed by measuring the inductance at terminals of the two 
poloidal coils connected in series. As mentioned before, the TORODYNA was 
filled with water and a small amount of FF in a biphasic state and the injection of 1 
mL of FF (EFH1) into 1 L of water has been monitored as perturbation of the 
impedance of the system, since the FF acts as a high permeability core of a discrete 
inductor. In Figure 56b and e (with the FF injection taking place at the time marked 
with α) the increase of inductance of 45 nH with purely poloidal coil and of 65 nH 
with mixed poloidal/toroidal coil respectively is noticeable, confirming the 
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correctness of TORODYNA paradigm, especially considering that only 1 mL of FF 
was added to the converter. The value of L with only water differs in the two 
configurations as the concatenated magnetic flux is directly proportional to the coil 
area times the number of windings squared (2976.75 cm2 in the former case and 
6037.5 cm2 in the latter, same ratio of ~2 is kept in the measurements). On the other 
hand, the difference in the measured increase of inductance is the result of a more 
efficient concatenation with complex fluid movements. 

 

Figure 56: Effect of the injection of 1 mL of FF in 1 L of DIW. Series resistance (a) and 
inductance (b) versus time of poloidal extraction coil (c). Series resistance (d) and 
inductance (e) versus time of mixed toroidal/poloidal extraction coil (f) (197). Reproduced 
with permission. 

Then, the inductance was fully characterized, during a 14 h long test (Figure 
57). In the early stages, when Peltier cells are switched on and, after ~ 100 s, the 
DC current generator is activated, some variations occur. In fact, initially, the signal 
is very stable around 54.94 μH, but then it becomes perturbed by means of the 
Peltier modules. Subsequently, the DC current starts flowing into the coils and the 
series inductance decreases according to a linear trend, which slope drastically 
changes around 1000 s; finally, the signal stabilizes near 54.86 μH. The first 
decrease could be due to the Seebeck effect, influencing the electrical parameters 
of cables when their extremities are subjected to a thermal gradient, but becoming 
negligible in short time due to the high thermal conductivity of wires. The second 
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one could be due to the heating of FF inside the converter, which probably requires 
a certain time to initiate its cyclic motion.  

 

Figure 57: Inductance trend along 14 h, in semi logarithmic scale (198). Reproduced with 
permission. 

After ~3 hours, when the motion is completely set up and steady, the inductance 
remains constant at the new value, slightly increasing before stopping the data 
collection, maybe due to the start-up of the automatic air conditioning in the lab. 

 

Figure 58: Focus on the inductance trend in steady-state conditions (198). Reproduced with 
permission. 
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Then, these experiments were repeated for the resistance characterization. The 

resistive part of impedance is used to monitor the energy output of the harvester, 
working on the equivalent circuit composed by the parallel between an ideal 
inductor (the extraction coil) and the impedance meter. So, the resistance variation, 
Figure 56a and d, of 800 μΩ for purely poloidal coil and 250 μΩ for mixed 

poloidal/toroidal coil, is due to the electromotive force generated in the experiment.  

Then, the system resistance was analysed in the early stages (Figure 59). When 
the signal stabilizes around 1.10 Ω, with Peltier modules and the DC generator 
switched-on, the measure starts. Then, the FF injection occurs, so that the resistance 
rapidly increases up to 600 s (point 1), and then it saturates around 1.22 Ω (point 
2). The increase in the resistance due to the FF is delayed possibly because the FF 
inertia affects the motion (the same delay observed for the inductance). Then, a 
long-term analysis is conducted showing that the resistance remains almost constant 
around 1.105 Ω (Figure 59b). 

 
 

(a) 

 
 

(b) 

  

Figure 59: Early-stage (a) and long-term (b) resistance trend (198). Reproduced with 
permission. 

In other experiments, the resistance showed a particular trend, after the 
injection of 1 mL of FF, after about 580 s, in the converter. In Figure 60, the red 
curve represents the Savitzky–Golay smoothing of the scatter plot, while the blue 
curve is a sinusoidal fitting. The green lines mark the temporal distance among 
successive peaks that, even if they could be random in time, they show a periodicity 
of 8 s. This value could be useful to determine the velocity of FF blobs inside the 
reactor given the distance between two adjacent windings (10 cm), resulting in a 
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FF speed of about 1.25 cm/s. In case of harmonic signal, the detection of higher 
order harmonics is expected. In fact, the sinusoidal fitting has a period of nearly 35 
s, quite close to the fundamental period multiplied by 4. 

 

Figure 60: Fluctuations of resistance after the addition of 1mL of FF (198). Reproduced 
with permission. 

With a closer look, the inverse chirp trend is evident (Figure 61), indicating the 
presence of possible density waves of FF within the converter theorized by the 
TORODYNA paradigm, and a strong confirmation of the paradigm itself. 

 

Figure 61: Inverse chirp function fitting the fluctuations occuring after the addition of 1 
mL of FF (198). Reproduced with permission. 
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4.1.1.2.2 Thermal analysis 

Afterwards, TORODYNA was filled with 10 mL of FF in DIW and a steady-state 
(SS) characterization was conducted, lasting several hours. The goal was to reach a 
long period during which the temperatures were stable at certain values within a 
negligible range, generating a horizontal plateau. As in the previous tests, the fluid 
was heated by the Peltier cells placed on the inner side (temperatures around 308.65 
°C) and cooled by the Peltier cells placed on the outer one (temperature around 34.5 
°C). Figure 62 clearly shows the fluid temperatures condition and the SS period. 
The entire toroidal axis is divided into 8 equally spaced segments, each of those 
portions is equipped with two thermocouples to monitor the fluid temperature on 
both sides. Therefore, 8 couples of curves were recorded but for sake of simplicity 
only one is shown.  

 

Figure 62: Experimental fluid temperatures. 

In these conditions, the effective ΔT, between the inner and outer walls, submitted 
to the FF was 1.25 ± 0.1 °C (Figure 63a, dashed in red: Savitzky-Golay smoothing 
over 600 points). After the Peltier cells have been switched on at t = 0 (α), it took 1 

h for reaching dynamically stable operation (γ). In order to characterize also the 

transient back to room temperature, after 2 h the system was switched off (δ) and 

on again (ε).  
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Analysing the temperature values coming from the 16 TCs in SS conditions 

along a period of 2 min, thermal fluctuations are evident (Figure 63b, dashed in 
black: Savitzky-Golay smoothing over 3 points, continuous in red: over 61 points). 
Developing a Fourier analysis on these values, a fundamental mode has been found 
with a period of about 150 s (s for single mode) and several other oscillation modes 
are present. Considering the winding periodicity (8 poloidal windings positioned 
every 10 cm) we can evidence the period corresponding to a packet of FF travelling 
across the whole toroidal axis (t for total mode, 360°) and multiples of two (720°) 
and three (1080°) complete turns (Figure 63c). There is also an excellent matching 
with impedance measurements, where monitoring of both the resistance and 
inductance component (Figure 63d and e) and consequent Fourier analysis (Figure 
63f) evidences how all the most important spectral components (the fundamental s, 
the global t and the multiples at 720 and 1080°) are still present. Then, it is evident 
that the system can operate continuously while the thermal gradient is maintained 
across the converter. The periodicity of both inductance and thermal waves is a 
consequence of the movement of density waves across solenoids, each amplitude 
peak corresponding to the transit of a packet in one of the extraction sections. 

 

 
Figure 63: Steady-state operation. (a) Effective ΔT on the fluid. (b) Thermal waves. (c) 
Thermal waves evidenced by STFT with fundamental periods. Series resistance (d) and 
inductance (e) versus time showing oscillations in the steady state. (f) Inductance 
fluctuations as evidenced by STFT (197). Reproduced with permission. 
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4.1.1.2.3 Performance analysis 

The TORODYNA efficiency can be evaluated by considering the parameters 
analysed in the impedance analysis applied to the equivalent circuits, which model 
the overall system. In this section, only the prototype with extraction system in 
poloidal configuration (Figure 49) is under analysis. It is worth to recall that, in this 
case, four coils were wound around the converter, with two of the three poloidal 
coils connected in series to perform impedance measurements and characterize the 
converter while the remaining two (one poloidal and one toroidal) were used to 
induce a magneto static field in the starting phase of the experiment. For the purpose 
of the analysis, only the series of two poloidal coils connected to the 
characterization system are considered. Figure 64 represents the equivalent circuit 
modelling the poloidal extraction system (𝑅𝑝, 𝐿𝑝  and 𝐶𝑝) connected to the 
characterization one (A represents the amperometer, which is not always connected 
to the rest of the circuit, and 𝑍 indicates the impedancemeter). As aforementioned, 
the measurements suggest that the capacitor 𝐶𝑝 is negligible, but it is shown here 
for completeness.  

 

Figure 64: Equivalent circuit modelling the extraction system connected to the 
characterization one (198). Reproduced with permission. 

Then, the impedance 𝑍𝑝 of the circuit was measured by means of an 
impedancemeter, corresponding to: 

𝑍𝑝 = 𝑅𝑝 + 𝑗𝑋𝑝  

where 𝑅𝑝 is the resistance, and 𝑋𝑝 is the reactance (imaginary part of the 
impedance) that can be evaluated, considering 𝐶𝑝 neglibile, by means of: 

𝑋𝑝 = 𝑋𝐿𝑝 + 𝑋𝐶𝑝 = 𝜔𝐿𝑝 −
1

𝜔𝐶𝑝
=  𝜔𝐿𝑝  
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Considering that the inductance 𝐿 of a solenoid can be calculated using: 

𝐿 =
𝜇𝐴𝑁2

𝑙
 

where 𝜇 is magnetic permeability of the material contained within the solenoid, 𝐴 
is the cross section of the solenoid (120.7 cm2), 𝑁 is the number of turns (80) and 𝑙 
the length of the coil (294 cm). 

Here:  

𝜇 = 𝜇𝑟𝜇0,  

where 𝜇𝑟 is the magnetic permeability of the fluid within the converter and 𝜇0 is 
the magnetic permeability in vacuum:  

𝜇𝑟 = 1 + 𝜒𝑚,  

where 𝜒𝑚 is the magnetic susceptibility of FF EFH1 (2.64). 

If the converter were totally filled with only air with 𝜇𝑟 = 1, the resulting inductance 
would be 33 𝜇H. If the reactor were completely filled with magnetite NPs, whose 
magnetic permeability corresponds to 𝜇𝑟 = 3.64, the resulting inductance would be 
𝐿 = 118 𝜇H. Since the inductance measured during the impedance analysis, after 
the injection of 1 mL of FF, was around 54.94 𝜇H, the magnetic permeability of 
TORODYNA has to be 𝜇r,eff = 1.00666. Consequently, the addition of a small 
amount of FF, with a vol. concentration equal to 7.9% of Fe3O4, corresponds to an 
increase in 𝜇r of 1%, with respect to the case of empty reactor.  

As aforementioned, the resistive part of the impedance was used to evaluate the 
energy output of the harvester. In particular, the data shown in Figure 59a, before 
and after the injection, including the transient up to point 2, were employed. Since 
the resistance in alternate current (AC) before and after the injection were 
respectively Rb = 1.1006 Ω and Ra = 1.2189 Ω, the resulting variation 𝛥𝑅 = Ra - Rb 
is approximatively 0.11829 Ω. In order to evaluate the induced electromotive force 
(EMF), the system was modeled as a parallel between an impedance experiencing 
the variation of resistance and a voltage generator representing the EMF generated, 
both of them connected to a load representing the measurement system (Figure 65). 
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Figure 65: Equivalent circuit for the evaluation of EMF (198). Reproduced with 
permission. 

Thus: 

𝐼𝑚𝑒𝑎𝑠 =
𝑉𝑙𝑜𝑎𝑑
𝑅

,  

then: 

𝑅 =
𝑉𝑚𝑒𝑎𝑠 + 𝐸𝑀𝐹

𝐼𝑚𝑒𝑎𝑠
,  

where 𝑉𝑙𝑜𝑎𝑑 is the voltage drop across 𝑍, while 𝐼𝑚𝑒𝑎𝑠 and 𝑉𝑚𝑒𝑎𝑠 are the output 
current and voltage of the impedancemeter, applied to perform the measurement. 

Deriving with respect to 𝐸𝑀𝐹: 

𝐸𝑀𝐹 =  𝑅 𝐼𝑚𝑒𝑎𝑠 − 𝑉𝑚𝑒𝑎𝑠.  

Considering that the current and the voltage provided by the impedancemeter were 
respectively 0.5 mA and 0.4 mV, the 𝐸𝑀𝐹 before and after the FF injection are 
respectively 𝐸𝑀𝐹𝑏 = 150.3 𝜇𝑉 and 𝐸𝑀𝐹𝑎 = 209.5 𝜇𝑉 giving resulting in a 
𝛥𝐸𝑀𝐹 = 59.2 𝜇𝑉. Since the measured resistance of the cable employed for the 
coils (𝑅𝑐) is equal to 1.2292 Ω, the electrical power in output is: 

𝑃𝑒
𝑜𝑢𝑡 =

Δ𝐸𝑀𝐹2

𝑅𝑐
= 2.85 𝑛𝑊.  

In order to estimate a reasonable input thermal power, a thermal gradient of 50 °C 
between the two sides of the Peltier cell, cells is considered when they operate at 
0.5 A and 2.3 V (operating conditions), corresponding to a coefficient of 
performance (COP) of 0.5, resulting in a heat absorbed by the cold side of: 

𝑄𝑐 =
𝐶𝑂𝑃

𝑃𝑒
= 0.44 𝐽.  
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Since the TORODYNA have 32 Peltier modules installed, the overall thermal 
energy provided to the prototype is equal to 13.91 J. However, the ΔT between the 

external walls, 𝑇𝑤, and the fluid, 𝑇𝑓, is around 5 °C and considering the thermal 
conductivity of PLA being nearly 0.13 W m-1 K-1 and the wall thickness, 𝑡, 5 mm, 
and the internal hot area of the prototype, 𝐴𝑖 , 0.052 m2, the input thermal power 
corresponds to 

𝑞 = 𝑘
𝑇𝑤−𝑇𝑓

𝑡
𝐴𝑖 = 6.76 𝑊, 

giving an efficiency of conversion, evaluated as the ratio between the electrical 
power in output and the thermal power in input of: 

𝜂 =
𝑃𝑒

𝑃𝑡
= 

2.85∙10−9

6.76
= 4.2 𝑒−10. 

4.1.1.2.4 Numerical analysis 

If the first goals were those of validating the TORODYNA paradigm and evaluating 
its initial performances then, a process of optimization started in order to investigate 
how the configuration of the magnetic field, combined to the thermal one, alters the 
flow development and, consequently, the electrical energy output. For doing so, the 
first step involved the development of numerical analysis for simulating the 
complex multiphysics phenomena governing the system, since the opaqueness of 
the walls and the FF itself did not allow optical visualizations of the flow, and at an 
early stage, we could not install acoustic velocimetry. Given the small size and large 
number of the suspended particles, the harvester was physically modelled as a two-
phase system with an Eulerian-Eulerian approach, i.e. both phases, the solvent and 
the suspended colloidal particles, are treated mathematically as interpenetrating 
continua. Moreover, considering the small volume fraction of the solid phase, of 
the order of 10-2, and the negligible inertia of the particles, the latter are assumed to 
be in thermal equilibrium with the surrounding flow and the model is conveniently 
formulated in terms of the mixture velocity and temperature. The solid phase is 
described through its volume fraction 𝜑. The small 𝛥𝑇, of the order of 1 °C, allowed 
to use of the Boussinesq approximation for natural convection. In the model, 
particles are subject to the hydrodynamic interaction with the solution, which 
includes the thermophoretic force, and to the magnetophoretic force due to the 
externally imposed magnetic field. Furthermore, the particle inertia is neglected, so 
that the slip between particles and mixture is due to the forces acting on the 
particles, that is, Stokes drag, Brownian forces, thermophoretic and 
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magnetophoretic forces. Then, the magnetization is assumed much weaker than the 
externally imposed magnetic field, due to the low volume fraction of the suspended 
particles. Finally, the confinement in the vertical direction is neglected, and only 
the flow in the core of the toroidal configuration is considered, so that the governing 
equations are solved in a parallelepiped domain between two vertical walls. With 
this method, the top and bottom portions of the vessel, where the vertical convective 
flow changes direction, are excluded by the simulation, which considers only the 
central portion of the vertical extent of the system. A scheme of the simplified flow 
domain is shown in Figure 66a and d, together with two of the investigated magnet 
configurations.  

 
Figure 66: Investigated configurations with simplified flow domain (a) and (d). Solutions 
of Laplace equation for magnetic potential, from the top: magnetic field strength, toroidal 
component of magnetic field, poloidal component of magnetic field (b) and (e). Solutions 
of thermomagnetic advection equation, from the top: temperature, vertical component of 
velocity, toroidal component of magnetic flux (c) and (f) (197). Reproduced with 
permission. 

The resulting partial differential equations are discretized with a mixed 
spectral-finite difference scheme: a Fourier-spectral discretization has been used 
along both the vertical and toroidal coordinates while finite differences are used 
along the poloidal axis. No-slip boundary condition for the velocity field and 
Dirichlet boundary conditions are imposed on the two vertical walls, while periodic 
boundary conditions are used in the other directions. A fourth order standard 
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Runge-Kutta method has been used for time integration. The magnetic field is 
generated by a set of permanent magnets, installed around the cell, arranged in 
vertical strips of opposite facing magnets Figure 66a and d. They are simulated by 
considering them as infinite in the vertical direction so that the magnetic field 
generated by the magnets is almost perpendicular (even if curved near the side 
edges) to the TORODYNA walls. Convection motion along the vertical axis are a 
direct consequence of the temperature gradients in the flow domain. Hotter volumes 
are associated with lower flux densities and the resulting motion is upwards near 
the warmer wall and downwards near the colder wall. Since the Rayleigh number 
is relatively small, the flow remains laminar, and the vertical component is always 
the dominating one. The other two velocity components, normal to the wall, i.e. 
directed across the vessel thickness, and along the toroidal axis, are a direct 
consequence of thermomagnetic force, as buoyancy does not act in such directions. 
Therefore, the position of the magnets and the intensity of the magnetic field 
directly modulate these components of the velocity, which is important for the 
creation of three-dimensional cells able to generate a flux of magnetized particles 
that can be intercepted by the coils. The simulations allow computation of the 
magnetic flux through an arbitrary surface, so that it is possible to understand where 
the extraction coils must be ideally located to increase energy extraction efficiency. 
From the results shown in Figure 66, it is evident that the asymmetry between 
upward and downward motion, induced by the magnetic field, brings a preferable 
configuration. The main finding is that, having purely poloidal coils, the 
configuration that maximizes the magnetic flux, and therefore the overall energy 
efficiency, corresponds to perfectly asymmetric magnets (i.e., shifted by half their 
pitch, Figure 66d) with a total phase mismatch along the toroidal direction of the 
magnetic fields generated by the opposite facing magnets. Such a configuration is 
potentially able to increase the magnetic flux up to 80% with respect to the basic 
configuration with directly opposing magnets. Therefore, the overall efficiency of 
the system could be further increased (197) (200). 

4.1.1.2.5 Enhancements 

 In order to improve the conversion efficiency and increasing the output electrical 
power of TORODYNA, many solutions are identified, to be applied in future 
developments of the project. A short list of improvements is here provided: 

• increase meff of 100 times (100 % FF) in order to reach an output power of 
~ 1µW; 
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• saturate the NP magnetization, resulting in a factor 10 to 100, reaching an 

output power in range 10 µW to 100 µW; 
• use NPs with very high saturation, to reach a value of Pout comprised 

between 50 µW and 500 µW; 
• provide a larger input electrical power, in order to increase QC. Then, if COP 

= 5, QC enlarges of 10 times, and the ouput power achieves 0.5 mW to 1 
mW; 

• smaller thickness of TORODYNA vessel, for enhancing thermomagnetic 
advection; 

• smaller thickness of the walls, for enhancing heat transfer between heat 
source and the fluid. 

On the other hand, for simply exploring the effects that some modifications of 
the prototype could bring, many ideas are proposed. Of course, many of them, 
before being practically applied, could be validate or not by means of numerical 
simulation, for example in COMSOL Multiphysics® environment. An exhaustive 
list is here provided: 

• Peltier cells installed on top and bottom sides instead of inner and outer; 
• different permanent magnets (or electromagnets) configurations and 

magnetization (instead of axial, longitudinal); 

Finally, some improvements in the experimental setup could be: 

• better sealings; 
• installing fluid thermocouples with mechanical fittings; 
• installing walls thermistor with a better adherence; 
• enameled wire instead of rubber sheath, for enhancing electrical 

performance; 
• utilisation of a cooling system for the Peltier modules (or single heat 

sinks), in order to improve their performance; 
• transparent structure for performing optical visualization with biphasic 

fluid. 

4.1.2 TORODYNA prototype 2.0 

Considering the need of having a transparent structure, a borosilicate glass 
(Pyrex®) prototype has been designed and produced. In Figure 67 two pictures of 
the prototype are shown, where only the inner side is equipped with Peltier cells 
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and permanent magnets. Here, heat sinks were installed on the Peltier modules to 
improve their efficiencies.  

  

Figure 67: Isometric (left) and top (right) views of Pyrex® prototype. 

The goal was that of observing the internal motion of the fluid throughout the 
converter in order to verify what we were expecting from theoretical models and 
numerical results. In this way, it was also possible to improve the design according 
to the observations. Since FF is opaque, some tracers were tested for the optical 
visualizations. Figure 68 shows a typical application for the TORODYNA 
converter. An industrial pipe mockup was created and TORODYNA 2.0 was 
installed on it, then it was filled with DIW and a few drops of blue ink were added 
to visualize the internal motion of the fluid. Then, mica powder was also tested as 
tracer, showing interesting results. 

  

Figure 68: TORODYNA 2.0 filled with blue ink and installed on a pipe mockup. 

Unfortunately, the complexity of the fluid dynamics induced by the geometry 
and thermomagnetic phenomena adding non trivial effects led us to evaluate the 
possibility of dealing with a simpler geometry. In fact, in the TORODYNA 
configuration, the motion generation and the energy recovery system are not 
linearly independent. In order to define a stable and unperturbed fluid motion with 
a stable electric output power, it is necessary to consider: the toroidal geometry, the 
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aspect ratio of the device, the structural materials and the colloid, the heat exchange 
between the waste heat and the solution and the choice of the magnets (magnitude 
and position). Therefore, we applied a simpler approach, decoupling the motion 
generation from the recovery system. Taking inspiration to what was made for the 
numerical simulations and in order to be able to validate the computational results 
with the experiments, we decided to take a step back and analyse a planar setup. 
Then, exploiting the periodicity of the geometry, only one thermomagnetic region 
was put under analysis, in order to focus on the fluid dynamic phenomena occurring 
in the orthogonal plane of the converter. On the other hand, for what concern the 
longitudinal dimension, a simplified setup was built for the analysis of the pure 
inductive effect of the ferromagnetic colloid. In this way, it was possible to do a 
proper electric characterization of the open-circuit voltage and short-circuit current 
generated by the magnetization and demagnetization of a FF, when it is subject to 
the action of a permanent magnet. Further improvements include the installation of 
optical visualization systems (cameras) to record the internal motion of the colloid 
and give a comparison with numerical simulations. 

4.2 Planar setup 

After having realized that a decoupling of longitudinal and transversal dimensions 
was needed in order to simplify the analysis, a planar experimental setup was 
designed and built. Furthermore, the need of comparing numerical and 
experimental results led to designing a setup the most similar to the computational 
model. First, a testing area of 200x100 mm2 was designed. Different thicknesses 
were tested in order to evaluate the effect on the thermomagnetic phenomena. To 
generate a thermal gradient across the so-called “cell”, a steel plate was installed on 
the bottom for heating by means of thermal tape, while a water based convective 
cell was installed on top for cooling. In order to maintain the testing area between 
a constant thermal gradient, the structure was made of Teflon, also for having 
adiabatic walls laterally. Permanent magnets or Helmotz coils are installed to set a 
permanent magnetic field. To guarantee transparency, the top cover was made of 
poly(methyl methacrylate) (Plexiglass). For each lateral side, N-type 
thermocouples were installed to monitor temperatures of the heating plate, cooling 
cell and of the FF under investigation. Finally, lateral holes allow the installation of 
ultrasound velocity profile (UVP) probes. The idea was to put the cell so that 
thermal gradient and gravity are parallel. Then, after setting a thermal gradient and 
a permanent magnetic field, observing the thermomagnetic rolls generated optically 
(by using optical tracers dispersed in the FF) and acoustically with the UVP system. 
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In Figure 69, two renderings show how the cell is made and how it works while 
Figure 70 shows a real picture of the cell where no subsystems are installed.  

 
Figure 69: Isometric section (top) and view (bottom) of the rendered testing cell. 

 
Figure 70: Picture of the testing cell with no sub-systems installed. 
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The experimental campaign is taking place at Hokkaido University, Laboratory of 
Flow Control, as part of a joint project with Istituto Italiano di Tecnologia but the 
results not yet available. The aim is to investigate experimentally both the fluid 
dynamics and the energy conversion capability of a hypothetical planar device. 

4.3 Linear setup 

4.3.1 Ferrofluid – Inductive effect 

Then, a simplified linear setup was designed and built in order to characterize the 
inductive properties of FF when, magnetized, it moves through a coil. A peristaltic 
pump (Ismatec MCP) was used to generate a tunable motion through a fluorinated 
ethylene propylene (FEP) pipe with an inner (ID) and outer diameters (OD) of 10 
and 12 mm respectively. The choice of such material will be explained in the next 
section. The Ismatec MCP provides a rotor system that allows pipes with a 
maximum internal diameter of 3.2 mm. This permits to generate at the maximum 
rotational speed a flow rate of 100 mL/min for each channel, up to 8 channels. A 
silicone pipe with internal and external diameters of 3.2 and 4 mm respectively, was 
coupled with the rotor system of the peristaltic pump; then, a series of intermediate 
pipes and adapters allowed connecting the testing pipe. The goal was that of having 
a laminar flow (Re < 2,000), in order to have a priori an idea of the velocity profile 
(Poiseuille flow (201)), since a laminar flow gives a different contribution to the 
electromotive force generated by the motion of the FF. However, in this early stage, 
magnetoviscous phenomena, turbulence effects introduced by the change of 
dimensions of the pipes due to the adapters and non-continuous flow generated by 
the peristaltic pump were not taken into account. For characterizing the inductive 
effects, a solenoidal coil is rolled up around the FEP pipe. The solenoid (Figure 71) 
is made of OFC wire (100 mm long and 2.5 mm in diameter) with 40 windings 
around the pipe.  

 

Figure 71: Solenoid wrapping the FEP pipe as characterization systems for inductive 
effects of FF. 
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A stack of 7 AlNiCo5 permanent magnets were used in order to induce 
magnetization in the FF solution. Figure 72 shows the overall experimental setup.  

 

Figure 72: Experimental linear setup with peristaltic pump (top center) connected to the FF 
contained in a Becher and to the testing pipes, and the inductive electrode coupled with a 
stack of permanent magnets (bottom center) (146). Reproduced with permission. 

The solenoid was connected to the SourceMeter-Keithley 2635A to perform an 
open-circuit voltage measurement, to the Semiconductor characterization system 
Keithley 4200-SCS coupled with a low-noise amplifier Keithley 4225-RPM 
(Tektronix, Inc., Beaverton, OR, USA) for measuring the short-circuit current, and 
to the impedancemeter Agilent E4980A for an impedance analysis. Since the 
different sensibility on the current and voltage measurement, two different 
instruments were used. In fact, the Keithley 4200-SCS has a current resolution of 
10 aA if associated with the Keithley 4225-RPM amplifier. All the instrumentation 
is connected to a PC with LabVIEWTM 2019 software (National Instruments, 
Austin, TX, USA). Three different Fe3O4 volumetric concentrations (2, 4 and 6 %) 
were tested, by diluting the FF EMG 901, in order to encompass a broader range of 
Magnetic Reynolds number. In fact, velocity spanned from 0 to 5 cm/s, respectively 
0 and 10 arbitrary unit (A.U.). In order to evaluate VOC and ISC at the equilibrium, 
a data subset was selected when the measured values reached SS conditions. Then, 
a moving average filter (first-order polynomial Savitzky-Golay filter), with a fixed 
filtering window of 51 samples was applied, in order to minimize of the error band, 
due to the natural damping of the RLC circuit. Considering the different 
specifications of the instruments employed, 3 and 15 samples for second were 
acquired for the voltage and current respectively. 
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Figure 73: Comparison between harvested potentials and currents by means of the 
inductive electrode for FFs featuring increasing vol. concentration (2, 4 and 6%) of Fe3O4 

(202). Reproduced with permission. 

For what concerns the measurements at 2% vol. of FF (2% FF, Figure 73 top 
left), the trends of voltage and current are quite related, because when the mean 
velocity of the fluid reaches 3 cm/s (6 A.U.) there is a decrease and subsequently 
an increase of both parameters (in module). This is a direct evidence of the passive 
nature of the electrical characteristics of the device. Thus, it is possible to model 
the source as an electromotive force generator and the corresponding current 
associated to the resistive nature of the coil (146). From a fluid dynamic point of 
view, we suppose that the negative variation of the voltage at 3 cm/s can be 
associated to a fluid transition from laminar to turbulent flow due to 
magnetoviscous effects neglected during the setup design. This transition can 
generate recirculation zones, where the velocity profile of the fluid is not anymore 
described by a Poiseuille-like flow. Therefore, the evaluation of the mean velocity 
implies a reduction of the global electric characteristics of the system. This is an 
evidence of the nonlinear dependence of the motion generation with respect to 
recovery part of the system. However, increasing again the mean velocity of the 
fluid, voltage and current increase accordingly. Regarding the electrical power 
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analysis, the system reaches a voltage peak with a velocity of 2 cm/s (4 A.U.), where 
the associated electromotive force has a value of about 55 μV and the relative 
current has a value of 5.2 μA. Moreover, it is worth considering that the current 
generated in the device produces an induced magnetic field inside the coil that 
perturbs the motion of the magnetic fluid. At 2% FF, it is evident that this 
perturbation is negligible, because the current behaviour follows linearly the same 
voltage behaviour. Finally, supposing that the output power generated by the device 
is the product of VOC and ISC, it reaches P = 0.29 nW in a volume of V = 7.85 mL 
(considering the amount of FF contained in the volume of the pipe confined by the 
solenoid). Then, the power per unit volume of FF at a concentration of 2% is equal 
to 36.9 nW/L (@v = 2 cm/s). Note that in a real WHP application, the evaluation 
of the output power should be done considering different resistive loads and 
consequently, evaluating the voltage and the current in each working condition.  

For what concerns the tests at 4% vol. (Figure 73, top right) the transition from 
laminar to turbulent is evident at 1 cm/s (2 A.U.). This is likely due to the increased 
magnetization of the FF, arising magneto viscous phenomena affecting the fluid 
dynamics, introducing a non-linear component in the fluid motion, due to the 
complex distribution of magnetic field along the motion direction. In this case, the 
mean velocity in the extraction region of the pipe may present more distributed 
recirculation modes along the normal direction of the flow. Since the electromotive 
force is mostly related to the internal product between the magnetization field and 
the velocity field, the values of voltage and currents are profoundly affected. 
Therefore, a tradeoff between the motion generation (velocity dependence) and the 
energy recovery (magnitude of the permanent magnets and concentration of the FF) 
is needed.  

Last, with 6% FF, the laminar flow is not anymore present even at 1 cm/s. 
Therefore, the voltage and current characterization can provide helpful information 
about the fluid motion, but the results are not interesting for the output power 
characterization. However, in contrast to the previous cases, the voltage and current 
have an incomparable behaviour, probably due to an induced magnetic field 
generate by the current flow perturbing the fluid motion suggesting that this 
recovery technique may be more suitable for energy storage by means of batteries, 
supercapacitors, or in general devices that have a high intrinsic resistive and 
capacitive component. This also means that the electromotive force associated to 
the fluid motion can be increased simply introducing a larger density of coil in the 
extraction region. 
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This is the reason why in the following experiments we employed FFs with a 

vol. concentration of 2% vol. Further investigation could involve the analysis of FF 
behavior when the concentration is reduced to 1% and 0.5% vol. The relatively low 
performances obtained exploiting the FF inductive capability led us to consider 
different materials associated to other physical effects for the purpose of energy 
harvesting by means of colloids. 

4.3.2 Colloidal titania – Triboelectric effect 

As this stage, other ideas came out moving the focus from FF, to colloids in general. 
Starting from the recent findings described in 1.3.4, we considered triboelectric 
materials. In this case, the idea was that of exploiting the waste heat to generate the 
motion of colloidal TiO2 (T) through a FEP pipe, governed by natural or Rayleigh-
Bénard convection processes (203). Placing an aluminum ring electrode in contact 
with the pipe, electrostatic charges are accumulated due to the triboelectric effect 
between the fluid and the inner pipe walls. Inspired by the work of Ravelo et al. 
(204), a simple setup (Figure 74) similar to that shown in 4.3.1 was used.  

 

Figure 74: Photograph of experimental setup for the triboelectric characterization (155). 
Reproduced with permission. 

Again, the same peristaltic pump (Ismatec MCP) generated a tunable motion of 
a colloidal solution of TiO2 NPs (Evonik Degussa, Essen, Germany) and DIW 
through circular FEP pipe (ID=10 mm, OD=12mm). Its triboelectric features (154), 
and chemical compatibility with water-based suspensions drove the choice of FEP. 
The same fluid dynamics considerations made in the previous section for the FF 
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experiments drove the sizing of the pipe, resulting in maximum mean velocities 
within the pipe of the order of cm/s, which are reasonable values in a real device, 
supposing a motion triggered and governed by natural or Rayleigh-Bénard 
convection processes. In this case, the pump was placed in a different bench in order 
to mechanically isolate the characterization system. The region addressed to the 
accumulation of electrostatic charges was installed halfway of the pipe in order to 
reduce the fluid dynamics disturbance related to the variating pipe section and deal 
with a fully developed velocity profile. An aluminum ring (ID=12 mm, OD=28 
mm, length=9 mm) in single electrode mode (SEM) configuration was clamped 
externally to the pipe for accumulating the charges generated by triboelectricity 
while characterizing the capacitive system. Considering the triboelectric coupling 
with FEP, Al was the perfect candidate since its tendency of accumulating positive 
charges on its surface. As reference electrode was used the ground of the 
measurement instruments, in order to guarantee the repeatability of the 
measurements. VOC and ISC measurements were conducted respectively by means 
of SourceMeter-Keithley 2635A and the Keithley 4200-SCS coupled with a 
Keithley 4225-RPM Remote Amplifier (Tektronix, Inc., Beaverton, OR, USA). All 
the instruments were connected to a PC with LabVIEWTM 2019 software (National 
Instruments, Austin, TX, USA). In this case, the impedance analysis was not 
conducted, since we are dealing with a single electrode device. In Figure 75, a 
schematic of the overall setup is shown. 
 

 
Figure 75: Schematic of experimental setup for triboelectric characterization (155). 
Reproduced with permission. 
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In order to verify the action of triboelectricity when the fluid is moving, a 

preliminary analysis (Figure 76) on the time evolution of voltage and current was 
conducted, varying the operational conditions of the pump using a 1% TiO2 
solution. 

 
Figure 76: Evidence of triboelectricity from: Voltage-Time (left) and Current-Time (right) 
analysis of 1% TiO2 solution (155). Reproduced with permission. 

In Figure 76, a direct relation between the flow into the pipe and the charge 
accumulation on the ring electrode, is observed. In fact, when the pump is switched 
on (off), a steep increase (decrease) of the output voltage can be noticed. This is 
typical for a RC circuit, with the resistive component associated to the conductivity 
of the solution, the capacitive component to the geometrical properties of the 
electrodes and to the insulating properties of the polymer interface, and the current 
flow in the electrodes proportional to the velocity in the pipe (155). 

Then, for evaluating VOC and ISC at the equilibrium, a data subset was selected 
when the measured values reached SS conditions. Then, a moving average filter (51 
point, first-order polynomial Savitzky-Golay fitting) was applied in order to reduce 
the vibrational noise given by the pulsed motion of the fluid, minimizing the error 
band. Again, 3 and 15 samples for second were acquired for the voltage and current 
respectively. DIW and two suspensions at different concentrations (0.5 and 1%) of 
30 nm TiO2 NPs in DIW were tested (Figure 77). The electrical behavior of the 
device was analysed setting the peristaltic pump at five different fixed velocities: 1, 
2, 3, 4 and 5 cm/s while observing the corresponding values of voltages and currents 
generated on the Al electrode by the colloid motion. 
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Figure 77: VOC and ISC VS mean velocity for DIW (top), 0.5% (bottom left) and 1% 
(bottom right) TiO2-water suspension (155). Reproduced with permission. 

With DIW (Figure 77 top), potential accumulated on the Al electrode increases with 
the mean flow velocity, reaching a plateau between 3 and 5 cm/s, with VOC = 450 
mV. The current values, instead, fluctuate with a peak at 4 cm/s of ISC = 920 pA. 
The maximum ideal output power, defined as the product of VOC and ISC, is Pmax = 
402 pW generated at 4 cm/s. Considering the ring electrode having a reference 
surface S = 4.14 ∙ 10-4 m2, the output power per unit of area is PA = 971 nW/m2. On 
the other hand, the triboelectric effect of TiO2-water suspension is not strong as it 
might be expected. Analysing Figure 77 (bottom left), the potential is negative up 
to 4 cm/s, while the current appears noisy and faintly negative, reaching at 
maximum -70 pA. The most interesting values are observed at v = 5 cm/s with VOC 
= 298 mV, ISC = 72 pA, Pmax = 21 pW and PA = 52 nW/m2. Considering Figure 77 
(bottom right), both voltage and current show an increase of magnitude with lower 
velocities (and up to 3 cm/s). Nevertheless, further increasing the mean velocity, 
the trend of voltage is inverted probably due a reduction of the friction between 



130 CERES project 

 
solution and pipe walls, consequent to a drop of the flow velocity close to the walls. 
In fact, neutral tracers have shown a steep decrease in the peripheral flow velocity 
when exceeding 3 cm/s. More likely, this is due to sedimentation processes 
occurring in the suspension. The peak of the output power is at 3 cm/s, where VOC 
= 575 mV, ISC = 950 pA, Pmax = 546 pW and PA = 1.319 µW/m2. As per the FF 
inductive case, a more detailed investigation, evaluating the electrical parameters 
in presence of a load, should be conducted. 

For a deeper analysis, it is worth to evaluate the amount of energy, due to 
friction between the colloid and the pipe walls that is converted into electrical 
energy. Adopting a macroscopic approach, we estimated the electro-kinetic 
efficiency comparing the electrical power extracted by the harvester and the power 
loss due to the friction forces at the fluid-wall interface. First, considering only the 
portion of the pipe corresponding to the length of the Al electrode, 𝐿, (where the 
charge accumulation is possible), following the Darcy-Weisbach equation (205), 
the pressure drop 𝛥𝑝 [Pa] due to viscous effects was evaluated as: 

∆𝑝 =  𝜌𝑓
𝐿

𝐷

〈𝑣〉2

2
, 

where 〈𝑣〉 is the mean velocity [m/s] and 𝑓 the Darcy friction factor expressed by 
the Colebrook-White equation (206), for a duct completely full, as:  

1

√𝑓
= −2 log(

𝜀

3.7𝐷
+

2.51

𝑅𝑒√𝑓
), 

where 𝜀 is the pipe roughness [m] equal to 0.1 µm and 𝐷 [m] is the pipe inner 
diameter and 𝑅𝑒 the associated Reynolds number. With these inputs, the resulting 
𝛥𝑝 is 1.36 mPa. To evaluate 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛, the power due to the pressure loss, 𝛥𝑝 was 
multiplied by the volumetric flow rate 𝑄 [m3/s]: 

𝑄 = 〈𝑣〉𝐷2
𝜋

4
. 

Resulting in 2.73 pW due to friction losses with 1% TiO2 at 3 cm/s, when the highest 
electrical power is extracted (0.546 nW). Then, the kinetic-electro conversion 
efficiency, 𝜂, is 20%, confronting 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 with 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙: 

𝜂 =
𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
=
𝑉𝑜𝑐𝐼𝑠𝑐

𝑄Δ𝑝
, 

even if it could be further increased matching the direction of dipoles formed (207). 
Finally, it would be worth analysing how the harvesting mechanism affects the fluid 
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dynamics and consequently the system performances. In particular, how the 
accumulation of electrostatic charges and the consequent generation of an 
electrostatic attraction/repulsion region in correspondence of the electrode, 
influences the pressure losses. In fact, modeling the attraction/repulsion as an 
increase/decrease of roughness, a variation of 1 µm in the roughness generates a 
variation of 0.1% in the system efficiency (154). In this experimental campaign, the 
ratio between the pipe roughness (about 100 nm) and the TiO2 NPs diameter (30 
nm) was ≈ 3 but further investigation could be focused on how the roughness ratio 
affects the system performances, since it could be a driver in designing future 
colloidal triboelectric energy harvester. Furthermore, different suitable 
nanomaterials could be tested. Last, controlling the ferroelectric domains of the pipe 
wall could optimize and amplify the electrostatic charge distribution at the level of 
the extraction electrodes. Considering the originality and novelty of this work, a 
comparison with other TENGs is hard to make. Nevertheless, the work of Pjesky et 
al. is worth to mention, since NPs of TiO2 and MgO were used to charge a PTFE 
tribocharger by means of a powder disperser showing that titania gained a higher 
net charge (208). 

4.3.3 Barium titanate – Pyroelectric effect 

Then, we started investigating pyroelectric materials. The same idea of exploiting 
the waste heat to generate a convective motion of a colloidal solution of BaTiO3 
(BT) and FF through a FEP pipe (ID=10 mm, OD=12mm) was applied. The colloid 
is heated up by means of a heating plate and then forced using the same peristaltic 
pump (Ismatec MCP). Since along the loop the fluid is subject to forced convection 
cooling, electrostatic charges are generated thanks to pyroelectric phenomena 
occurring on the BT NPs (Inframat® Advanced MaterialsTM). A setup similar to 
that illustrated in 4.3.1 and 4.3.2 has been employed. In view of a multieffect colloid 
(4.3.5) and because of its particularly high gravitational stability, FF was employed 
in order to stabilize BT and hindering precipitation (209). The same fluid dynamics 
considerations made in the previous section for the FF experiments drove the sizing 
of the pipe. The pump was placed in a different bench in order to mechanically 
isolate the characterization system. Two titanium linear electrodes (SigmaAldrich, 
purity 99.98 %, width=5 mm, length=30 mm, thickness=0.2 mm, surface area=300 
mm2) spacing 150 mm were installed internally to the pipe, in direct contact with 
the fluid, for harvesting the current generated by pyroelectricity while 
characterizing the resistive system. As reference electrode was used the ground of 
the measurement instruments, in order to guarantee the repeatability of the 



132 CERES project 

 
measurements. VOC and ISC measurements were conducted respectively by means 
of two identical SourceMeter-Keithley 2635A (Tektronix, Inc., Beaverton, OR, 
USA). All the instruments were connected to a PC with LabVIEWTM 2019 software 
(National Instruments, Austin, TX, USA). In this case, no impedance analysis was 
conducted. In Figure 78, a schematic of the overall setup is shown. 

 
Figure 78: Schematic of experimental setup for pyroelectric characterization. 

FF was diluted with Kerosene (Carlo Erba), compatible with the FF carrier 
fluid, in order to reach a 2% vol. concentration of Fe3O4 and then a 0.5% vol. of BT 
NPs (average diameter=300 nm, tetragonal crystalline structure) were dispersed by 
means of sonifier horn (Branson Digital Sonifier® Model 450). To ensure 
homogeneous dispersion during the entire duration of the experiments, a magnetic 
stirrer (Velp Scientifica) was used, coupled with a heating plate for providing 
different heating conditions. Two heating conditions have been investigated: low 
heating (LH), where the temperature increase in the reservoir (becher) was only due 
to mechanical stirring, and strong heating (SH), where the fluid was heated up to ≈ 

60 °C before being pumped. The choice for this temperature was driven by a trade-
off among the solvent evaporation rate, the cooling rate and the transient time 
needed to heat up the solution. As shown in Figure 78, temperature was monitored 
in correspondence of the reservoir and of the two electrodes, by means of N- type 
thermocouples (Eltec Cables and Instruments), connected to a DAQ NI USB-6289 
M (National Instruments) controlled by LabVIEWTM for data manipulation. 

First, a thermal analysis was conducted and temperature values acquired by the 
TCs are reported in Figure 79, where the curves were smoothed by means of a first 
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order polynomial Savitzky-Golay fitting, over a window of 59 points. LH condition 
(left) and SH condition (right) show respectively only stirrer thermal agitation and 
heating up to 60 °C. Then, when the pump is switched-on, the temperature in the 
reservoir (TB) abruptly drops due to colloid motion. After approximately 200 s SS 
conditions are achieved and the gradient between the two electrodes stabilizes (blue 
line) at 2.4 °C. Electrode 1 (E1) indicates the upstream electrode while E2 indicates 
the downstream one.  

 

Figure 79: Temperature trend in typical LH (left) and SH (right) condition (209). 
Reproduced under the terms of the Creative Commons CC BY license. 

In order to investigate different cooling rates, different velocities (0.2, 0.4, 0.6, 
1.1, 2.2 cm/s) and Reynolds numbers (from 10 to 100) were set, guaranteeing a 
laminar flow regime in the entire velocity range. In Figure 80, voltage and current 
VS time in LH conditions for the colloid with 0.5% vol. of BT (0.5% BT) are 
provided. 

 

Figure 80: VOC (left) and ISC (right) VS time for 0.5% BT at different flow rates in low-
heating condition (209). Reproduced under the terms of the Creative Commons CC BY 
license. 
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They show a quite stable trend, up to 0.6 cm/s; then, both potential and current are 
slowly moving to an asymptote, increasing and decreasing, respectively. This might 
be due to limitations in the extraction system and to the different entrance length 
𝐸𝐿 related to the different velocities. In fact, 𝐸𝐿 identifies the length needed to the 
fluid for completely developing the flow profile in the pipe and is evaluated by 
means of: 

𝐸𝐿 = 0.06 𝑅𝑒 ∙ 𝑑, 

where 𝑑 is the pipe diameter. In all the testing conditions, 𝐸𝐿 spans from 5 mm to 
5,5 cm, leading to a completely developed profile in proximity of the first electrode 
in the case of low flow rates and in a not completely developed one for higher rates 
(> 1.1 cm/s). 

Then, in order to verify the effective contribution to current and voltage due to 
pyroelectric effect thanks to BT NPs, the different components of the mixture 
(kerosene alone, FF and BT) have been analysed. First, kerosene was tested in both 
heating conditions. Neither pyro nor triboelectric behaviour was expected and no 
voltage or current was significantly measured above the noise floor indeed. 
However, 2% FF shown a remarkable triboelectric response, in both heating 
conditions. Thus, current and voltages were acquired in order to be subtracted from 
those related to 0.5% BT for isolating the pure pyroelectric component of energy 
harvesting. In Figure 81, voltage and current have been normalized respectively by 
the distance length between the two electrodes (electric field) and the electrode area 
(current density).  

 

Figure 81: Electric field and current density (left) and maximum power (right) VS velocity 
of 0.5% BT in both heating conditions (209). Reproduced under the terms of the Creative 
Commons CC BY license. 
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Interestingly, the sign of current density changes by exploiting SH and pyroelectric 
effect, while the electric field does not change sign and slightly increases. Velocity 
has the effect of producing a steady but nonlinear increase in electric fields and a 
nonlinear increase in the currents density with SH and a fluctuating trend with LH. 
A significant increase in power production, especially at intermediate velocities and 
in SH condition, is observed. This could be due to a decrease of the colloid 
viscosity, leading to lower friction among NPs and surrounding solvent, allowing a 
larger number of NPs to reach the electrodes. 

Finally, the conversion efficiency of the system is evaluated comparing all the 
input thermal power sources with the electrical power extracted. The first 
contribution to consider is the stirrer one, increasing the temperature of the colloid 
of ≈ 1.5 °C with respect to the room temperature of 23 °C, as reported in Figure 79 
(left). According to the theory of mixing, the power transferred to the fluid during 
mechanical agitation depends on variables such as the size of the reservoirs and 
impeller (in this case a magnetic anchor), fluid properties such as viscosity, and 
stirred speed (209). The relationships between these variables are usually expressed 
in terms of dimensionless numbers, such as the impeller Reynolds number (𝑅𝑒) and 
the power number 𝑁𝑝. 𝑅𝑒 number of the stirred fluid can be expressed as (210): 

𝑅𝑒 =
𝑁𝑖𝜌𝑚𝐷

2

𝜇𝑚
, 

where 𝑁𝑖 represents the stirring frequency [rps], 𝐷 the anchor length [m] and 𝜌𝑚 
and 𝜇𝑚 are the mixture density [kg m-3] and dynamic viscosity [kg m-1 s-1], 
respectively.  

The mixture density can be evaluated as (211): 

𝜌𝑚 = (1 − 𝜑 − 𝜗)𝜌𝑓 + 𝜑𝜌𝐹𝐹 + 𝜗𝜌𝐵𝑇, 

with 𝜌𝑓 representing the carrier fluid density, 𝜑 and 𝜌𝐹𝐹 concentration and density 
of magnetite, 𝜃 and 𝜌𝐵𝑇 concentration and density of barium titanate.  

From the value of 𝑅𝑒 we could determine the regime to be turbulent inside the 
becher, and the dimensionless power number 𝑁𝑝 equal to 0.35 (210) allowing the 
evaluation of the power transferred to the fluid during mixing: 

𝑃𝑠𝑡𝑖𝑟 = 𝑁𝑝𝜌𝑚𝑁𝑖
3𝐷5. 
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The second contribution is provided by the heating plate in SH conditions. The 
amount of heat transferred to the fluid is: 
 

𝑄ℎ = ∆𝑇ℎ ∙ 𝑚𝑏 ∙ 𝐶, 

with 𝑚𝑏 representing the mass of the mixture [kg] contained in the becher and 𝐶 
being the specific heat capacity of the colloid [J kg−1 K−1], evaluated as (212): 

𝐶 =
(1−𝜑−𝜗)𝜌𝑓𝐶𝑓+𝜑𝜌𝐹𝐹𝐶𝐹𝐹+𝜗𝜌𝐵𝑇𝐶𝐵𝑇

𝜌𝑚
, 

with 𝐶𝑓, 𝐶𝐹𝐹 and 𝐶𝐵𝑇 representing the specific heat capacities of the mixture 
components. 

Considering that, in SH condition, the temperature difference, Δ𝑇ℎ, is 37 °C, the 
thermal power is: 

𝑃ℎ = 𝑄ℎ̇ =
∆𝑇ℎ𝑚𝑏𝐶

𝑡ℎ
, 

where 𝑡ℎ is time needed to reach the temperature of 60 °C.  

Finally, the input power from both stirrer and heater must be normalized on the 
becher volume (𝑉𝑏) considering the volume of fluid effectively drawn off (𝑉𝑑), in 
order to consider as useful power, only the amount provided to the liquid actually 
used to produce the electrical output power.  

Thus, the total input power 𝑃𝐼 per unit volume, will be given by the sum of all the 
aforementioned contributions: 

𝑃𝐼 = 
𝑃𝑠𝑡𝑖𝑟̅̅ ̅̅ ̅̅ ̅+𝑃ℎ̅̅ ̅̅

𝑉𝑛𝑜𝑟𝑚
=

1

𝑉𝑛𝑜𝑟𝑚𝑉𝑏
(𝑃𝑠𝑡𝑖𝑟𝑉𝑑 + 𝑃ℎ𝑉𝑑), 

where 𝑉𝑛𝑜𝑟𝑚 indicates the normalization volume obtained accounting the distance 
between the two electrodes and the electrodes area, and the thermal-electro 
efficiency is expressed as: 

𝜂 =
𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙
=
𝑉𝑜𝑐𝐼𝑠𝑐

𝑃𝐼
. 

The efficiency values are reported in Table 12, showing promising results 
especially in SH conditions. 
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Table 12: Thermal-electro efficiency values at different velocities, in both LH and SH 
conditions (209). 

 V1 [m/s] V2 [m/s] V3 [m/s] V4 [m/s] V5 [m/s] 

ηLH [%] 0.28 0.31 0.14 0.03 0.04 

ηSH [%] 0.7 0.57 0.45 0.87 0.56 

4.3.4 Ferrofluid – Triboelectric and pyroelectric effect 

After having evaluated the inductive capability of FF and driven by the findings of 
4.3.3, we also investigate its triboelectric and pyroelectric properties with surprising 
unprecedented results. Employing the same setups of 4.3.2 and 4.3.3 we analysed 
the potentials and currents generated on the capacitive and resistive electrodes 
respectively at different flows velocities in a range far from saturation, testing: V1= 
0.22, V2= 0.44, V3= 0.66, V5=1.1, V10=2.2 mm/s, respectively 2, 4, 6, 8, 10 A.U..  

On the capacitive electrode, Figure 82 shows, as expected for triboelectric 
phenomena, increasing potentials and currents with increasing speed, up to a 
maximum of about 48 V and 2.8 nA. In this case, a directly proportional correlation 
between velocity and potential and currents, differently to what observed in 4.3.2, 
probably due to a higher stability of the colloid employed. 

  

Figure 82: Recorded potential and current on the capacitive electrode versus time (top left 
and right) and speed (bottom) (202). Reproduced with permission. 

On the other hand, we measured both potentials and currents as a function of the 
fluid velocity when the recorded temperature in the becher was 60 °C and we 
compared the values with the case when the colloid was flowing at room 
temperature (RT). As expected, increasing the fluid velocity, a more abrupt 
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temperature drop occurs and then Figure 83 shows a gradual increase in recorded 
potentials and currents. With respect to the RT conditions, the electrical outputs are 
clearly higher, confirming that a pyroelectric phenomenon is taking place in the FF 
NPs. 

 

Figure 83: Recorded potential and current on the resistive electrode versus time in SH 
conditions (left, center) and speed in both heating conditions (right) (202). Reproduced 
with permission. 

Considering that at RT the max potential recorded is about 25 V it is evident that 

the capacitive electrode is better performing for exploiting triboelectricity, while 

the measured current up to 22 nA, one order of magnitude higher than for the 

capacitive electrode, suggests that the resistive one better suits for collecting 

charges generated by pyroelectricity.  

In order to verify that the measured voltages and currents are effectively 

produced from the energy conversion processes taking place, and that the 

measurement system does not introduce any bias, we analysed the electric 

conductivity at room temperature of the FF with different concentrations (0.5, 1, 2, 

4, 6 and 8 % vol.), conducting an impedance spectrum analysis (Figure 84).  

 

Figure 84: Impedance spectrum analysis at room temperature of FF at different 
concentrations (202). Reproduced with permission. 
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In Figure 84 intercepts with x-axis represent the values of electronic resistance of 
the material and are indicated in the boxes along with FF solid volumes. It is evident 

that FF behaves as a quasi-ideal capacitor (circular lines properly fit the 

experimental data) at all volume concentrations tested, with very high values of 

electric resistance (coloured boxes in figure). 

Since, neither pyro nor triboelectric behaviour was observed above the noise 
floor in the kerosene, as mentioned in 4.3.3, all the contributions are attributable to 
the sole Fe3O4 component suggesting that FF behaves as both a triboelectric and a 

pyroelectric material. Furthermore, while the capacitive electrode is more efficient 

for accumulating charges developed by triboelectricity (up to 48 V), the resistive 

one, being in direct contact with the FF, is essential to collect the charges displaced 

by pyroelectricity (up to 22 nA). In comparison (4.3.1), exploiting electromagnetic 

induction harvesting leads to extracted currents of 3 orders of magnitude higher, 

while the EMF is of 6 orders of magnitude lower with respect to the one obtained 

with the triboelectric harvesting. Thus, FF is an interesting candidate for 

triboelectric and pyroelectric harvesters. Moreover, FF magnetic properties are 

appealing, especially in robotic applications when they can be exploited for 

controlling the fluid dynamics in order to optimize energetic system but also for 

developing mobility system, similarly to what already happens in biomedical 

nano/micro robotics. 

4.3.5 Mixed colloid - Multieffect 

Finally, we explored the potential of a multieffect conversion system combining 
together the effects of electromagnetic induction, triboelectricity and 
pyroelectricity, using a mixed colloid and focusing on synergistic effects that could 
arise. We built a similar setup to that already employed in 4.3.1, 4.3.2 and 4.3.3 
with all the three extraction systems installed (Figure 85). FF EMG 901 was diluted 
with kerosene, compatible with the FF carrier fluid, in order to reach a 2% vol. 
concentration of Fe3O4. BaTiO3 (1% vol.) and TiO2 (1% vol.) NPs were dispersed 
by means of a horn sonicator (Branson Digital Sonifier Model 450) operating for 
30 min at 100 W, with a duty cycle of 10 s of rest each 10 s of operation. The mixed 
colloid (2%FF + 1%BT + 1%T) was stored in a Becher where a magnetic stirrer 
was used to maintain its compositional and thermal homogeneity, and a heater to 
provide the desired thermal power. Then, it was pumped through the FEP pipe by 
means of the peristaltic pump setting the fluid velocity, between 0.22 mm/s and 2.2 
cm/s. The titanium resistive electrode, placed directly in contact with the colloid 
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collected charges by mechanical drag. The OFC solenoid, wound around the pipe, 
collected charges by electromagnetic induction and the aluminum capacitive 
electrode anchored externally, in contact with the pipe, collected charges by 
dielectric polarization. Each electrode was coupled with one of the functional 
components of the colloid, showing pyroelectric (colloidal BaTiO3), magnetic (FF), 
and triboelectric (colloidal TiO2) properties, respectively. In particular, the resistive 
titanium electrode permitted to harvest charges accumulated in the fluid whose 
equivalent is a voltage generator, while the colloid itself acts as a primary circuit. 
This circuital analogy is valid even when the external velocity of the fluid is zero: 
in fact, spatial temperature gradients are able to initiate density gradients by 
diffusion, which ultimately produce an electromotive force on the inner electrode 
(213). 

 

Figure 85: Rendering of the multieffect setup. 
 

Furthermore, the ferroelectric behavior shown by the FEP pipe (Figure 86) 
allowed bringing the polymer to an electrical remanence state and taking advantage 
of its dielectric displacement, when interacting with the moving colloid and NPs 
surfaces.  
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Figure 86: Electrical minor hysteresis cycle measured tangentially to the FEP pipe (213). 
Reproduced with permission. 

We can think at the system as a spring storing energy until the pipe reaches its 
electrical remanence state, where it can polarize the charges of the moving fluid and 
increase the conversion efficiency. When the colloid moves very fast to a specific 
direction (e.g. forward), the friction between the fluid and the pipe walls can rotate 
the pipe polarization state and eventually reach its electrical coercivity, where the 
net polarization is zero (spring released). Here, the pipe is not anymore able to 
polarize the fluid and we lose conversion efficiency. If the same forward direction 
is maintained, the fluid can transfer again energy on the pipe walls and bring their 
polarization to the negative remanence, restoring its polarization capabilities and 
conversion efficiency (spring compressed) (213).  

First, we characterized the inductive electrode with the fluid in SH conditions, 
showing small electromotive forces and currents corresponding to power up to the 
hundreds of pW (Figure 87a), slightly lower, but of the same magnitude, than the 
powers extracted with only 2% FF (4.3.1). Obviously, the inductive capability of 
the colloid is not enhanced by the other components, having BT and T no magnetic 
moment. Actually, it is likely reduced due to interference and viscosity factors. In 
order to take into account independently the effects of magnetic field (generated by 
the permanent magnets), temperature, and concentration of FF, a complete 
analytical model has been developed (214). Then, we analysed the external 
capacitive electrode, on which the potential accumulated was higher when 
compared with the setup with titania only (4.3.2), both at room temperature or in 
SH conditions (Figure 87b). 
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Figure 87: a) Power output of the inductive electrode when mixed colloid (SH conditions) 
flows at 0.22 mm/s. b) Potential measured on the capacitive electrode when mixed colloid 
(SH conditions) flows at 6 mm/s (213). Reproduced with permission. 

Finally, we characterized the resistive electrode, when the fluid was heated up 
to 60 °C (SH conditions), showing typical SC current profiles as shown in Figure 
88a, in the range of tens of nA. The potential that settles on the resistive electrode 
can be in the range of hundreds of V, as in Figure 88b.  

 

Figure 88: Resistive electrode, SH conditions. Typical profile of current extracted when 
mixed colloid flows at of 2.2 cm/s (a) and of potential measured (b), where for each 
potential peak the corresponding speed is indicated in mm/s (213). Reproduced with 
permission. 

Furthermore, potential is sensitive to the magnitude and direction of the colloid 
velocity. In fact, inverting the flux an inversion of the potential sign was observed 
(Figure 89). 
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Figure 89: Sensitivity of potential to the colloid direction (213). Reproduced with 
permission. 

With respect to the experiments with only the pyroelectric effect (4.3.3), the 
generated potential is approximately 365% higher and the current 54% higher. This 
remarkable result is the first proof of the synergistic effects enabled in the 
multieffect setup (213). Considering that typical Rayleigh–Bénard convection, 
triggered by a thermal gradient of 1 °C, generates diffusive patterns flowing at 1.2 
cm/s (215), velocity profiles in function of acquisition time (Figure 90) show the 
fast dynamics of the system in harvesting energy even at speeds lower than 1 mm/s. 
In fact, the multieffect setup features a maximum power output of 700 nW at 1 
cm/s, while 150 nW is extracted at 1 mm/s, corresponding to a thermal gradient of 
0.1 °C, showing a higher conversion efficiency at lower speed, probably due to 
unfavorable effects of dynamic viscosity 

 

Figure 90: OC voltages (a) and SC currents (b) VS time [s] and fluid velocity [mm/s], 
collected by the resistive electrode in LH conditions (213). Reproduced with permission. 
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The most interesting results were found characterizing the resistive electrode 

with the mixed colloid in LH conditions. In these conditions, specific power, 
electric field and the current density of the setup in function of the fluid velocity is 
shown in Figure 91, considering respectively the colloid volume, distance between 
resistive and reference electrode in the becher and the electrode area. The 
multieffect setup reaches the maximum output power at 1 cm/s, corresponding to a 
thermal gradient in the order of 1 °C. 

 

Figure 91: Overall specific power, electric field and current density VS fluid velocity, 
measured on the resistive electrode in LH conditions (213). Reproduced with permission. 

Thus, if it is clear that BT and T NPs, having no net magnetization, cannot 
provide any induction, the pure triboelectric component is greatly enhanced by the 
mixed colloid, as well as the pyroelectric component, by synergistic effects. The 
inductive component is slightly diminished. At the same time, each materials suits 
better with different solvents. Thus, in view of a practical application, a non-mixed 
colloid is preferred.  

4.4 Planar converter 

In view of the last findings, the final step of CERES project conceived a planar 
energy harvester and converter. The results obtained with the experimental linear 
setup were applied to a device with planar geometry, inspired by the planar 
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experimental setup described in 4.2, within which the functional colloid flow 
through channels designed ad hoc for this particular configuration. The invention, 
called Multieffect liqUid State Thermal hArvesteR (mu-star, μ*), was 
internationally patented (PT190513) and is here described. The μ* converter has 
been imagined for installation and use in three main application domains, resulting 
in as many configuration: 

• flat surfaces - “flat” configuration; 
• curved surfaces - “soft” configuration; 
• cylindrical surfaces - “ring” configuration. 

4.4.1 Flat configuration 

The flat configuration is a rectangular parallelepiped with variable dimensions 
according to the application (e.g. 200x100x20 mm). The top layer is in thermal and 
physical contact with the hot reservoir and the bottom layer with the cold one. The 
hot surface might be either an illuminated plane, to whom solar radiation transfers 
energy, or a portion where waste heat has been conveyed (for example: the heat 
sink of an engine, of a domestic appliance, of an electronic circuit that needs to 
dissipate thermal energy, the ceiling or window/wall of a greenhouse). The cold 
surface might be either a shaded area, or a radiator in thermal contact with the 
environment, or a radiator in thermal contact with a cooling circuit.  

It is composed of 3 different layers as shown in Figure 92. 

 

Figure 92: Isometric (top) and side (bottom) views of flat configuration. 
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In order:  

• a top external metal/ceramic layer with very high thermal conductivity 
(for example aluminium, copper, PERLUCOR®); 

• an intermediate polymeric hollow layer with very low thermal 
conductivity (for example PTFE); 

• a bottom external metal layer with very high thermal conductivity (for 
example aluminium, copper). 

The intermediate layer (number 2) comprises three adjacent volumes, physically 
separated, as shown Figure 93. Such volumes are named as: 

• “Tribo” region, through which water based colloidal TiO2 (or an 
alternative triboelectric nanomaterial) flows; 

• “Pyro” region, through which water/oil based colloidal BaTiO3 (or an 
alternative pyroelectric nanomaterial) flows; 

• “Induction” region, through which water/oil based colloidal Fe3O4 (or 
an alternative superparamagnetic nanomaterial) flows; 

 

Figure 93: Top (left) and isometric (right) views of Layer n° 2 with the Tribo, Pyro and 
Induction regions highlighted, in the flat and soft configuration.  

 Within each region a different nanofluid flows through an helicoidal channel 
hosted within layer number 2 and confined in each single region as shown in Figure 
93. The helicoidal channel could either be a duct within the same layer 2-block 
material (for example, PTFE), or a polymeric tube positioned within layer 2 (for 
example made in PTFE-FEP or PVDF). The typical inner diameter of the channel 
ranges from 3 to 5 mm. Each channel has an inlet for the injection of their respective 
functional colloid and an outlet for exhausting air during the filling operations. The 
fabrication of harvesting panels, therefore, must include besides assembly also the 
operation of filling with the colloids. Openings must be sealable with a pressure cap 
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that is removed to inject the colloid and allow air to exit, and replaced before setting 
the device into operation.  

Along the channels in “Tribo” and “Pyro” regions, halfway between the top 
and bottom surfaces, electrodes are installed as shown in Figure 94. According to 
the last findings, in the “Tribo” region, aluminum electrodes are placed externally 
to the channel, while in the “Pyro” region titanium electrodes are installed 
internally, in contact with the fluid.  

 

Figure 94: Section view of the channels in “Tribo” and “Pyro” regions, with electrodes 
highlighted. 

Along the channels, in the “Induction” region, halfway between the top and bottom 
surfaces, two ring-shaped magnets are coupled with an OFC induction coil (Figure 
95).  

 

Figure 95: Side view of the channels in “Induction” region, with coils and magnets 

highlighted. 

It is fundamental that the helicoidal channels has an asymmetric profile as the 
one shown in Figure 96, in order to allow the fluid to follow a preferential direction. 
Let us consider again that portion of tube that is “far” from the top (cold) and bottom 
(hot) surfaces. Looking at the orthogonal section, the angle between the straight 
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portion of the tube and the hot side is approximately 45°, while the angle between 
the cold side and the straight portion of the tube is approximately 60°. When a fluid 
particle inside the channel is close to the “cold side”, it is forced to move toward 
the “hot side” going from left to right thanks to the geometry of the channel itself. 

The explanation of this resides in the better exploitation of the buoyancy and 
gravitational forces: heating facilitates buoyancy, cooling facilitates gravitational 
sedimentation.  

 

Figure 96: Lateral view of helicoidal channels with fluid motion highlighted. 
 

During an operative scenario, thanks to Rayleigh-Bénard natural convection 
triggered by the thermal gradient across the device, the 3 nanofluids start flowing 
through the 3 channels. Then, the device start operating, cooling the hot surface and 
generating electricity by means of capacitive, resistive and inductive electrodes. 
Such electricity is made available to the user for external loads. According to 4.3.5, 
in order to increase the efficiency of the converter, it is important that the three 
regions are physically separated to be resilient toward a naturally dynamic reality, 
where physical parameters may exceptionally explore a vast configuration space.  

Finally, in order to estimate the impact on society of a multieffect WHP 
CERES, typical application scenarios have been hypothesized, defining practical 
application domains (wearable patch, satellite electronic board, domestic electric 
appliance, car heat exchanger, house wall, industrial plant) and reasonable device 
geometries (thickness and surface area). Results are summarized in Table 13, 
including the output power, computed by means of a MATLAB script (213), of a 
conversion system exploiting the same features reported in our experiments 
(mixture components and concentrations), but different geometry and volume of 
colloid employed.  



Flat configuration 149 

 
Table 13: Input parameters for the MATLAB script exploited for performing numerical 
simulation of the output power of the multieffect WHP CERES. 
 

Application Thickness [m] Area [m2] ΔT [K] Power [W]  

Wearable 0.05 0.01 10 395 μ  

Space 0.1 0.01 30 6 m  

Domestic 0.15 0.1 25 33 m  

Automotive 0.2 1 100 2  

Building 0.07 25 30 73  

Industrial 0.5 1500 150 11 k  

 

Outcomes can be also graphically visualized in Figure 97. 

 

Figure 97: Output power of the multieffect WHP CERES in specific application scenarios, 
as per numerical analysis. The bubble diameter and colour are proportional to log (power) 
(213). Reproduced with permission. 
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In in Figure 97 extracted power ranges from 395 μW in the wearable device to 11 
kW in the industrial plant, operating over 150 °C of ΔT. In the analysis, no materials 
optimization was considered, but it is clear that progress in employing higher 
efficiency colloidal mixtures could easily increase the amount of energy extracted 
(213). 

4.4.2 Soft configuration 

The application domain is similar to the flat option, but with a specific design for 
curved surfaces. In fact, the soft configuration is a flexible rectangular 
parallelepiped composed, similarly to the flat case, of 3 different layers (Figure 92): 
 

• a top elastomeric layer with very high thermal conductivity (for example 
fabricated in thermally conductive silicone, elastomer with elongated liquid 
metal inclusions, mixture of PDMS and carbon nanotubes, mixtures of 
rubbers and graphene, “thubber”);  

• an intermediate polymeric hollow layer with very low thermal conductivity 
(for example fabricated in silicone, PTFE);  

• a second external elastomeric layer with very high thermal conductivity (for 
example fabricated in thermally conductive silicone, elastomer with 
elongated liquid metal inclusions, mixture of PDMS and carbon nanotubes, 
mixtures of rubbers and graphene, “thubber”).  
 

The layer number 2 (Figure 93) comprises three adjacent volumes, physically 
separated and containing the same fluids and with the same channels and electrode 
systems, as in the flat configuration. Of course, considering the application, a higher 
degree of flexibility in the channel system is required, in comparison to the flat case.  

4.4.3 Ring configuration 

The ring configuration is a hollow torus (with cross section presenting flat lateral 
sides) featuring variable dimensions, with inner diameter that the ring can be 
installed around a hot pipe, conveying fluids (for example hot water for heating, hot 
fumes/exhaust pipes, oil transportation pipes). Imagining cutting open the device 
along the poloidal axis, the ring is composed by three different layers, as shown in 
Figure 98 (where the channels have been linearized for the sake of clarity): 

• an outer metal/ceramic layer with very high thermal conductivity (for 
example aluminium, copper, PERLUCOR®); 
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• an intermediate polymeric hollow layer with very low thermal conductivity 

(for example PTFE), comprising a volume where three pipes are helically 
revolving around the inner opening of the ring; 

• an inner metal layer with very high thermal conductivity (for example 
aluminium, copper). 

 

Figure 98: Section of the ring configuration with internal channels highlighted. 
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Conclusions 

In this work the context of the present research project has been outlined, 
highlighting energy and climate global issues, the state-of-the-art of technologies 
addressing them, as well as the reasons for the urgent need of novelties. In fact, 
anthropogenic energy systems have a huge environmental impact: most of all, the 
greenhouse gases emissions and energy losses. Although some highly damaging 
processes have been either completely eliminated or reduced to acceptable levels 
some serious problems still remain, related to exponentially increasing global 
population in complex high-energy demanding societies. Fortunately, in parallel 
with the development of powered devices, several approaches for reducing energy 
losses exist and nowadays, many waste heat recovery, waste heat to power, energy 
harvesting and conversion systems are available. The most interesting have been 
described and sorted according to their typical practical application.  

Starting from the purpose of space exploration in extreme environments, the 
engineering feasibility of an energy harvesting and storage system called Colloidal 
EneRgEtic System (CERES) is proposed as a starting point to address waste heat 
to power and energy harvesting with nonconventional solutions, combining the 
nanoscale properties of solid material and the advantages of fluids. In particular, 
exploiting magnetic, triboelectric and pyroelectric colloids. At this point, the main 
steps and milestones related to the PhD project are described and discussed, starting 
from the initial conceptual idea and the first prototype, showing how and why the 
design has evolved, the test conducted and the main findings and, at last, future 
optimizations. First, with TORODYNA, ferrofluids have been investigated, 
exploiting a combination of thermal gradient (simulating the waste heat from any 
kind of source) and magnetic field to trigger a driven thermomagnetic advection in 
a toroidal converter. Then, with dedicated induction coils, coupled with permanent 
magnets, electromagnetic induction force and consequently electrical power are 
generated. The analysis showed interesting results, suggesting that low ferrofluid 
concentrations (≤ 2% vol.) perform better due to antagonistic magnetoviscous 
effects. Furthermore, this recovery technique may be more suitable for energy 
storage by means of batteries, supercapacitors, or in general devices that have a 
high intrinsic resistive and capacitive component. At the same time, in order to 
improve the conversion efficiency and increasing the electrical power output, many 
solutions have been identified, to be applied in future developments of the project. 
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Then, exploiting the periodicity of the geometry, only one thermomagnetic region 
was analysed, in order to focus on the fluid dynamic phenomena, occurring in the 
orthogonal plane of the converter. The experimental investigation was coupled with 
numerical simulations, suggesting a specific thermomagnetic configuration for 
optimizing the performances. On the other hand, for what concerns the longitudinal 
dimension, a simplified setup was built for the analysis of the pure inductive effect 
of the ferromagnetic colloid. The relatively low performances obtained exploiting 
the ferrofluid inductive capability led us to consider different colloids (suspension 
of TiO2 and BaTiO3 nanoparticles) associated to other physical effects: tribo and 
pyroelectricity. The first promising results, with relatively high conversion 
efficiencies, led us to patent a device (mu-star) based on these materials and 
physical principles suitable industrial, automotive, domestic, space and wearable 
applications. Then, we also investigated the ferrofluids capability of showing 
triboelectric and pyroelectric-like phenomena, reaching surprising results. In 
summary, exploiting electromagnetic induction harvesting leads to currents of 3 

orders of magnitude higher, while the electromotive force is of 6 orders of 

magnitude lower with respect to the one obtained with the triboelectric harvesting. 

Thus, ferrofluids proved being an interesting candidate for triboelectric and 

pyroelectric harvesters. Moreover, ferrofluid magnetic properties are particularly 

appealing, especially in robotic applications when they can be exploited for 

controlling the fluid dynamics in order to optimize energetic systems but also for 

developing mobility systems, similarly to what already happened in biomedical 

nano/micro robotics. Finally, we explored the potential of a multieffect conversion 
system combining together the effects of electromagnetic induction, triboelectricity 
and pyroelectricity, using a mixed colloid and noticing synergistic effects that 
increase the system efficiency, yet with some operational drawbacks.  

Further steps in the CERES project involve: 

• device design enhancements for thermo-fluid dynamics optimization; 
• energy extraction system should be analysed, designed and calibrated ad 

hoc for the specific application, device and materials employed, in order to 
optimize the harvesting efficiency; 

• customized synthesis of colloids under analysis, for avoiding sedimentation 
and agglomeration during operation; 

• a complete computational heat and mass transfer analysis for obtaining 
insights on the micro and nanoscale phenomena occurring inside the device 
before, during and after operations;  
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• technological readiness level advancements with application in industrial, 

automotive, domestic and space exploration fields possibly with the aid of 
incubators.  

Finally, a sustainability analysis, for example by means of fuzzy logic based 
methodologies, would be fundamental to verify that the energetic cost of 
production, both for materials and device, maintenance and disposal is lower than 
the energy effectively harvested and converted, similarly to what happens with new 
environmental friendly technologies. 
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Abstract
This work deals with energy harvesting from temperature variations using ferroelectric materials as a

microgenerator. The previous researches show that direct pyroelectric energy harvesting is not effective,

whereas thermodynamic-based cycles give higher energy. Also, at different temperatures some

thermodynamic cycles exhibit different behaviours. In this paper pyroelectric energy harvesting using Lenoir

and Ericsson thermodynamic cycles has been studied numerically and the two cycles were compared with

each other. The material used is the PMN-25 PT single crystal that is a very interesting material in the

framework of energy harvesting and sensor applications.

1. Introduction
Small, portable, and lightweight power generation systems are currently in very high demand in commercial

markets, due to a dramatic increase in the use of personal electronics and communication equipments. The

simple way to satisfy these demands is to utilize batteries; however, nonrechargeable batteries are becoming

useless upon discharging, and rechargeable batteries require portable power generation units to recharge

them. Thus, a portable small-scale power generation system that can either replace batteries entirely or

recharge them to extend their lifetime is of considerable interest. There are several different classes of small-

scale power generators currently being researched. The power generation technique that is investigated in this
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