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SUMMARY
Fossil fuel sources are well suited to fulfill the energy needs of human beings. Unfortunately, there
are some limitations and disadvantages pertaining to fossil fuels, some of which are drastic. The main
issues are: firstly, there is a finite supply of these fuels, eventually this supply will be exhausted; sec-
ondly, burning fossil fuels contributes to global warming, leading to disastrous consequences for
the environment and the health of humans. Switching to renewable energy sources is the viable
solution to the aforementioned issues. Robots bring numerous benefits in a wide variety of applica-
tions. Introducing robots to production environments and other applications results in a remarkable
improvement in terms of productivity and efficiency. In this paper, the integration between robots
and renewable energy sources is discussed. In other words, two main points are investigated: (1) how
can renewable energy be a viable source of energy for robots and (2) how can the renewable energy
industry benefit from utilizing robots in the execution of renewable energy-related tasks. Some of the
recent developments concerning the integration between robots and renewable energy are reviewed.
In addition, more opportunities and expected advancements are also discussed.
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1. Introduction
Fossil fuels (oil, natural gas, and coal) have several disadvantages:

(1) There is a limited supply of these fuels. Eventually, they will be exhausted.1, 2, 25, 57

(2) The increasing scarcity of fossil fuels leads to higher costs.23, 59

(3) Burning fossil fuels releases pollutants into the air, soil, and water causing dangerous
diseases.2, 30

(4) Burning fossil fuels sends greenhouse gases (GHGs) into the atmosphere, contributing to global
warming and leading to severe climate changes in addition to other extreme conditions like
floods and droughts.2, 30

Nuclear power is risky, expensive, and produces dangerous wastes.25, 59 It is also based on a limited
resource (uranium).23 Germany will cease nuclear energy by 2022.58

Switching to renewable energy sources is the viable solution to the above threats2, 57 for the below
reasons:

(1) Renewable energy resources will never be exhausted,5 as they are naturally renewed2–4, 30 at a
rate equal to or faster than the rate at which they are consumed.4
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(2) Most renewable energy investments are spent on building and maintaining the facilities, instead
of importing fossil fuels.5

(3) Renewable energy sources are often called “clean” as they produce few or no pollutants.2, 57, 59

(4) Using renewable energy sources reduces GHG emissions, thus avoiding disastrous climate
changes.5, 23, 30, 59, 127

(5) Other advantages of using renewable energy sources include job opportunities24, 30 and incr-
eased energy security.30, 59

The recent years have witnessed an international interest for renewable energy resources. 2015
was a year of several agreements related to renewable energy, including commitments by the G7 and
the G20 toward renewable energy.115 In 2016, major companies like Google, Apple, and Microsoft
have made large commitments to renewables. An alliance has also been established by the corporate
community that focuses on finding ways for corporations to purchase renewable energy.48 In 2017,
the share of renewables in global power generation increased from 7.4% to 8.4%.132 A known value
of 157 GW of renewable power was produced in 2017, compared to 143 GW in 2016.129 Germany
is planning to rely completely on renewable sources for electricity supply by 2050.58 Traditionally,
the development of renewable energy technologies was mainly carried out by the United States and
Europe. However, emerging countries are now actively taking place in activities related to renew-
able energy.126 By achieving the transition to renewable energy, Iceland has made a remarkable
success story in renewable energy development.172 The aforementioned facts outline the wide adop-
tion of renewable energy sources by the international community as an efficient alternative to fossil
fuels.

The main disadvantages of renewables are: (1) cost,59, 131 and (2) fluctuating and intermittent
generation.25, 32, 59, 60, 131 These can be improved by: (1) resource diversity,25, 60 (2) using efficient
control strategies, and (3) using smart grids for efficient storage and delivery of energy.59, 60, 131 Other
non-technical challenges include social, economic, and political issues.59

Employment effects of renewable energy
There are many benefits of promoting renewable energy. While all benefits are generally accepted,
the impact of renewable energy on employment is still controversial.181 Transitioning to renewable
energy entails a contraction of the fossil fuel sector, along with a loss of jobs. An important question
is whether renewable energy will create more jobs than will be lost in fossil fuels.

• Types of employment effects:180

Î Direct employment effects: include employment created by the core activities of a project
excluding the intermediate inputs necessary for it, for example, the manufacturing of
renewable energy equipment.

Î Indirect employment effects: cover traders as well as service and material providers.
Î Induced employment effects: can be associated with the downstream effects of the project and

direct and indirect employment, including goods and services purchased by those employed
directly and indirectly.

Renewable energy investments generate greater direct employment opportunities than those
of conventional energy sources. Indirect and induced employment effects of renewable energy
investments often only become visible over time. Their measurement is more complicated and
controversial than that of direct employment effects, and there are important limitations to their
assessment.185

• Models to estimate the employment effects of renewable energy:180

Î Input–output methods: can calculate direct, indirect, and induced effects.
Î Analytical methods: commonly used for regional or provincial studies where the input–

output method cannot easily be applied. The method is usually reliant on extensive surveys.
While the analytical method may not be able to determine indirect jobs, it can be a more
transparent model.181
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Table I. Increase in global renewable energy employment.

Number of jobs Percentage
Year (million) increase (%)

2015 8.1 5
2016 8.3 2.8
2017 8.8 6.3

• Factors affecting job estimates

Î Labor intensity of renewable energy: renewable energy is more labor intensive during the
construction and installation phases than conventional energy. Meaning that a given amount
of workers in the renewable energy sector will produce less energy than the same amount of
workers in the conventional energy sector.181, 187

Î Cost increases and availability of investment: along with direct job losses in the conventional
energy industry, promotion of renewable energy could also cause job losses through the drain
on economic activity caused by higher electricity prices.182

Î Counting job losses: job losses in the conventional energy sector cannot be solely blamed
on the uptake of renewable energy. The slowing down of employment in the conventional
energy sector was due to factors such as the replacement of thermoelectric plants with less
employment intensive alternatives.183

Î Job quality and job skills: while job ratios can be used to describe the amount of jobs that
are created, describing the type of jobs created is much more difficult.184

Î Influence of sources of information: it is important to consider who performed the study,
what sources of information were used to form the results, especially when using results
from non-peer reviewed reports.181

• Quantitative analysis

In ref. [189], a study was conducted, focusing on employment impacts in the short-to-medium
term, and leaving aside the long-term comparison of operations and maintenance employment. It
was found that on average 2.65 full-time-equivalent (FTE) jobs are created from $1 million spending
in fossil fuels, while that same amount of spending would create 7.49 FTE jobs in renewables. These
job numbers include both direct and indirect (supply chain) jobs. Thus, each $1 million shifted from
brown to green energy will create a net increase of 5 jobs.

Table I outlines the increase in global renewable energy employment (excluding large
hydro):175, 178, 179

Î IRENA suggests that jobs in the renewable energy sector could rise to 23.6 million in
2030.179

Î In the United States, during 2015, renewable energy jobs increased by around 6%, while
employment in oil and gas extraction and support activities contracted by 18%.176

Î In China, during 2015, renewable energy employed around 3.5 million people, exceeding the
2.6 million employed in the country’s oil and gas sector.177

• Important facts

Î For three consecutive years (2015, 2016, and 2017), countries with the highest num-
ber of renewable energy jobs are China, Brazil, the United States, India, Japan, and
Germany.175, 178, 179

Î A factor that affects labor needs is increasing labor productivity, especially in bioenergy.
Production of equipment such as solar photovoltaic (PV) panels and wind turbines is also
subject to increased automation and results in the reduction in labor requirement in manu-
facturing. Finally, the automation of operation and maintenance of solar PV and wind plants
may further reduce jobs.178

Î Clean energy spending creates more high-paying jobs than fossil fuels, while it is also better
at creating jobs for low-skilled workers.186
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Î Some renewable energy jobs come at the expense of jobs in the conventional energy sector.
However, job gains in renewables usually greatly outweigh the losses related to conventional
energy.188

Î Particular attention should be given to displaced workers from the conventional energy sector
and work they can find in the renewable sector.185

Î Meeting the increasing labor requirements of the renewable energy sector will require
stable and predictable policy frameworks that encourage deployment, investments, and
education.175, 178, 179

Î There is no single clear result about whether renewable energy positively or negatively effects
employment. It is important to note that even if a study demonstrates that renewable energy
reduces net employment, there are other potential benefits for renewable energy.184

In 1961, the first industrial robot was installed.70 Robots are getting more advanced in terms of
efficiency, speed, accuracy, and flexibility.75 Using robots in production processes and other appli-
cations introduces significant benefits in productivity.6 Robots are used in numerous applications in
diverse fields including manufacturing automation, maintenance, space and underwater exploration,
hazardous waste disposal, monitoring and surveillance, surgery, rehabilitation, domestic services,
and entertainment.35, 90 Important advantages of robots include:6, 72

(1) Enhancing labor productivity, leading to increased production rates.
(2) Delivering relief from tiresome and hazardous work, thus improving safety.
(3) Improving product quality and reducing material waste.
(4) Robots can operate in harsh environments, under severe conditions (e.g., low or high

temperatures).
(5) Robots do not need salaries or promotions, thus reducing operating costs.

In this paper, the integration between two major disciplines, namely robotics and renewable energy
sources is investigated. The paper tries to answer the following questions: (1) what are the benefits
of using renewable energy as a power source for different types of robots? and (2) what are the bene-
fits of using robots to accomplish renewable energy-related tasks? Some of the recent developments
concerning the integration between robots and renewable energy are reviewed. In addition, more
opportunities and expected advancements are also discussed. The paper is organized as follows: in
Section 2, the most important renewable energy sources are discussed. In Section 3, general crite-
ria used for classification of robots are discussed, with emphasis on classification from the mobility
point of view. Section 4 discusses the benefits that can be gained by employing robots in different
tasks related to renewable energy sources including manufacturing of renewable energy equipment,
different processes related to renewable energy projects, troubleshooting, and maintenance with
emphasis on solar energy. Section 5 discusses the advantages of using different types of renew-
able energy as power sources to operate robots depending on robot type and application. Section 6
discusses some cases where both robots and renewable energy can be simultaneously employed for
the other. Section 7 discusses the main points related to this research including further opportunities
and developments. Section 8 concludes the paper.

2. Renewable Energy Sources

2.1. Solar energy
About 124 EW of solar power hits the Earth’s surface per year.8 Solar energy can be classified as:
(1) passive solar energy is the direct or indirect use of the sun’s thermal energy,11 (2) active solar
energy using the sun’s radiation to generate electricity.12 Two methods are available for convert-
ing solar power into electricity: (1) indirectly (thermal) by collecting and concentrating solar power
to produce steam which is then used to drive a turbine, (2) directly using PV effect.9, 131 Several
technologies are available for producing electricity based on the PV effect, for example, crystalline
silicon.10 The output power of PV cells is largely influenced by the weather, date, and time.56 A
group of solar cells are called a solar module. A group of solar modules are called a solar array.
A solar module or array is sometimes called a solar panel.13 Several methods exist for improving
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the efficiency of PV conversion: (1) solar tracking,14–16 (2) optimization of solar cell character-
istics,17, 18 and (3) developing new materials and technologies.19–21 Because of its ubiquity, solar
energy is one of the most secure sources of energy for any country. It is also one of the least pollut-
ing energy resources.22 The intermittent and fluctuating generation are major disadvantages of solar
energy.7

There are some situations where a solar energy system is hard to be implemented, such as densely
populated countries, bumpy terrains, and high-latitude regions. Suggested methods to mitigate these
issues are discussed below:

• Densely populated countries

Î Agrivoltaic systems

Using large areas of land for solar farms will increase competition for land resources between food
production demand and energy demand.157 This competition becomes more acute in densely popu-
lated regions and mountainous areas. This issue can be mitigated using the concept of agrivoltaics
or co-developing the same area of land for both a solar PV power station and conventional agricul-
ture.156 The idea of combining agriculture and solar energy development into an agrivoltaic system
was first proposed in ref. [154]. Depending on the level of shade allowed by the pattern of installation,
crops grown under the PV modules can be as productive as full-sun plots.153 Utilizing shade tolerant
crops enables crop yield losses to be minimized.156 Agrivoltaic systems maximize the efficiency of
water use as water used for cleaning the overhead PV panels can also be used to water the crops
below it.155 The solar PV modules can be mounted either on the ground or on stilts with the area
underneath the stilts used for agriculture to ensure better land use.153, 156 However, the increased land
use efficiency comes with a higher cost in racking. The crop selection, mounting height, optimal tilt
angle, solar irradiation, and local climate play a role in the optimal selection of PV system geometry
for an agrivoltaic system. The configuration for the PV is determined by formulating an optimization
problem with the objective of maximizing the solar irradiation incident on the PV which in turn is
proportional to the power output of the PV module, taking into account the additional land cost from
minimizing inter-row shading,156 ensuring that the crops get the required amount of sunlight under
the PV panels and minimizing the cost of installation of the panels.155

In ref. [152], conventional options (separation of agriculture and energy harvesting) were com-
pared with two agrivoltaic systems with different densities of PV panels. The results indicate that
agrivoltaic systems may be very efficient: a 35–73% increase of global land productivity was pre-
dicted for the two densities of PV panels. In ref. [153], the effect of the placement of half density
and quarter density PV panels on shading patterns over an agricultural land at different months of the
year was studied. The analysis was conducted with panels placed at a height of 4 m above the ground
to provide access to the crops for farm workers and machinery. With half density and quarter density
panel distribution, the agricultural land received about 60% and 80% of the direct sunlight compared
to a land without panels.

Î Transmission of solar power between countries

Although this solution may face some technical difficulties, but it is still possible160

Î Rooftop solar panels

California became the first state in the United States to make solar mandatory for new houses.
Beginning in 2020, newly constructed homes must have solar panels161

Î Transparent solar cells

MIT researchers are making transparent solar cells. The new solar cells absorb only infrared and
ultraviolet light. Visible light passes through the cells unimpeded. They estimate that using coated
windows in a skyscraper could provide more than a quarter of the building’s energy needs without
changing its look158

Î Offshore solar plants

For example, the 70 MW Kagoshima Nanatsujima mega solar power plant159
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• Bumpy terrains

The workaround to undulating topography is non-intrusive mounting options made for slopes, grades,
and hills. The common solution is extended post length, but installers can make custom brackets or
install panels in smaller rows or single-bay tables162

• High-latitude regions

Installations at high elevations experience more frequent snowfall and hence might suffer a certain
production loss. However, an analysis of solar energy installations in mountainous countries is pre-
sented in ref. [163] taking Switzerland as an example has concluded that irradiance in the absence of
clouds is larger at high elevations. Also, the presence of snow with its high surface reflectance will
increase the yield of PV panels when optimal tilt angles are used. Steeper installation angles are also
preferable for self-removal of snow through sliding. Also, steeper panels will suffer less from soil-
ing due to dust, dirt, and other particles. The study also concluded that weighing the effect of lower
production values against having a cleaner panel at 90◦ tilt would need to be done on a case-by-case
basis because it requires site-specific information regarding snow, dust, and wind.

2.2. Wind energy
A wind turbine is a machine with rotating blades that converts the kinetic energy of wind into electric
power.26, 27, 92 Wind energy is influenced by solar energy. A small amount of the solar radiation is
converted to kinetic energy.28 The location and characteristics of the resulting winds are affected
by many factors, for example, geography and temperature gradients.29 The primary classification of
a wind turbine is based on shaft orientation and rotational axis. A turbine with its shaft mounted
parallel to the ground is called a horizontal axis wind turbine. A turbine with its shaft normal to
the ground is called a vertical axis wind turbine.148 Wind energy can also be classified as onshore
and offshore. The primary reason for developing offshore wind energy is to provide access to wind
resources in areas where onshore wind energy is unavailable and/or siting conflicts exist with other
purposes.79–81 In refs. [93–95], the advantages of wind energy as well as the environmental damages
related to other methods of electricity generation have been discussed. However, the deployment
of wind energy must overcome a number of issues:77 (1) The cost of wind energy depends on the
location,82, 83 (2) wind energy is intermittent and fluctuating,84–88, 131 and (3) the output power is hard
to predict.82, 131 Human welfare is also affected by wind energy development in different ways:99 (1)
electromagnetic interference related to wind turbines,100, 101 (2) visual impacts,102–106 and (3) noise
generated by wind turbines may be annoying and causes health problems.113, 117–119

2.3. Biomass energy
Biomass energy was used long ago by burning wood for cooking and to keep warm.71 Biomass
is a general term for all organic material that originates from plants.134 Through the process of
photosynthesis, chlorophyll in plants captures the sun’s energy by converting carbon dioxide from
the atmosphere and water from the soil to carbohydrates. When these carbohydrates are burned,
they return back to carbon dioxide and water, thereby the energy they contain is released.122, 133, 134

Biomass can be converted to thermal energy, fuel, and other chemical products through various
processes.133

2.4. Ocean energy
The basic ways to harness the ocean’s energy are: (1) tidal energy: the tides are cyclic variations in
the level of seas and oceans resulting from the combined effects of the gravitational forces exerted by
the Moon and the Sun, and the rotation of Earth, (2) wave energy: it is continuous but highly variable,
(3) ocean thermal energy conversion: by exploiting the temperature difference between shallow and
deep waters, energy can be extracted using a heat engine.69, 96, 97

2.5. Hydroelectric energy
Hydroelectric power is generated from water in motion.26 The potential energy of water is con-
verted to kinetic energy that rotates a turbine to generate electricity.47, 107 Hydropower advantages
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include high efficiency, low operating costs, and minimal maintenance requirements. Hydro reser-
voirs also provide inherent energy storage that allows fast response to electricity demand variations
across the grid, and compensation for intermittent generation from other sources. Major hydropower
issues include public acceptance, high initial costs, long payback periods, and long construction
cycles. Also, there are concerns about GHG emissions from reservoirs caused by organic material.107

Hydroelectric power plants can be categorized according to size: (1) micro plant generates <100 kW,
(2) mini plant generates 100 kW–1 MW, (3) small plant generates 1 MW–30 MW, and (4) large plant
generates >30 MW.108

2.6. Geothermal energy
Geothermal energy is defined as natural heat from within the Earth.26 The total geothermal energy
available is approximately 42 TW.130 A geothermal reservoir is formed when hot water or steam
is trapped in cracks under a layer of impermeable rocks.110, 114 Applications of geothermal energy
include heating, growing plants in greenhouses, and several industrial processes.68 Geothermal
energy is plentiful in the regions of active volcanoes.26 The unique geographical characteristics
have bestowed Iceland with a rich supply of geothermal energy.111, 112 Geothermal resources can
be classified as: (1) convective include liquid- and vapor-dominated types, (2) conductive include
hot rock and magma over a wide range of temperatures,31 and (3) deep aquifers contain circu-
lating fluids in pores and cracks at depths >3 km.110 Some issues need to be considered before
developing a geothermal energy project, for example, land licenses, environmental and societal
impacts.109

Geologic perspective on geothermal play systems. Throughout the past decades, many resource-
type schemes and definitions were published, based on temperature and thermodynamic properties.
Temperature has been the essential measure of the quality of the resource. Relying on temperature
alone is inconsistent and insufficient.192 Also, temperature and thermodynamic properties are not
known before drilling is undertaken.190 Supplementary to the surface thermal information, geophys-
ical data, geologic data, fault mapping, and other tools are used to characterize subsurface geologic
structures and support drilling decisions.194, 197 An alternative possibility to cataloging geothermal
energy systems is by their geologic characteristics, referred to as geothermal plays. A geological-
based geothermal play-type catalog helps in understanding the nature of a resource and defining
appropriate exploration strategies, reservoir evaluation and quantification of the geothermal poten-
tial.192 As geothermal resources are components of geological systems, it is expected that some form
of geological system analysis would be a fundamental step in geothermal resource assessments and
that geological features would be used to distinguish between different types of geothermal systems.
The play type is a common concept in the exploration for subsurface natural commodities. A play
type describes the generic geological environment that might host an economic accumulation of the
commodity. The identification of a certain play type has implications for exploration and extrac-
tion strategies.190 In geological survey, features like faults, rock units, alteration zones, geothermal
springs, travertine outcrops, mud volcanoes, fumaroles, steam-heated lakes, geysers, and mud pots
are the main studied phenomena.191

In ref. [197], the results of 3D geologic analyses of two geothermal systems in the Basin and
Range, USA were presented. The methodology is a quantitative and geologically focused technique
that can be used to characterize geothermal areas. Surficial and subsurface geologic and geophysical
data are synthesized in the construction of detailed 3D geologic maps of geothermal areas. Based
on these 3D geologic maps, several geologic attributes that control permeability development and
geothermal fluid flow along faults were examined.

Geothermal play systems

• Convection dominated play systems

Include the majority of operating geothermal power plants worldwide.192 These play systems occur
in areas of active tectonism,195 active volcanism,196 young plutonism, and elevated heat flow caused
by extensional tectonics.193
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Î Magmatic plays relatively shallow, liquid magma activity is the dominant feature in all
Magmatic Geothermal Plays. Extrusive magmatic plays can be found in regions with active
basaltic volcanism at divergent plate margins (e.g., Iceland), basaltic to andesitic volcanism
along island arcs (e.g., Java, Indonesia, and some New Zealand systems), or recent andesitic
to dacitic volcanism (e.g., South American Andes or Taiwan). Intrusive magmatic plays
may have no recent associated extrusive volcanism, but be evident as intrusive bodies within
volcanic piles or beneath flat terrain along pathways of active faulting.

Î Plutonic plays incorporate a heat source in the form of a young, crystallized but still cool-
ing, intrusive igneous body. This play type is typically located along continent–continent
convergent margins with recent plutonism. Plutonic plays without recent volcanism are
related to the emplacement of felsic plutons, and are characteristic of mature subduction
zones and decaying volcanism in continental crust. This play type can be found in regions
with declining volcanism and fore- or back-arc regions of fold-thrust belts along subduction
zones (e.g., The Geysers, California). Plutonic plays with recent volcanism are illustrated
by the example of the Larderello geothermal system (Italy), which is controlled by the
interaction between igneous rocks and faults.

Î Fault-controlled plays In an Extensional Domain Geothermal Play the mantle is elevated
due to crustal extension and thinning. The elevated mantle provides the principal source of
heat for geothermal systems associated with this play type. Examples of geological settings
hosting Extensional Domain Geothermal Plays include the Great Basin (Western USA) and
Western Turkey.

Î Hybrids some convective geothermal systems incorporate geological elements of more than
one play type. For example, the Taupo Volcanic Zone in New Zealand hosts over 20 iden-
tified convective geothermal systems within an extensional zone containing both magmatic
and plutonic bodies.190

• Conduction-dominated play systems

Include hydrothermal and petrothermal systems in sedimentary basins or crystalline rock. Applying
advanced reservoir technology and engineering to developing man-made geothermal technology
reservoirs and improving their efficiency is more important in conduction dominated play systems
than in convection-dominated play systems.192

Î Intracratonic basin plays incorporate a reservoir within a sedimentary sequence laid
down in an extensional or thermal sag basin. Examples include the North German Basin
(Germany) and the Paris Basin (France).

Î Orogenic belt/foreland basin plays incorporate a sedimentary reservoir within a foreland
basin adjacent to an orogenic mountain belt. Examples include the Molasse basin extending
through France, Switzerland, Germany and Austria, and the Alberta Deep basin in Canada.

Î Basement (crystalline rock) plays are a faulted or fractured crystalline (usually granitic)
rock with very low natural porosity and permeability but storing vast amounts of thermal
energy. An example is the Cooper Basin in Australia.190

The countries currently producing the most electricity from geothermal reservoirs are the United
States, New Zealand, Italy, Iceland, Mexico, the Philippines, Indonesia, and Japan.198

2.7. Hydrogen energy
2.7.1. Overview. Hydrogen is the most abundant element in the universe. It is always combined
with other elements.46 Hydrogen can be acquired from various resources, both renewable and
non-renewable.98 It can be stored as a fuel using fuel cells to be utilized in many applications such as
transportation and distributed generation systems. Hydrogen can also be used as a storage medium
for electricity generated from intermittent renewable resources like solar and wind, thus providing a
solution to one of the major issues of renewable energy.98 A fuel cell uses hydrogen and oxygen to
produce electricity, heat, and water. Both fuel cells and batteries convert chemical energy to electrical
energy. However, the fuel cell will produce electricity as long as hydrogen is provided.46 Hydrogen
fuel cells play a vital role in accelerating the transition to a sustainable energy system.98
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2.7.2. Hydrogen safety. All fuels have some degree of danger associated with them. The safe use
of any fuel focuses on preventing situations where the three combustion factors [ignition source
(spark or heat), oxidant (air), and fuel] are present. With a thorough understanding of fuel properties,
appropriate engineering controls and guidelines can be established to ensure safe handling and use
of a fuel.215 A number of hydrogen’s properties make it safer to handle and use than other fuels.
For example, hydrogen is non-toxic.215 In addition, because hydrogen is much lighter than air, it
dissipates rapidly in case of a leak.199, 215 Some of hydrogen’s properties require additional controls
to ensure its safe use. Specifically, hydrogen has a wide range of flammable concentrations in air
and lower ignition energy than gasoline or natural gas, which means it can ignite more easily.199, 215

Because hydrogen burns with a nearly invisible flame, special flame detectors are required. Some
metals can become brittle when exposed to hydrogen, so selecting appropriate materials is important
to the design of safe hydrogen systems. Training in safe hydrogen handling practices is a key
element for ensuring the safe use of hydrogen. In addition, testing of hydrogen systems (tank leak
tests, hydrogen tank drop tests, etc.) shows that hydrogen can be produced, stored, and dispensed
safely.215 Safe practices in the production, storage, distribution, and use of hydrogen are essential
for deployment of hydrogen and fuel cell technologies.200, 201, 214 Safety is not only a technological
issue but also the major psychological and sociological issue facing the adoption of the hydrogen
economy.200 Hydrogen faces increased public concern about hydrogen-related hazards.202 An impor-
tant factor in promoting public confidence will be the development and adoption of internationally
accepted codes and standards.200

Hydrogen storage technologies

• Physical-based storage (compressed gas, liquid, and cryo-compressed). Cryogenic vessels
have an additional protection layer (vacuum jacket) in case of accidents,203, 205 making cryo-
compressed storage highly safe.205 Also hydrogen has low adiabatic expansion energy at
cryogenic temperatures.203 Therefore, in case of leakage or tanker rupture a severe explosion
would not happen unless something cause ignition of the gas. Low temperature of the leaked
hydrogen gas can lead to damage and malfunctioning of the adjacent valves or pressure relief
devices which are not strictly rated.204

• Material-based storage (chemical sorption and physical sorption). As of today, physical sorption
technologies are far from being widely used since all experiments have been conducted on small
scales and the performance criteria are not satisfactory.201

Hydrogen delivery technologies

• Gaseous hydrogen delivery (pipelines and tube trailers). To make sure the tube trailer is safe to
use, several tests such as hydrostatic burst, penetration test, and pressure and temperature cycle
tests are performed.

• Liquid hydrogen delivery
• Material-based hydrogen carriers can offer higher safety levels, due to low storage pressure,

manageable properties at ambient conditions, and good gravimetric density compared to gaseous
storage.201

Problems to address

• Material properties-related issues

Î Hydrogen impact on materials: hydrogen embrittlement is an important concern for steel
pipelines. To tackle the problem, fiber reinforced polymer can be used rather than using
other types of steel.

Î Liner blistering in pressure vessels in a composite overwrapped pressure vessel, a polymer
liner is assembled with a metallic boss and wrapped with carbon fiber composites. Liner is
used to ensure that the vessel is sealed. Under high pressures, plastic liner absorbs hydro-
gen gas and if depressurization occur too fast, then the accumulated gas cannot escape by
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diffusion and blistering happens. The question of how exactly blistering can affect leakage
in pressure vessels needs to be addressed

Î Damage mechanisms of carbon fibers: the properties of composite pressure vessels depend
on a large number of parameters. Understanding the physics behind fiber breaks is vital to
design a reliable storage vessel.201 Exact properties are very hard to achieve and as proposed
in ref. [206], using probabilistic approaches for predicting fiber failures is a reasonable
option.

Î Resistance to fire and high temperature in storage vessels: Whenever resins and polymers
are used, the maximum operational temperature would be a concern. Accordingly, fire pro-
tection and understanding the composite materials behavior in fire is of very important.
A common protection method to protect storage vessels from burst is thermally activated
pressure relief device), this device empties the vessels in case of elevated temperatures.201

Another method to protect storage vessels from fire is to apply intumescent paint on their
outer surface.201 In ref. [207], the impact of using container walls around above-ground
hydrogen storage vessels in a fueling station is investigated. This study proves that con-
tainer walls are able to greatly reduce the radiative heat flux from a fire located near the
storage tanks.

• Hydrogen handling-related issues

Î Temperature variation: inside tanks during filling and emptying can result in a shorter life-
time of storage vessels in the long run unless design improvements be applied. Determining
the best location of installing measurement devices is of interest. One approach that can
be more convenient (to install and maintain) is estimating the temperature inside the tank
by monitoring external temperatures (bosses and outer surface) but it would require more
experimental data to calibrate sensors accurately.

Î Hydrogen leakage hydrogen molecules are light and small. Therefore, they can permeate
through materials and/or penetrate through seals relatively easily.201 In enclosed areas, the
leakage is more dangerous. Since hydrogen is odorless and colorless, people would not
realize if there is a leak. Thus, detection is necessary using accurate and reliable sensors.
Advances in this regard have been explained in ref. [208].

Î Pressure fluctuations in pipelines: Pressure fluctuation would exist in the system due to vari-
ability in production rate of renewable sources and variations in the demand for hydrogen
gas. These fluctuations may severely damage the distribution network. Studies are required
to estimate the amplitude of the expected fluctuations, characterize the impacts, and design
the control scenarios.201

Tools and Methods

• Quantitative risk assessment (QRA) the purpose of QRA is to provide information for decision
making about a system. A common way that QRA can help making decisions is to determine
whether or not the risk of failure in a system is as low as reasonably practicable.201 The use
of a standard platform for conducting hydrogen QRA enables various industry stakeholders to
produce defensible, traceable, repeatable, and verifiable calculations of risk and consequences.
A quality QRA incorporates a large amount of information spanning multiple disciplines.213

The amount of available data for hydrogen-related failures and accidents is limited and this is
mainly why performing a credible QRA for hydrogen is still challenging. QRA for hydrogen
infrastructures has been discussed in ref. [210]. The HyRAM toolkit establishes a standard
methodology for conducting QRA and consequence analysis relevant to assessing the safety
of hydrogen infrastructure. The HyRAM integrates deterministic and probabilistic models for
quantifying risk of accident scenarios and characterizing the impact of hydrogen hazards.213

HyRAM is able to calculate three risk metrics:212

1. Fatal accident rate: Expected number of fatalities per 100 million exposed hours.
2. Average individual risk: Expected number of fatalities per exposed individual.
3. Potential loss of life: Expected number of fatalities per dispenser-year.
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• Remaining useful life estimation Estimating RUL is pivotal in condition-based maintenance and
prognostics. Therefore, it would affect safety evaluation.209

• Data collection in addition to data concerning accidents and root cause, it is important to
know the hydrogen physical behavior in different conditions, its interaction with other mate-
rials and all other influencing parameters to be able to accurately figure out the consequences
and risks.201 Valuable efforts have been made to mitigate the issue of lacking data. For instance,
Hydrogen Incident and Accident Database211 is an online database that is continually collecting
and categorizing data.

• The Hydrogen Tools Portal216 aims to support implementation of the practices and procedures
that will ensure safety in the handling and use of hydrogen in a variety of fuel cell applica-
tions. The portal brings together and enhances the utility of a variety of tools and web-based
content on the safety aspects of hydrogen and fuel cell technologies to help inform those
tasked with designing, approving, or using systems and facilities, as well as those responding to
incidents

3. Classification of Robots
Robots can be classified according to several criteria:72

• Geometry: serial and parallel manipulators.
• Workspace: reachable and dexterous workspace.
• Actuation: electrical, hydraulic, pneumatic, etc.
• Control: servo (closed loop control) and non-servo (open loop control) robots.
• Application: assembly and non-assembly robots.

For the purposes of this paper, a classification of robots according to “mobility” is discussed
below:

i. Fixed (Industrial Manipulators):

Follow programmed steps to execute variety of tasks such as moving materials, painting, and weld-
ing.73 Most of the industrial robots are either parallel or serial arms. There are many types of
serial manipulators, the most prevalent ones are: the Cartesian, cylindrical, Selective Compliance
Articulated Robot Arm (SCARA), and anthropomorphic.36 There are two basic types of parallel
manipulators: classical and cable based. Cable-based parallel manipulators consist of a fixed base
and a mobile platform, which are connected by several cables. They are structurally similar to the
classical parallel ones, but the legs are replaced with cables. A modular re-configurable parallel robot
consists of a number of discrete modules that can be mechanically and electrically connected with
each other. They can be referred either to classical or to cable-based parallel manipulators.55

ii. Mobile:

Mobile robots can be autonomous, semi-autonomous, or non-autonomous.78 Fully autonomous
robots can operate without a continuous external control, semi-autonomous robots require the guid-
ance of an operator but with the capability of executing certain tasks on their own such as obstacle
avoidance. There are several types of mobile robots:36, 78

(1) Flying (drones), also unmanned aerial vehicles (UAVs):

Unmanned aircrafts that may be remotely controlled or can fly autonomously.74

(2) Marine:

• Water surface robots: unmanned surface vehicles (USVs) and autonomous surface
vehicles (ASVs).

• Underwater robots: unmanned underwater vehicles and autonomous underwater vehi-
cles (AUVs).
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Pre-Project Development Project Development Post-Project Development 

High Precision
Manufacturing Site Assessment Site Survey Project Tracking

Control
(Solar Tracking)

Efficient 
Maintenance

Complex
Troubleshooting

Fig. 1. Tasks related to pre-, post-, and active solar power plant project development.

(3) Terrestrial

• Wheeled Robots: characterized with simple control, high load capacity, efficiency, and
reduced cost.

• Tracked Robots: best suited for rough terrain. The main disadvantage is the lower speed
compared to wheeled robots.

• Legged Robots: legs improve the mobility of robots. They are able to move in soft and
rough terrains.

• Hybrid Robots: merge the capabilities of both wheeled and legged robots by incorporat-
ing both wheels and articulated legs in the same system.36

4. Robots for Renewable Energy
Considering the numerous advantages of robots that proved to be very helpful in several diverse
applications, renewable energy is not an exception. It is obvious that using robots in every possible
aspect related to renewable energy is expected to add huge benefits that could have been missed other-
wise. Renewable energy is not just another application for robots. Switching to renewable energy is
a strategic decision for the well-being of humanity. As such, using an effective tool like robots to
harness renewable energy is not an option, it is a must. In this section, some of the renewable energy-
related tasks where robots can be used are discussed. These include manufacturing, renewable energy
project development, troubleshooting, maintenance, and control.

4.1. A case study – The solar power plant
Considering the development of a solar power plant project, key areas for which robots can be applied
are identified in three phases, namely pre-project development phase, active project development
phase, and post-project development phase (as depicted in Fig. 1). In the following sub-sections,
each task depicted in Fig. 1 is described with examples given from the literature.

4.1.1. High precision manufacturing. Solar cell fabrication is now a mature industry. However, man-
ufacturing companies are always trying to attain lower costs and higher efficiency by exploring
new technologies and techniques. In an effort to build a better solar cell, the National Renewable
Energy Laboratory (NREL) has been developing new robots for the fabrication of thin-film solar
cells, analyzing glitches with higher speed and accuracy.63 An agreement that aims at developing a
fully automated PV production lines with high production rates has been conducted between Spire
Corp. and KUKA GmbH. This is achieved by integrating KUKA’s expertise in industrial robots and
automation solutions with Spire’s PV module production equipment.66

4.1.2. Site assessment. Site assessment is an early step in project development and one of the major
factors affecting project success.123 It is defined as the evaluation of a site’s feasibility for project
development.64 Identification of resource potential is an important factor for deciding on the best
site. It is a process that depends on an intensive analysis of localized weather patterns.123 A power
plant can cost lots of money. A clock starts ticking at the very moment when an investor sets that
money aside for the project. Every day in which that money is not earning revenues translates into
loss. Consequently, building a good project is important but how fast this project is built is crucial
so that the project starts generating revenues as soon as possible. For a solar power plant, the clock
starts ticking with the site assessment step. Traditionally, a service like Google Earth was used for
this purpose. However, the expected accuracy in this case could be very low. Consequently, more
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time was spent assessing the site. Using high resolution drone imagery, every detail of the site is
visible very quickly. It is estimated that by using drones, the time it takes to build a proposal-ready
site assessment is reduced by 90%.64

4.1.3. Site survey. After a site is considered suitable for a project, the next step is to conduct a site
survey. Drones can also play an important role at this stage. Even if survey-grade GPS is used, the
process takes a long time and much effort for a survey to be completed. On the other hand, drones can
quickly build precise topology maps by flying over a site. In addition to accelerating the early stages
of the project, the responsible teams can benefit from the available precise information to accurately
estimate resource utilization at the project site, further reducing project costs.64

4.1.4. Project tracking. Project tracking across large sites is not an easy task. Tracking different
crews across large areas is a tedious task. For the project manager, this can create an unpleasant sit-
uation of disjointed information; consequently, it can be difficult to fully understand the information
for quick decision making. This can hinder their ability to manage the site effectively. Drones can
provide images of the whole site in real time, enabling the project manager to view the general status
of the project at a glance. Furthermore, it allows them to deal with other issues like manpower, mate-
rials, safety, etc. Because the information is digitized and can be stored in the cloud, this also allows
project managers to easily analyze the results of the current project as well as projects conducted
in the past. Lessons learned can then be applied for better results in future projects. The ultimate
outcome is an immediate and continuous improvement in project velocity. During the early stages of
drone technology development, the concern was about making drones functional and reliable. Now,
in the era of data collection and analytics, drones are expected to play a much more important role.64

4.1.5. Control (solar tracking). The incident solar radiation on a fixed PV panel is continuously
changing due to the on-going change in relative positions of the Sun and the Earth. To achieve max-
imum efficiency of a PV panel, it is necessary to provision the panel with a solar tracking system.49

Solar tracking systems can be classified according to several criteria:7, 49

• Number of rotation axes
• Orientation method of solar panels:

Î Orientation based on a previously computed sun trajectory
Î Online orientation (instantaneous response to actual solar radiation)

• Activity type (active or passive solar trackers).49

The design of a single axis solar tracker system was proposed in ref. [49]. The system determines
the optimum panel position with respect to the Sun using a light intensity sensor. An intelligent drive
unit that receives its input signals from the light sensor is used to drive a DC motor to control the
position of the panel. The design of an automatic solar tracker robot was discussed in ref. [139]. The
robot is programmed to detect sunlight by using two light dependent resistors. A servo motor aligns
the solar panel to receive maximum light. A digital compass is used to detect the robot’s position.
SoRo-Track is presented in ref. [142], a two-axis soft robotic actuator for solar tracking and building
integrated PV applications.

4.1.6. Efficient maintenance. The efficiency of solar cells may deteriorate remarkably as a result
of the deposition of dust, bird droppings, tree leaves, and similar substances.51–53 The amount of
dirt deposited on solar panels depends on many factors, for example, location and weather. An
appropriate strategy should be implemented for cleaning the solar panels, otherwise severe losses
may result. Power loss may reach about 25% annually. The profit of the solar power plant owner may
drop by 15–17%. Higher losses are also expected in extreme cases.52 Dirt may also lead to permanent
damage of the panel. Solar panels cleaning is not always an easy task as the solar panels are usually
installed in dangerous and/or hard to reach locations. Manual cleaning is not practical as it takes
much effort and time. Automatic cleaning is thus the obvious solution.51 Many types of “cleaning
robots” have been developed for automatic cleaning of solar panels. A solar panel equipped with
auto-cleaning robot is described in ref. [54]. A self-cleaning solar panel employing a robot designed
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Table II. Capital, operational, and maintenance expenses of different cleaning methods.

Expenses

Cleaning method Capital Operational Maintenance Suitable for

Vehicle-mounted High High High Low and medium soiling levels

Semi-automated Low Low Low Low and medium soiling levels

Portable Medium Low Low Rooftop installations

Fully automated Very high Very low Low High soiling levels
Large PV systems

Manual NA High NA Rooftop installations
Small solar systems

Self-cleaning NA NA NA Very low soiling levels
Panels with high tilt angles

to meet the specification of the flat plate panel was proposed in ref. [50]. The robot utilizes brushes
that are driven by DC motors. The Solarbrush proposed in ref. [51] is an autonomous robot that can
be used for dry cleaning of solar panels. The robot utilizes tracks made of suction cups to move over
the panels. The robot is able to cross gaps up to 30 mm and can work on surfaces tilted up to 35◦.
Wash panel produces robots that can clean arrays of solar panels by moving a vertical brush horizon-
tally over a row of panels. A water hose is used for wetting the panels during the cleaning process.51

A portable cleaning robot that can traverse the entire length of a panel has been proposed in ref. [141].

Cost analysis of solar panel cleaning methods
Cleaning methods

• Vehicle-mounted systems: consist of a brush attached to a vehicle which drives between the PV
module rows.

• Semi-automated: placed at the beginning of each PV module-mounting table. The device then
moves automatically over the surface of the PV modules. After completing one PV module table,
the device has to be placed onto the next PV module table manually.

• Fully automated: installed on each row of a PV system. Devices are programmed to move along
a single module row without requiring any manual intervention.

• Portable robots: when operating autonomously, they have sensors and a control system for
detecting the end of the PV module. Other devices are driven by remote control, in this case
manual inputs are required.169

• Manual cleaning using a soft brush and deionized water.
• Self-cleaning PV modules are installed at different tilt angles in various climate zones resulting

in different soiling patterns, affecting the self-cleaning ability of the PV modules.169 In arid and
semi-arid regions, less precipitation results in a lower self-cleaning ability.171

Cleaning costs
Table II compares the capital, operational, and maintenance expenses of different cleaning methods
in addition to the situations in which each method is preferred.

Notes concerning costs

• An advantage of semi-automated method is that the device can be stored in protected environ-
ment when it is not needed, increasing its lifetime and decreasing maintenance cost.169

• Operational costs of manual cleaning include labor cost plus the cost of materials used for
cleaning.165

• The operational costs are heavily dependent on the required cleaning frequencies.169 In
ref. [168], a method was devised to determine the optimal number of days between cleaning
cycles depending on a number of factors, for example, cost of cleaning, average daily losses in
solar conversion efficiency due to dust.
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• Factors specific to residential installations may influence the cost of manual cleaning: Rooftop
installations incur higher costs than ground installations. Also, steeper roofs may incur additional
cost.174

• A disadvantage of manual cleaning is that the operational cost varies greatly by region. For
example, compared to the national average in the United States, labor cost varies by −35% and
+63% for McAllen and Katy, respectively, although both cities are in the same state.174 Cleaning
costs will also vary depending on the soiling type. For example, in the Middle-East, where the
predominant soiling type is sand – which does not require much material or labor to be cleaned –
the cleaning cost is relatively small compared to other countries.166 A similar concern pertains
to vehicle-mounted cleaning as the price of the fuel necessary to operate the vehicle may vary
between different countries. On the contrary, the operational costs of robotic-based methods are
more consistent among different regions and countries.

• Long module rows are beneficial to reduce the costs. A gap between modules may cause an
interruption in the cleaning process. This means that either the cleaning device needs to be
manually transferred or, if it is permanently installed, another device must be installed.

Real-world cases
Tests conducted on a plant in the Middle East indicated costs of $18,000/year to clean 4.5 MW
of panels using a pair of Exosun machines, compared with $30,000/year for using cleaning vehi-
cles. Both methods would use two workers. The savings mainly come from cutting vehicle fuel and
depreciation costs. The price of an Exosun machine is around 15% of the price of a panel-washing
vehicle. Maintenance cost is around $2,500/year for two robots, according to company estimates.173

In ref. [164], a comparison between the performances of panels that were cleaned daily by automated
robotic system that uses silicone rubber foam brush with no water versus manually cleaned panels
using deionized water on a weekly basis was conducted. It was concluded that the performance
difference after 1 week of not being cleaned reaches approximately 1.5%.

Factors affecting the choice of the cleaning method

• Cleaning requirements (frequency and cleaning method) are very much location-dependent and
need individual decisions for each PV system.

• Soiling level based on the expected climate conditions at the site, including rain, humidity, dew,
wind, and ambient temperatures over the course of a year.

• Soiling Type

Î Sand type affects their ability to be easily removed.169 Fine sand particles are more challeng-
ing than coarse particles: (1) Fine sand has a higher shading impact on the PV modules,172

causing higher power losses. (2) Coarse sand particles can be more easily blown off by the
wind, allowing self-cleaning.170

Î Anthropogenic pollution (busy roads, industrial sites, agricultural activities, etc.) increase the
level of soiling.

Î Seasonal effects (pollination or seeding) can have a strong effect on soiling.

• The further away a PV system is from a low cost labor settlements, the higher the potential labor
costs and the more advantageous a fully automated system may be.169

• In moderate temperature zones, module cleaning plays a less important role (except in the case
of anthropogenic soiling).169 In Germany, for example, soiling-related performance losses are
around 1% without cleaning.170

• Depending on the cost of cleaning and the level of dust accumulation, the cleaning operation
may be justified or not.168 In ref. [167], it was concluded that cleaning is justified in Murcia, to
some degree in Munich, but not justified for Stockholm.

• In dry regions, using water for cleaning is not the optimal solution. Access to water is usu-
ally limited and can only be available at high cost. Local authorities may also prohibit the
use of water for cleaning. Robotic-based cleaning improves cleaning efficiency, eliminating the
need for water, offering major potential savings on vehicle and labor costs. Robotic cleaning
technology can save several billions liters of water over the lifetime of a plant.169
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General guidelines

• Robotic cleaning is generally more efficient and of higher quality than manual methods.173

• Every PV system requires an individual analysis to determine the cleaning costs based on the
type of cleaning system selected.169

• If cleaning costs are taken into account at the PV system planning stage, and efforts made to
minimize these costs, it is expected that the system will incur lower costs and deliver higher
performance compared to systems where cleaning is not planned in advance.169

• The selected system should have no sensitive parts exposed to desert conditions so that minimal
maintenance of the cleaning device would be required. Maintenance should be easy, fast, and
require few tools so that it can be performed by unskilled, low-cost labor.169

• Merely considering the capital and operational costs to choose between different cleaning meth-
ods is not accurate. There are other advantages to robotic systems that should be assessed and
taken into consideration. These features are unique to robotic cleaning systems which enhance
their performance and increase their efficiency, resulting in indirect cost savings compared to
manual cleaning. For example, Ecoppia’s autonomous cleaning devices are controlled from the
cloud and can be pre-set to clean on a predetermined cycle, or they can be activated to clean the
plant on an ad-hoc basis. Fast response times are particularly beneficial following dust storms
which can cut plant output by up to 40% within minutes.173

It can be concluded that no single cleaning method is suitable for all scenarios. Different factors
should be evaluated to decide on the suitable cleaning method for every solar PV system.

4.1.7. Complex troubleshooting. A relatively small solar power plant contains thousands of panels.
Trying to find a bad panel in this plant is a very difficult task. The heat generated by solar panels can
be exploited using a drone equipped with a thermal sensor to quickly and easily spot the bad panels
in the whole site. In ref. [64], this concept was applied to spot the bad panels in a 4.5 MW solar
power plant containing 18,000 panels. The drone was able to fly the entire site in less than 40 min. It
would have taken weeks to accomplish the same task using the traditional method.

4.2. More on using robots for renewable energy
Similar to the tasks described in the previous section related to solar energy, additional examples are
given below for two tasks applied to different renewable energy sources, namely, the “High Precision
Manufacturing” task applied to hydrogen energy and the “Complex Troubleshooting” task applied
to wind energy.

4.2.1. Manufacturing (hydrogen fuel cell). Manufacturing of hydrogen fuel cell stacks involves
dealing with highly sensitive, thin materials soaked in corrosive acids which makes material han-
dling very difficult. Robots can provide high precision and efficiency when used in the assembly of
hydrogen fuel cell stacks.65

4.2.2. Troubleshooting (wind turbine). Conventionally, wind turbine inspection is conducted by
an inspector examining the turbine from the ground using a high-power telescope.62 GE Global
Research has partnered with, International Climbing Machines, Ithaca to develop a fast and reliable
technology for the inspection of wind turbines. Using a remote-controlled robot that can inspect
the wind turbine using a wireless camera. The close inspection has the following advantages:
(1) acquiring a precise overview of the wind turbine health status, (2) inspections do not have to
be postponed because of bad lighting and/or weather conditions. A microwave scanner has been
also developed to allow inspections through the blade material providing an early evidence of any
failure in the structure.62 In refs. [120,144], a wire-driven parallel robot has been developed for
the maintenance of offshore wind turbines. A robotic system for the maintenance of offshore wind
turbines has been described in ref. [143]. A mechanism consisting of two active wheels and two
passive wheels that can fix the robot on the blade allows the robot to move on the blade surface. The
system design of micro aerial vehicle), wall-climbing robot for the inspection of wind turbine blades
has been presented in ref. [146].
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Table III. Feature comparison between AR 2, Phantom 4, and Mavic 2 Pro.

Specs

Flight Max speed Obstacle Subject Internal Trajectory
Drone Year time (min) Camera (km/h) sensing tracking storage prediction

Parrot AR 2 2012 12 720p 40 No No No No
DJI Phantom 4 2016 28 4K 72 Yes Based on No No

2D images
DJI Mavic 2 2018 31 4K 72 Omnidirectional Based on 8GB Yes

Pro 3D view

Table IV. Average efficiency and capital costs over time for three different types of PV cells.

PV type Year Efficiency (%) Cost ($/W)

Crystalline silicon 1995 12 6
2005 15 3.5
2015 16 2

Thin film 1995 6 6
2005 10 2
2015 12 1

Concentrator 1995 15 6
2005 19 2
2015 24 1

4.3. Efficiency of robots versus efficiency of renewable energy sources
In this section, the efficiency of robots (considering drones as an example) compared to the efficiency
of renewable energy (considering solar PV as an example) is discussed, showing that the efficiency
of drones and solar PV is increasing over time. The aim is to demonstrate the viability of sustainable
interaction between these two technologies.

4.3.1. Drones’ efficiency. Data analytics, artificial intelligence, machine learning, and the cloud are
adding more capabilities to drones – and robots in general – enhancing efficiency, agility, perfor-
mance, and completely reshaping the way robots are being utilized. Table III shows the features
of three drone models developed by Parrot and DJI.227–230 New features are being developed while
existing features are also enhanced in newer models.

The consistent development of drones’ features and capabilities has opened the door for a long
list of applications in which the drones can be effectively deployed, for example, search and rescue
operations, aerial photography, agriculture, shipping and delivery, and engineering applications.236

4.3.2. Solar PV’s efficiency. Early silicon solar PV cells were characterized with high cost and low
efficiency. However, as time passes, efficiency increased while the cost decreased. In 1955, Hoffman
Electronics introduced PV products with a 2% efficiency. The efficiency increased to 14% in 1960.
In 1985, researchers at the University of New South Wales have developed a solar cell with over
20% efficiency. In the 21st century, the efficiency continues to rise and the future forecast shows that
there are no signs that the efficiency would stop increasing. In 2018, the global-weighted average
cost of electricity from solar PV declined by 13%. Cost reductions for solar power are expected to
continue into the next decade. By 2020, solar PV will be a less expensive source of electricity than
the cheapest fossil fuel alternative.232 The average efficiency and capital costs over time for three
different types of PV cells are shown in Table IV.235

The efficiencies of all three types have been increasing while the cost is decreasing. Efficiency
values as high as 44.4% have been obtained by Sharp and NREL. However, this has only been
possible in laboratory setups.235 Recently, extensive research has been conducted with the aim of
developing new methods to enhance the efficiency of solar PV. Some of the latest innovations are
listed below.
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In ref. [231], a new plant-inspired solar cell based on photosynthesis is developed. The new
solar cell is a nano-hybrid structure containing both biologically derived (biotic) and inorganic
(abiotic) materials. A light-harvesting protein from a cyanobacteria, semiconducting nanocrystals
(quantum dots), and a two-dimensional semiconducting transition metal are combined. According
to the researchers, the efficiency of the new solar cell is boosted by 30% compared to single-layer
molybdenum diselenide. Thin-film solar cells made from cadmium telluride need far less raw mate-
rial (up to 100 times less) compared to conventional solar cells made from crystalline silicon, making
them cheaper to manufacture. They also absorb sunlight at nearly the ideal wavelength. As a result,
electricity generated by thin-film solar cells is the least expensive available today. However, thin-
film cells are less efficient at converting sunlight into electricity than silicon wafers. Researchers at
Colorado State University and Loughborough University discovered that adding selenium to the mix
can boost the efficiency to around 22%.233 Sandwiching an oxygen-rich layer of silicon between a
solar cell and its metal contact allowed researchers to reach an efficiency of 26.1%.234

5. Renewable Energy for Robots
Examples of different types of robots powered by renewable energy sources are discussed below.
Classification of robots from the mobility point of view was discussed in Section 3 as it is most
relevant to the purposes of this paper. Renewable energy sources are most appropriate for powering
mobile robots. Moreover, the type of mobile robot dictates the appropriate renewable energy source
to be used to power the robot. Solar energy is an appealing option for all robot types. The high
efficiency of hydrogen fuel cells makes them attractive for flying robots, while wave energy is an
obvious option for marine robots.

5.1. Renewable energy-powered flying robots
5.1.1. Solar-powered UAVs. A flapping wing robot incorporating a flexible UHF antenna and an
epitaxial lift-off thin-film III–V solar cell array for wireless communication and power generation
has been described in ref. [145]. The design of a re-configurable solar UAV capable of transforming
between fixed-wing and quad-rotor states has been presented in ref. [116]. In the quad-rotor state,
the aircraft relies on stored energy. When stored energy is about to drain, the aircraft transitions to
the fixed-wing state where the on-board batteries will be able to recharge. This process is repeated.

5.1.2. Fuel cell-powered UAVs. The high efficiency of fuel cells compared to batteries makes fuel
cell-powered UAVs most suitable for applications requiring long range flights. Fuel cell-powered
UAVs are appropriate for commercial applications of up to 10 kW.67

5.2. Renewable energy-powered marine robots
The necessity of collecting massive amounts of data for different purposes has encouraged the devel-
opment of different types of autonomous vehicles used for collecting such data. These vehicles have
different capabilities in terms of durability, autonomy, etc. Among these platforms are the AUVs and
ASVs.37–45 There are three main challenges pertaining to AUVs and ASVs: (1) energy, (2) commu-
nications, and (3) navigation over a long period of time and long distances. The use of renewable
energy helps to mitigate these issues, allowing marine robots to accomplish missions that last for
months.37

5.2.1. Solar-powered ASVs and AUVs. The SAUV-II, described in refs. [39–42], is a solar-powered
AUV designed for prolonged monitoring and surveillance missions, incorporating bi−directional
communication and underwater instrumentation. The SAUV-II can operate continuously for sev-
eral months using solar energy to recharge its batteries during daylight. Some of the problems and
limitations pertaining to the design and utilization of a solar-powered AUV have been considered
in ref. [38]. The paper discussed the power management problem in different situations and the
optimum combination of the size needed for energy storage, the travel distance and/or tasks to be
executed by the vehicle considering the available solar energy. In ref. [124], an intelligent naviga-
tion system for a renewable energy-powered unmanned AUV used for observation and monitoring
is proposed. The vehicle incorporates PV panels and a methanol fuel cell, allowing the vehicle to
operate for long periods. A neuro-biologically inspired control system is used for intelligent nav-
igation. The vehicle is equipped with sensors to monitor the underwater environment. The Ocean
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Atmosphere Sensor Integration System (OASIS) was introduced in refs. [43, 44]. The OASIS is a
long duration solar-powered ASV developed for open ocean observation. The AAS Endurance, pre-
sented in ref. [45] is an ASV supplied with special equipment for the study of marine mammals. The
vehicle is powered using solar panels and a methanol fuel cell.

5.2.2. Wave energy-powered ASVs and AUVs. A reversible energy conversion mechanism is pro-
posed in ref. [151], based on the structure of the multi-joints robotic fish. The mechanism can operate
as a drive unit and as a power take-off (PTO) unit that is able to capture wave power for the robotic
fish. The results revealed that the developed PTO unit is able to convert wave energy to electri-
cal energy with high efficiency, providing a solution for the energy problem of the AUVs. Motion
simulation of wave energy-powered USV under certain sea conditions is performed in ref. [128].
In ref. [140], Gaussian process models were used to predict the speed of the Wave Glider ASV by
observation of environmental parameters. In ref. [125], the dynamic model of wave-driven USV is
described. The wave and driving force are calculated. Empirical data and experimental platform of
the vehicle are used to determine the hydrodynamic coefficients.

5.3. Solar-powered terrestrial robots
The Solar-powered Exploration Rover (SOLERO) was described in ref. [33,34]. A Mars environment
model has been used as a reference to assess SOLERO’s performance.33 Similar solar-powered vehi-
cles operate on Earth. However, the challenge for SOLERO is that Mars is farther from the sun than
Earth; consequently, the available solar power is much lower and thus designing a reliable system is
more difficult.89 In ref. [91], indoor tests were conducted for a solar-powered robot using high-power
light sources. In ref. [135], the path planning and power management for a solar-powered unmanned
ground vehicle (UGV) were examined. In ref. [136], a hybrid-powered robot incorporating solar
panels and batteries has been presented. A charging system allows the batteries to be charged from
the solar panels. In ref. [137], motion simulation and vibration analysis of the Cassette Handling
Robot were performed. In ref. [138], a solar-powered industrial mobile robot has been discussed. In
ref. [147], an automatic solar charging system which can track the sun used for transmission lines
robot has been discussed. Manipulation control of a space robot with flexible solar panels has been
discussed in refs. [149, 150].

In general, the ability to reduce the dependence on fossil fuels by any degree is advantageous
to a certain extent. However, according to the United Nations’ Intergovernmental Panel on Climate
Change, renewables are to supply 70–85% of electricity by 2050 to avoid worst impacts of climate
change.238 As such, it is expected that every equipment that is currently relying on fossil fuels would
attain this percentage relative to its overall energy requirements by employing a hybrid-powered
system. However, in certain situations, the transition from using fossil fuels to using renewable
energy sources is confronted by technological limitations that need to be adequately addressed. As
an example, the case of agricultural robots is discussed below.

Agricultural machines require large amounts of energy, usually fossil fuels, emitting large amounts
of pollution to the atmosphere. Due to the issues related to fossil fuels, it is desired to progressively
reduce the use of fossil fuels and shift this usage to renewable energy sources to reach the percentage
of renewable energy sources relative to the fossil fuels so that the combination would be beneficial
to the environment.

In ref. [237], a hybrid energy system used in robotic tractors for precision agriculture is evaluated.
The experiments were conducted using a UGV which is based on the CNHi Boomer 3050 CVT
compact tractor. The objectives were to design and assess a hybrid energy system including the
removal of the alternators from the tractor and the modification of the agricultural implements to
replace the PTO system power with electric power, using small pumps and small fans. These changes
improved energy use and reduced the atmospheric pollution emission from the internal combustion
engine. The hybrid energy system used the original combustion engine of the tractor in combination
with a new electrical energy system, which consisted of batteries, a hydrogen fuel cell, and solar PV
cells to achieve a substantial decrease in fossil fuel use and a consequent reduction in the emission
of pollutants. An analysis of the exhaust gases using the internal combustion engine as the single
power source and using the hybrid energy system was carried out to compare the results obtained.
The results showed a reduction in emissions of almost 50% for the best case. This work demonstrates
that it is possible to combine current agricultural machines, which use ICEs for power, with clean
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energy sources to obtain significant reductions in the emission of GHGs. Offloading the ICE to
a greater or lesser extent can be regarded as an intermediate step toward the use of completely clean
energy systems.

6. Robots and Renewable Energy – Two Way Interaction
In some scenarios, both robots and renewable energy can be simultaneously employed for each other.
In other words, a robot can be powered from a renewable energy source while conducting a renewable
energy-related task. A couple of examples are given below.

The Ecoppia E451 is a fully autonomous robot that uses microfiber brushes to clean the dust
accumulated on solar panels. It is designed for large rows of panels located in dry environments.
The robot uses an on-board solar panel and a battery to store energy that allows cleaning at night. In
ref. [76], an autonomous vacuum cleaner for solar panels was developed. The system contains two
subsystems (a robotic vacuum cleaner and a docking station). The robotic vacuum cleaner uses a two
stage cleaning process to remove the dust from the solar panel. The robot charges its battery from the
docking station using power drawn from the solar panels.

The abovementioned examples are for solar-powered robots conducting a maintenance task for
solar panels. Other similar scenarios exist for mutual interaction between robots and renewable
energy.

7. Discussion

7.1. Data Analytics
Successful project development requires extensive analysis of the available information in funda-
mental areas like site assessment, inter-connection impact, etc.123 Using simulation tools for data
analytics and forecasting speeds up the decision-making process, saving time and money for every-
one involved in the renewable energy industry (project managers, engineers, financial analysts, and
researchers). Examples of such tools are given below:

• Velocity Suite by ABB is a data and analytics solution that allows the identification of irradiance,
cloud cover, etc. to assess potential solar sites. This is also true for wind facilities, but with more
variables involved.123

• PROMOD by ABB is a simulation tool used to conduct production cost modeling. PROMOD
can be used to forecast the market price of power, future revenues and costs. It can also simu-
late the effects of intermittent energy from wind, solar, and other renewable energy projects on
transmission congestion.123

• System advisor model (SAM) by NREL is able to calculate the performance and financial met-
rics of renewable energy projects. SAM can be used to simulate the performance of solar,
wind, geothermal, and biomass energy sources, and it includes a model that can be used for
comparisons with conventional systems.61

7.2. Hybridization opportunities
7.2.1. Hybrid Renewable Energy Projects. One of the promising innovations in renewable energy
development is the co-existence of two different technologies in the same site. Many hybrid renew-
able energy projects have been built or are under development worldwide, including hydro-solar,
wind-solar, biomass-geothermal, etc. It has become apparent in recent years that many opportu-
nities exist for hybrid projects. Advantages of hybrid projects include: (1) shared land and grid
connections leading to reduced CAPEX, (2) higher power generation, (3) reduction of intermittent
generation, and (4) shared workforce for cleaning, security, etc. leading to reduced OPEX. For a
hybrid project, the total savings on CAPEX are estimated at 3–13% and for OPEX 3–16%. The chal-
lenges include (1) simultaneous generation from both sources may lead to curtailment, (2) lack of
familiarity with hybrid projects among investors. Curtailment can be reduced if the hybrid renewable
project is accompanied by energy storage.121

By the end of 2016, four of the world’s top turbine companies – GE, Gamesa, Goldwind, and
Mingyang – had entered the solar industry. Some companies were developing locally integrated
solar PV-wind hybrid projects during the year, and Suzlon (India) and Gamesa both announced plans
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to increase their focus on wind-solar hybrids, which can strengthen a plant’s generation profile and
enable sharing of resources for construction and maintenance. Hybrid projects that include storage
technologies also are being developed.217 In 2017, Siemens Gamesa announced its first hybrid con-
tract for a solar PV-wind power facility in India, and Vestas began constructing the first phase of
the Kennedy Energy Park, Australia’s first utility-scale wind, solar PV, and energy storage hybrid
project.218

Attempts to provide solar power to rural communities in developing countries have been thwarted
by the inherent intermittency of solar energy. These systems would cease providing power once the
sun went down, during overcast skies, or the rainy season. The Tulip tackles this problem by taking
a concentrated solar system and backing it up with biogas to continue providing power when the
sun is unavailable. An AORA Tulip is a hybrid solar power system that combines the technologies
of concentrated solar and biogas into a modular package that can provide energy to off-grid rural
locations. It is an efficient energy system with a relatively high kWh per land. A single Tulip can
power 30–40 homes.219

7.2.2. Hybrid-task robotics. Hybrid renewable energy projects open the door for new opportunities
and possibilities. Considering the integration between robots and renewable energy, a new class of
hybrid robots can be devised. In this regard, a hybrid robot refers to a robot that is capable of per-
forming one or more tasks (maintenance, troubleshooting, etc.) pertaining to both renewable energy
sources that are co-located inside the hybrid renewable energy plant. For example, a robot that is
capable of conducting troubleshooting tasks for both solar and wind energy sources, a hybrid robot
for a hybrid renewable energy plant, for further cost reduction.

7.2.3. Hybrid-powered robotics. The most important disadvantage of electrical UAVs is the limi-
tation of flight range. The power system of UAV is expected to have both high energy density and
power density. Neither solar cells nor fuel cells can supply total power demanding of UAV alone
with satisfactory performance.225 The solution is to combine different power sources that can be
connected either in serial, parallel, or serial–parallel in a hybrid configuration.220 The main benefits
of hybrid power systems with fuel cells compared with pure battery power systems are achieving
a higher specific energy and energy density, providing redundancy in power supply, reducing the
possibility of failure, improving energy efficiency,226 and achieving higher endurance.221

Hybrid power systems are classified as: (1) active, with control elements and (2) passive, with a
direct coupling among the system components. The active configuration allows a decoupling of sizing
and operating conditions on batteries and fuel cell using DC/DC converters, allowing a more precise
control of the power system. Their main disadvantages are system complexity, reduced efficiency
due to voltage loss, system cost, and higher weight and volume. Passive configurations with direct
connections to the DC bus offer the advantages of lower losses, reduced cost and simpler architecture,
lower weight, and volume.222

Detailed investigations of the static and dynamic performance of hybrid systems are required
to address integration challenges.221 The difference in characteristics between the fuel cell and the
battery makes the hybrid power system highly coupled and complicated. Therefore, effective energy
management strategies are very important and necessary in design of hybrid fuel cell/battery power
systems.223

Types of energy management systems for hybrid power systems

• Rule-based (state machine control, power following control)
• Intelligent-based (neural networks, fuzzy logic)
• Optimization-based (dynamic programming, equivalent consumption minimization strategy,

model predict control)
• Others (e.g., frequency decoupling).225

In ref. [223], an energy management system is designed to control the hybrid fuel cell and battery
power system for electric UAVs. An executable process of online fuzzy energy management strategy
is proposed and established. The proposed system exhibits good effectiveness and flexibility for long
endurance missions
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In ref. [220], the performance of a passive hybrid power plant control system to be implemented
in a lightweight UAV was investigated. The power plant is based on a high-temperature proton-
exchange membrane (PEM) fuel cell connected in parallel to a set of lithium-polymer batteries. Test
performed in steady state demonstrates that the use of the hybrid system increases the efficiency of
the stack by more than 7%. The hybridization of the stack with the batteries eliminates sudden peaks
in the current generated by the stack, which are responsible for prompt degradation phenomena
that drastically reduce its useful lifetime. In the steady-state test, it is verified that the efficiency
of the stack is 44.3% compared to a maximum efficiency of only 36.4% for the PEM fuel cell.
A test performed to study the dynamic behavior of the p-HPP demonstrated that the presence of
LiPo batteries in this configuration smooths out the sharp peaks of the current curve of the HT-
PEMFC, reducing the degradation phenomena that they can induce.220 In ref. [221], a series of tests
were performed on the AeroStack hybrid, fuel-cell-based power train. The results confirm that the
AeroStack’s lithium-polymer battery plays a crucial role in its response to dynamic load changes
and protects the fuel cell from membrane dehydration and fuel starvation. In ref. [224], the results of
tests for the hybrid AeroStack fuel-cell/battery power system were presented. The results demonstrate
that the performance of the fuel cell can deviate significantly from its steady-state polarization curve
for short periods of time and that careful selection of the mission profile (or inversely, selection of
a specific fuel-cell/battery combination for a given mission) can increase overall performance and
reduce fuel consumption by up to 3% by exploiting the high efficiency of the fuel cell at part load.

8. Conclusions
Renewable energy and robots, two disciplines that once seemed unrelated to each other are now
converging into an ecosystem whereby they are related and beneficial to each other. This paper pre-
sented an overview of the integration between robots and various renewable energy sources. Robots
can be used in a variety of applications and tasks related to renewable energy sources, for example,
they can be used to automate and accelerate the manufacturing process of solar panels, maintenance
and troubleshooting of solar energy and wind energy plants. Robots can also be useful in all phases
of a renewable energy project (site assessment, site survey, etc.) and can achieve faster and more
efficient results saving effort and money. On the other side, renewable energy can be useful as a
power source for robots, especially those involved in long-term autonomous missions. A wide range
of opportunities are yet to be explored in this regard.
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57. E. Alpman, Z. Canal and İ. Baysal, “Aerodynamic and Performance Analysis of Drag-Driven Vertical-
Axis Wind Turbines,” In: Towards 100% Renewable Energy - Techniques, Costs and Regional Case-
Studies, Springer Proceedings in Energy (T. S. Uyar, ed.) (Springer International Publishing, Cham,
Switzerland, 2017).

58. H. Lehmann and M. Nowakowski, “Archetypes of 100% Renewable Energies Scenarios by 2050,” In:
Towards 100% Renewable Energy - Techniques, Costs and Regional Case-Studies, Springer Proceedings
in Energy (T. S. Uyar, ed.) (Springer International Publishing, Cham, Switzerland, 2017).

59. S. Singer, J.-P. Denruyter and D. Yener, “The Energy Report: 100 % Renewable Energy by 2050,” In:
Towards 100% Renewable Energy - Techniques, Costs and Regional Case-Studies, Springer Proceedings
in Energy (T. S. Uyar, ed.) (Springer International Publishing, Cham, Switzerland, 2017).

60. H. B. Çetinkaya, S. Uzun, H. G. Virlan and H. C. Altay, “The Importance of Diversity for Renewables
and Their Control in Future Electrical Infrastructure,” In: Towards 100% Renewable Energy - Techniques,
Costs and Regional Case-Studies, Springer Proceedings in Energy (T. S. Uyar, ed.) (Springer International
Publishing, Cham, Switzerland, 2017).

61. N. Blair, N. DiOrio, J. Freeman, P. Gilman, S. Janzou, T. Neises and M. Wagner. System Advisor Model
(SAM) General Description (Version 2017.9.5). Golden, CO: National Renewable Energy Laboratory.
NREL/TP-6A20-70.

62. http://www.elp.com/articles/2012/06/ge-conducts-wind-turbine-inspection-with-robotic-trial.html
[accessed 3 September 2018].

63. A. M. Morega, J. C. Ordonez, P. A. Negoias and R. Hovsapian, “Spherical Photovoltaic Cells – A
Constructional Approach to Their Optimization,” OPTIM 2006, Romania.

64. https://www.linkedin.com/pulse/renewables-profiting-era-drones-mark-culpepper?published=t [accessed
4 September 2018].

65. http://www.renewableenergyworld.com/articles/2005/11/research-under-way-for-robotic-assembly-of-
fuel-cells-39271.html [accessed 4 August 2018].

66. http://www.renewableenergyworld.com/articles/2007/04/spire-and-kuka-provide-large-scale-robotic-pv-
manufacturing-lines-47999.html [accessed 4 September 2018].

67. D. Hart, J. Howes, B. Madden and E. Boyd, “Hydrogen and Fuel Cells: Opportunities for Growth - A
Roadmap for the UK,” E4tech and Element Energy, November 2016

68. http://www.renewableenergyworld.com/geothermal-energy/tech.html [accessed 5 September 2018].
69. http://www.renewableenergyworld.com/ocean-energy/tech.html [accessed 5 September 2018].
70. P. Corke, “Robotics, Vision and Control - Fundamental Algorithms in MATLAB,” In: Springer Tracts in

Advanced Robotics (Springer-Verlag, Berlin Heidelberg, 2011).
71. http://www.renewableenergyworld.com/bioenergy/tech.html [accessed 6 September 2018].
72. R. N. Jazar, Theory of Applied Robotics - Kinematics, Dynamics, and Control, 2nd edn (Springer, New

York, USA, 2010).
73. A. De Luca, Industrial Robotics (Sapienza University of Rome, Rome, Italy, 2016).
74. http://internetofthingsagenda.techtarget.com/definition/drone [accessed 3 September 2018].

https://doi.org/10.1017/S0263574719001644 Published online by Cambridge University Press

http://www.renewableenergyworld.com/hydrogen/tech.html
http://www.renewableenergyworld.com/articles/2016/12/top-10-renewable-energy-trends-to-watch-in-2017.html
http://www.renewableenergyworld.com/articles/2016/12/top-10-renewable-energy-trends-to-watch-in-2017.html
http://www.elp.com/articles/2012/06/ge-conducts-wind-turbine-inspection-with-robotic-trial.html
https://www.linkedin.com/pulse/renewables-profiting-era-drones-mark-culpepper?published=t
http://www.renewableenergyworld.com/articles/2005/11/research-under-way-for-robotic-assembly-of-fuel-cells-39271.html
http://www.renewableenergyworld.com/articles/2005/11/research-under-way-for-robotic-assembly-of-fuel-cells-39271.html
http://www.renewableenergyworld.com/articles/2007/04/spire-and-kuka-provide-large-scale-robotic-pv-manufacturing-lines-47999.html
http://www.renewableenergyworld.com/articles/2007/04/spire-and-kuka-provide-large-scale-robotic-pv-manufacturing-lines-47999.html
http://www.renewableenergyworld.com/geothermal-energy/tech.html
http://www.renewableenergyworld.com/ocean-energy/tech.html
http://www.renewableenergyworld.com/bioenergy/tech.html
http://internetofthingsagenda.techtarget.com/definition/drone
https://doi.org/10.1017/S0263574719001644


1600 Renewable energy for robots and robots for renewable energy

75. J. J. Craig, Introduction to Robotics, Mechanics and Control, 3rd edn (Pearson Education Inc., Upper
Saddle River, NJ, USA, 2005).

76. G. Aravind, G. Vasan, T. S. B. G. Kumar, R. N. Balaji and G. S. Ilango, “A Control Strategy for
an Autonomous Robotic Vacuum Cleaner for Solar Panels,” 2014 Texas Instruments India Educators’
Conference (TIIEC), Bangalore (2014), pp. 53–61. doi:10.1109/TIIEC.2014.018

77. NRC. Hidden Costs of Energy: Unpriced Consequences of Energy Production and Use (National
Research Council, The National Academy Press, Washington, DC, USA, 2010a).

78. U. Nehmzow, Robot Behaviour Design Description Analysis and Modelling (Springer-Verlag, London,
UK, 2009).

79. Carbon Trust, Offshore Wind power: Big Challenge, Big Opportunity (The Carbon Trust, London, UK,
2008).

80. B. Snyder and M. J. Kaiser, “Ecological and economic cost-benefit analysis of offshore wind energy,”
Renew. Energy 34(6), 1567–1578 (2009b).

81. J. Twidell and G. Gaudiosi (eds.), Offshore Wind Power (Multi-Science Publishing, Brentwood, UK,
2009).

82. D. C. Hoppock and D. Patiño-Echeverri, “Cost of wind energy: comparing distant wind resources to local
resources in the midwestern United States,” Environ. Sci. Technol. 44(22), 8758–8765 (2010).

83. Y. Liu and A. Kokko, “Wind power in China: Policy and development challenges,” Energy Pol. 38(10),
5520–5529 (2010).

84. I. Van der Hoven, “Power spectrum of horizontal wind speed in the frequency range from 0.0007 to 900
cycles per hour,” J. Atmospheric Sci. 14, 160–164 (1957).

85. C. G. Justus, K. Mani and A. S. Mikhail, “Interannual and month-to-month variations of wind speed,” J.
Appl. Meteorol. 18(7), 913–920 (1979).

86. Y. Wan and D. Bucaneg Jr., “Short-term power fluctuations of large wind power plants,” J. Sol. Energy
Eng. 124, 427 (2002).

87. J. Apt, “The spectrum of power from wind turbines,” J. Power Sources 169(2), 369–374 (2007).
88. F. Rahimzadeh, A. Noorian, M. Pedram and M. Kruk, “Wind speed variability over Iran and its impact on

wind power potential: A case study of Esfehan Province,” Meteorolog. Appl. 18(2), 198–210 (2011).
89. P. Lamon, “3D-Position Tracking and Control for All-Terrain Robots, Springer Tracts,” In: Advanced

Robotics, vol. 43 (B. Siciliano, O. Khatib and F. Groen, eds.) (Springer-Verlag, Berlin, Heidelberg, 2008).
90. H. Harry Asada, Introduction to Robotics (Massachusetts Institute of Technology, Cambridge, MA, USA,

2005).
91. A. Soares, C. Li and J. Martin, “Using Solar Energy in Robotics and Small Scale Electronic Applications,”

Proceedings of The 2011 IAJC-ASEE International Conference (2011).
92. Wind Turbine Technology, BWEA Briefing Sheet, The British Wind Energy Association (2005).
93. EC, External Costs: Research Results on Socio-Environmental Damages Due to Electricity and Transport

(European Commission (EC), Brussels, Belgium, 2003) 28 pp.
94. A. D. Owen, “Environmental externalities, market distortions and the economics of renewable energy

technologies,” Energy J. 25(3), 127–156 (2004).
95. T. Sundqvist, “What causes the disparity of electricity externality estimates?” Energy Pol. 32(15), 1753–

1766 (2004).
96. R. Pelc and R. M. Fujita, “Renewable energy from the ocean,” Mar. Pol. 26(6), 471–479 (2002).
97. P. Meisen, Ocean Energy Technologies for Renewable Energy Generation (Global Energy Network

Institute (GENI), San Diego, CA, USA, 2009).
98. P. P. Edwards, V. L. Kuznetsov and W. I. F. David, “Hydrogen energy,” Phil. Trans. R. Soc. A 365, 1043–

1056 (2007).
99. O. Hohmeyer, D. Mora and F. Wetzig, Wind Energy. The Facts, vol. 4 (European Wind Energy

Association, Brussels, Belgium, 2005) 60 pp.
100. F. Krug and B. Lewke, “Electromagnetic interference on large wind turbines,” Energies 2, 1118–1129

(2009).
101. E. Summers, “Operational effects of windfarm developments on air traffic control (ATC) radar procedures

for Glasgow Prestwick International Airport,” Wind Eng. 24(6), 431–435 (2000).
102. J. Firestone and W. Kempton, “Public opinion about large offshore wind power: Underlying factors,”

Energy Pol. 35(3), 1584–1598 (2007).
103. M. Wolsink, “Planning of renewables schemes: Deliberative and fair decision-making on landscape issues

instead of reproachful accusations of noncooperation,” Energy Pol. 35(5), 2692–2704 (2007).
104. R. Wustenhagen, M. Wolsink and M. Burer, “Social acceptance of renewable energy innovation: An

introduction to the concept,” Energy Pol. 35(5), 2683–2691 (2007).
105. J. Firestone, W. Kempton and A. Krueger, “Public acceptance of offshore wind power projects in the

USA,” Wind Energy 12(2), 183–202 (2009).
106. C. R. Jones and J. R. Eiser, “Identifying predictors of attitudes towards local onshore wind development

with reference to an English case study,” Energy Pol. 37(11), 4604–4614 (2009).
107. Hydropower - Technology Brief, IEA-ETSAP and IRENA Technology Brief E06, 2015.
108. D. Castaldi, E. Chastain, M. Windram and L. Ziatyk, A Study of Hydroelectric Power: From a Global

Perspective to a Local Application (College of Earth and Mineral Sciences, The Pennsylvania State
University, 2003).

109. E. A. Ouko and M. Omarsdottir, “The Geothermal Journey - A Case Example of Iceland and Kenya,”
Proceedings World Geothermal Congress 2015, Melbourne, Australia (2015).

https://doi.org/10.1017/S0263574719001644 Published online by Cambridge University Press

https://doi.org/10.1109/TIIEC.2014.018
https://doi.org/10.1017/S0263574719001644


Renewable energy for robots and robots for renewable energy 1601

110. B. Goldstein, G. Hiriart, R. Bertani, C. Bromley, L. Gutiérrez-Negrín, E. Huenges, H. Muraoka, A.
Ragnarsson, J. Tester and V. Zui, “Geothermal Energy,” In: IPCC Special Report on Renewable Energy
Sources and Climate Change Mitigation (O. Edenhofer, R. Pichs-Madruga, Y. Sokona, K. Seyboth, P.
Matschoss, S. Kadner, T. Zwickel, P. Eickemeier, G. Hansen, S. Schlömer and C. von Stechow, eds.)
(Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 2011).

111. Geothermal Development and Research in Iceland, National Energy Authority (2010).
112. Geothermal Development and Research in Iceland, National Energy Authority and Ministries of Industry

and Commerce (2006).
113. M. Alves-Pereira and C. Branco, “In-Home Wind Turbine Noise is Conducive to Vibroacoustic Disease,”

Presented at the Second International Meeting on Wind Turbine Noise INCE/Europe, Lyon, France (2007).
114. L. Blodgett, Geothermal 101: Basics of Geothermal Energy (Geothermal Energy Association, 2014).
115. Renewables, Global Status Report, Renewable Energy Policy Network for the 21st Century (2016).
116. R. D’Sa, D. Jenson and N. Papanikolopoulos, “SUAV: Q - A Hybrid Approach To Solar-Powered Flight,”

IEEE International Conference on Robotics and Automation (ICRA) Stockholm, Sweden, May 16–21,
2016.

117. E. Pedersen and K. P. Waye, “Wind turbine noise, annoyance and self-reported health and well-being in
different living environments,” Occup. Environ. Med. 64(7), 480–486 (2007).

118. E. Pedersen and K. P. Waye, “Wind turbines – low level noise sources interfering with restoration?”
Environ. Res. Lett. 3(1), 1–5 (2008).

119. E. Pedersen, F. van den Berg, R. Bakker and J. Bouma, “Can road traffic mask sound from wind turbines?
Response to wind turbine sound at different levels of road traffic sound,” Energy Pol. 38(5), 2520–2527
(2010).

120. D. G. Lee, S. Oh and H. I. Son, “Wire-Driven Parallel Robotic System and its Control for Maintenance
of Offshore Wind Turbines,” IEEE International Conference on Robotics and Automation (ICRA),
Stockholm, Sweden (2016).

121. “Global Trends in Renewable Energy Investment 2017,” Frankfurt School of Finance & Management
GmbH.

122. J. H. Gibbons, P. D. Blair and H. L. Gwin, “Strategies for energy use,” Sci. Am. 261(3), 136–143 (1989).
123. Navigating the renewable boom - Three ways to utilize data and analytics to design a successful

development project, ABB (2016).
124. F. García-Córdova and A. Guerrero-González, “Intelligent navigation for a solar powered unmanned

underwater vehicle”, Int. J. Adv. Robotic Syst. 10(4), 185 (2013).
125. B. Tian, J. Yu, A. Zhang, F. Zhang, Z. Chen and K. Sun, “Dynamics Analysis of Wave-driven Unmanned

Surface Vehicle in Longitudinal Profile,” IEEE OCEANS 2014, Taipei, Taiwan (2014).
126. C.-H. Noh, I. Kim, W.-H. Jang and C.-H. Kim, “Recent trends in renewable energy resources for power

generation in the republic of Korea,” Resources 4, 751–764 (2015).
127. Meet Iceland - a Pioneer in the Use of Renewable Resources, National Energy Authority and Ministry of

Industry, Energy & Tourism (2009).
128. B. Tian, J. Yu and A. Zhang, “Lagrangian Dynamic Modeling of Wave-driven Unmanned Surface Vehicle

in Three Dimensions Based on the D-H Approach,” The 5th Annual IEEE International Conference on
Cyber Technology in Automation, Control and Intelligent Systems, Shenyang, China (2015).

129. “Global Trends in Renewable Energy Investment 2018,” Frankfurt School of Finance & Management
GmbH.

130. F. D. Stacey and D. E. Loper, “Thermal history of the Earth: A corollary concerning non-linear mantle
rheology,” Phys. Earth. Planet. Inter. 53(1–2), 167–174 (1988).

131. E. F. Camacho, T. Samad, M. Garcia-Sanz and I. Hiskens, “Control for Renewable Energy and Smart
Grids,” In: The Impact of Control Technology (T. Samad and A. M. Annaswamy, eds.) (2011).

132. “BP Statistical Review of World Energy,” British Petroleum (BP) (2018).
133. N. Sriram and M. Shahidehpour, “Renewable Biomass Energy,” IEEE Power Engineering Society General

Meeting, San Francisco, CA, USA (2005).
134. P. McKendry, “Energy production from biomass (part 1): Overview of biomass,” Bioresource Technol.

83(1), 37–46 (2002).
135. A. Kaplan, N. Kingry, P. Uhing and R. Dai, “Time-optimal path planning with power schedules for a

solar-powered ground robot,” IEEE Trans. Autom. Sci. Eng. 14(2), 1235–1244 (2016).
136. J. Cruz-Lambert, P. Benavidez, J. Ortiz, J. Richey, S. Morris, N. Gallardo and M. Jamshidi, “Converter

Design for Solar Powered Outdoor Mobile Robot,” WAC 2016.
137. D. I. Park, Y. Yoo, G. Jung, K. T. Park and S. Lee, “Dynamic Simulation of Cassette Handling Robot Used

in the Solar Cell Manufacturing,” IEEE 9th International Conference on Ubiquitous Robots and Ambient
Intelligence (URAI) (2012).

138. A. Sulaiman, F. Inambao and G. Bright, “Development of Solar Hydrogen Energy for Mobile Robots,”
6th Robotics and Mechatronics Conference (RobMech) Durban, South Africa (2013).

139. A. B. Afarulrazi, W. M. Utomo, K. L. Liew and M. Zarafi, “Solar Tracker Robot using Microcontroller,”
IEEE International Conference on Business, Engineering and Industrial Applications (ICBEIA) (2011).

140. P. Ngo, J. Das, J. Ogle, J. Thomas, W. Anderson and R. N. Smith, “Predicting the Speed of a Wave Glider
Autonomous Surface Vehicle from Wave Model Data,” IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS 2014), Chicago, IL, USA (2014).

https://doi.org/10.1017/S0263574719001644 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574719001644


1602 Renewable energy for robots and robots for renewable energy

141. M. A. Jaradat, M. Tauseef, Y. Altaf, R. Saab, H. Adel, N. Yousuf and Y. H. Zurigat, “A Fully Portable
Robot System For Cleaning Solar Panels,” IEEE 10th International Symposium on Mechatronics and its
Applications (ISMA), Sharjah (2015).

142. B. Svetozarevic, Z. Nagy, J. Hofer, D. Jacob, M. Begle, E. Chatzi and A. Schlueter, “SoRo-Track: A Two-
Axis Soft Robotic Platform for Solar Tracking and Building-Integrated Photovoltaic Applications,” IEEE
International Conference on Robotics and Automation (ICRA) Stockholm, Sweden (2016).

143. S. Lim, C.-W. Park, J.-H. Hwang, D.-Y. Kim and T.-K. Kim, “The Inchworm Type Blade Inspection Robot
System,” 9th International Conference on Ubiquitous Robots and Ambient Intelligence (URAI) Daejeon,
Korea (2012).

144. D. G. Lee, S. Oh and H. I. Son, “Maintenance robot for 5MW offshore wind turbines and its control,”
IEEE ASME Trans. Mechatr. 21(5), 2272–2283 (2016).

145. J. Oh, K. Lee, T. Hughes, S. Forrest and K. Sarabandi, “Flexible antenna integrated with an epitaxial
lift-off solar cell array for flapping-wing robots,” IEEE Trans. Antennas Propag. 62(8), 4356–4361 (2014).

146. S. Jung, J.-U. Shin, W. Myeong and H. Myung, “Mechanism and System Design of MAV (Micro
Aerial Vehicle)-Type Wall-Climbing Robot for Inspection of Wind Blades and Non-Flat Surfaces,” 15th
International Conference on Control, Automation and Systems (ICCAS 2015), Busan, Korea (2015).

147. L. Zhong, R. Guo, Z. Cheng, J. Jia and J. Yong, “Automatic Solar Charging System for Overhead
Transmission Line Robot,” IEEE 4th International Conference on Applied Robotics for the Power Industry
(CARPI) (2016).

148. P. Schubel and R. Crossley, “Wind turbine blade design,” 1–34 (2014). doi:10.1201/b16587-3
149. P. Zarafshan and S. A. A. Moosavian, “Fuzzy Tuning Manipulation Control of a Space Robot with

Passive Flexible Solar Panels,” Proceedings of the IEEE International Conference on Mechatronics and
Automation, Beijing, China (2011).

150. P. Zarafshan and S. A. A. Moosavian, “Manipulation Control of a Space Robot with Flexible Solar
Panels,” IEEE ASME International Conference on Advanced Intelligent Mechatronics (AIM), Montreal,
QC, Canada (2010).

151. W. Zhu, X. Wang, M. Xu, J. Yang, T. Si and S. Zhang, “A Wave Energy Conversion Mechanism Applied
in Robotic Fish,” IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM)
Wollongong, Australia (2013).

152. C. Dupraz, H. Marrou, G. Talbot, L. Dufour, A. Nogier and Y. Ferard, “Combining solar photovoltaic
panels and food crops for optimising land use: Towards new agrivoltaic schemes,” Renew. Energy 36(10),
2725–2732 (2011).

153. D. Majumdar and M. J. Pasqualetti, “Dual use of agricultural land: Introducing ‘agrivoltaics’ in Phoenix
Metropolitan Statistical Area, USA,” Landscape Urban Plan 170, 150–168 (2018).

154. A. Goetzberger and A. Zastrow, “On the coexistence of solar-energy conversion and plant cultivation,”
Int. J. Sol. Energy 1(1), 55–69 (1982).

155. S. Ravi, D. B. Lobell and C. B. Field, “Tradeoffs and synergies between biofuel production and large solar
infrastructure in deserts,” Environ. Sci. Technol. 48(5), 3021–3030 (2014).

156. H. Dinesh and J. M. Pearce, “The potential of agrivoltaic systems,” Renew. Sustain. Energy Rev. 54,
299–308 (2016).

157. K. Calvert and W. Mabee, “More solar farms or more bioenergy crops? Mapping and assessing potential
land-use conflicts among renewable energy technologies in eastern Ontario, Canada,” Appl. Geogr. 56,
209–221 (2015).

158. http://energy.mit.edu/news/transparent-solar-cells/ [accessed 4 July 2019].
159. https://www.power-technology.com/projects/kagoshima-nanatsujima-mega-solar-power-plant/ [accessed

4 July 2019].
160. http://theconversation.com/why-the-new-solar-superpowers-will-probably-be-petro-states-in-the-gulf-

115834 [accessed 4 July 2019].
161. https://www.cnbc.com/2019/02/15/california-solar-panel-mandate-could-cost-new-homeowners-big.

html [accessed 4 July 2019].
162. https://www.solarpowerworldonline.com/2019/01/solar-can-be-installed-on-uneven-hilly-sites-with- rel-

ative-ease/
163. A. Kahl, J. Dujardin and M. Lehning, “The bright side of PV production in snow-covered mountains,”

Proc. Nat. Acad. Sci. 116(4), 1162–1167 (2019). doi:10.1073/pnas.1720808116
164. B. Parrott, P. C. Zanini, A. Shehri, K. Kotsovos and I. Gereige, “Automated, robotic dry-cleaning of solar

panels in Thuwal, Saudi Arabia using a silicone rubber brush,” Solar Energy 171, 526–533 (2018).
165. M. Faifer, M. Lazzaroni and S. Toscani, “Dust Effects on the PV Plant Efficiency: A New Monitoring

Strategy,” Proceedings of the 20th IMEKO TC4 International Symposium and 18th International
Workshop on ADC Modelling and Testing, Benevento (2014) pp. 580–585.

166. A. M. Pavan, A. Mellit and D. De Pieri, “The effect of soiling on energy production for large-scale
photovoltaic plants,” Solar Energy 85(5), 1128–1136 (2011). doi:10.1016/j.solener.2011.03.006

167. B. Stridh, “Economical Benefit of Cleaning of Soiling and Snow Evaluated for PV Plants at Three
Locations in Europe,” Proceedings of the 27th European Photovoltaic Solar Energy Conference and
Exhibition, Frankfurt (2012) pp. 4027–4029.

168. M. Abu-Naser, “Solar panels cleaning frequency for maximum financial profit,” Open J. Energy Effic.
6(3), 80–86 (2017).

https://doi.org/10.1017/S0263574719001644 Published online by Cambridge University Press

https://doi.org/10.1201/b16587-3
http://energy.mit.edu/news/transparent-solar-cells/
https://www.power-technology.com/projects/kagoshima-nanatsujima-mega-solar-power-plant/
http://theconversation.com/why-the-new-solar-superpowers-will-probably-be-petro-states-in-the-gulf-115834
http://theconversation.com/why-the-new-solar-superpowers-will-probably-be-petro-states-in-the-gulf-115834
https://www.cnbc.com/2019/02/15/california-solar-panel-mandate-could-cost-new-homeowners-big.html
https://www.cnbc.com/2019/02/15/california-solar-panel-mandate-could-cost-new-homeowners-big.html
https://www.solarpowerworldonline.com/2019/01/solar-can-be-installed-on-uneven-hilly-sites-with-relative-ease/
https://www.solarpowerworldonline.com/2019/01/solar-can-be-installed-on-uneven-hilly-sites-with-relative-ease/
https://doi.org/10.1073/pnas.1720808116
https://doi.org/10.1016/j.solener.2011.03.006
https://doi.org/10.1017/S0263574719001644


Renewable energy for robots and robots for renewable energy 1603

169. N. Ferretti, “PV Module Cleaning - Market Overview and Basics,” PI Photovoltaik-Institut Berlin AG
(2018).

170. A. Sayyah, M. N. Horenstein and M. K. Mazumder, “Energy Yield loss caused by dust deposition on
photovoltaic panels,” Solar Energy 107, 576–604 (2014).

171. T. Sarver, A. Al-Qaraghuli and L. L. Kazmerski, “A comprehensive review of the impact of dust on the
use of solar energy: History, investigations, results, literature, and mitigation approaches,” Renew. Sustain.
Energy Rev. 22, 698–733 (2013).

172. M. El-Shobokshy and F. M. Hussein, “Degradation of photovoltaic cell performance due to dust deposition
on its surface,” Renew. Energy 3(6–7), 585–90 (1993).

173. http://newenergyupdate.com/pv-insider/rapid-cleaning-robots-set-cut-solar-energy-losses-labor-costs
174. https://www.fixr.com/costs/solar-panel-maintenance
175. R. Ferroukhi, A. Khalid, M. Renner and Á. López-Peña, Renewable Energy and Jobs - Annual Review

(The International Renewable Energy Agency (IRENA), Abu Dhabi, 2016).
176. D. Saha and M. Muro, “Rigged: Declining U.S. oil and gas rigs forecast job pain,” (2016). www.

brookings.edu/blogs/the-avenue/posts/2016/03/16-declining-us-oil-gas-rigs-saha-muro
177. CNREC (China National Renewable Energy Centre) (2016), Communication with experts, March 2016.
178. R. Ferroukhi, A. Khalid, C. García-Baños, and M. Renner, Renewable Energy and Jobs - Annual Review

(The International Renewable Energy Agency (IRENA), Abu Dhabi, 2017).
179. R. Ferroukhi, M. Renner, C. Garcia-Baños, D. Nagpal, and A. Khalid, Renewable Energy and Jobs -

Annual Review (The International Renewable Energy Agency (IRENA), Abu Dhabi, 2018).
180. Y. Chen, “Employment Effects for Renewable Energy Industry: A Literature Review,” Advances in

Economics, Business and Management Research (AEBMR), volume 34, 2nd International Conference
on Financial Innovation and Economic Development (ICFIED 2017), vol. 34 (2017).

181. R. J. Lambert and P. P. Silva, “The challenges of determining the employment effects of renewable
energy,” Renew. Sustain. Energy Rev. 16(7), 4667–4674 (2012).

182. M. Frondel, N. Ritter, C. Schmidt and C. Vance, “Economic impacts from the promotion of renewable
energy technologies: the German experience,” Energy Pol. 38(8), 4048–4056 (2010).

183. E. Sastresa, A. Usón, I. Bribián and S. Scarpelleni, “Local impact of renewables on employment:
assessment methodology and case study,” Renew. Sustain. Energy Rev. 14(2), 679–690 (2010).

184. P. del Rio and M. Burguillo, “Assessing the impact of renewable energy deployment on local sustainabil-
ity: towards a theoretical framework,” Renew. Sustain. Energy Rev. 12(5), 1325–44 (2008).

185. D. Gioutsos and A. Ochs, “The Employment Effects of Renewable Energy Development Assistance,”
European Union Energy Initiative, Brussels, 2017.

186. http://www.altenergystocks.com/archives/2009/07/not_all_green_jobs_were_created_equal_1/ [accessed
25/6/2019].

187. U. K. Energy Research Center (2014). “Low Carbon Jobs.”
188. WWF (2009). Low Carbon Job for Europe – Current Opportunities and Future Prospects.
189. H. Garrett-Peltier, “Green versus brown: Comparing the employment impacts of energy efficiency,

renewable energy, and fossil fuels using an input-output model,” Econ. Model. 61, 439–447 (2017).
190. I. S. Moeck, G. Beardsmore and C. C. Harvey, “Cataloging Worldwide Developed Geothermal Systems

by Geothermal Play Type,” Proceedings World Geothermal Congress 2015, Melbourne, Australia (2015).
191. D. Ebrahimi, J. Nouraliee and A. Dashti, “Assessing the geothermal potential of the Shahin Dezh Region,

based on the geological, geochemical and geophysical evidence,” J. Afr. Earth Sci. 152, 84–94 (2019).
192. I. S. Moeck, “Catalog of geothermal play types based on geologic controls,” Renew. Sust. Energy Rev. 37,

867–882 (2014).
193. J. E. Faulds, V. Bouchot, I. Moeck and K. Oguz, “Structural controls of geothermal systems in western

Turkey: A preliminary report,” Geotherm. Res Coun. Trans. 33, 375–383 (2009).
194. I. Moeck, H. Schandelmeier and H. G. Holl, “The stress regime in Rotliegend reservoir of the Northeast

German Basin,” Int. J. Earth Sci. 98(7), 1643–1654 (2009).
195. M. Nukman and I. Moeck, “Structural controls of a geothermal system in the Tarutung Basin, north central

Sumatra,” J. Asian Earth Sci. 74, 86–96 (2013).
196. F. Deon, I. Moeck, M. Jaya, B. Wiegand, T. Scheytt and D. J. Putriatni, “Preliminary Assessment of

the Geothermal System in the Tiris Volcanic area, East Java, Indonesia,” Proceedings of the 74th EAGE
conference and exhibition, Copenhagen, Denmark (2012).

197. D. L. Siler, J. E. Faulds, N. H. Hinz, G. M. Dering, J. H. Edwards and B. Mayhew, “Three-dimensional
geologic mapping to assess geothermal potential: Examples from Nevada and Oregon,” Geotherm. Energy
7(2), 2 (2019). doi:10.1186/s40517-018-0117-0

198. http://geothermaleducation.org/ [accessed 5/7/2019].
199. L. C. Shirvill, T. A. Roberts, M. Royle, D. B. Willoughby and P. Sathiah, “Experimental study of hydrogen

explosion in repeated pipe congestion - Part 1: Effects of increase in congestion,” Int. J. Hydrog. Energy
44(18), 9466–9483 (2019).

200. P. P Edwards, V. L Kuznetsov and W. I. F David, “Hydrogen energy,” Phil. Trans. R. Soc. A, 365 (2007).
doi:10.1098/rsta.2006.1965

201. R. Moradi and K. M. Groth, “Hydrogen storage and delivery: Review of the state of the art technologies
and risk and reliability analysis,” Int. J. Hydrog. Energy. doi:10.1016/j.ijhydene.2019.03.041

202. K. Itaoka, A. Saito and K. Sasaki, “Public perception on hydrogen infrastructure in Japan: influence of
rollout of commercial fuel cell vehicles,” Int. J. Hydrogen Energy 42(11), 7290–7296 (2017).

https://doi.org/10.1017/S0263574719001644 Published online by Cambridge University Press

http://newenergyupdate.com/pv-insider/rapid-cleaning-robots-set-cut-solar-energy-losses-labor-costs
https://www.fixr.com/costs/solar-panel-maintenance
www.brookings.edu/blogs/the-avenue/posts/2016/03/16-declining-us-oil-gas-rigs-saha-muro
www.brookings.edu/blogs/the-avenue/posts/2016/03/16-declining-us-oil-gas-rigs-saha-muro
http://www.altenergystocks.com/archives/2009/07/not_all_green_jobs_were_created_equal_1/
https://doi.org/10.1186/s40517-018-0117-0
http://geothermaleducation.org/
https://doi.org/10.1098/rsta.2006.1965
https://doi.org/10.1016/j.ijhydene.2019.03.041
https://doi.org/10.1017/S0263574719001644


1604 Renewable energy for robots and robots for renewable energy

203. G. Petitpas and S. Aceves, “Modeling of sudden hydrogen expansion from cryogenic pressure vessel
failure,” Int. J. Hydrogen Energy 38(19), 8190–8198 (2013).

204. R. M. Burgess, M. B. Post, W. J. Buttner and C. H. Rivkin, “High Pressure Hydrogen Pressure Relief
Devices: Accelerated Life Testing and Application Best Practices,” Technical report (National Renewable
Energy Lab. (NREL), Golden, CO (United States), 2017).

205. D. Stolten, R. C. Samsun and N. Garland, Fuel Cells: Data, Facts, and Figures (John Wiley & Sons,
Hoboken, NJ, USA, 2016).

206. J. P. B. Ramirez, D. Halm, J.-C. Grandidier, S. Villalonga and F. Nony, “700 bar type IV high pressure
hydrogen storage vessel burst-simulation and experimental validation,” Int. J. Hydrogen Energy 40(38),
13183–13192 (2015).

207. T. Kuroki, N. Sakoda, K. Shinzato, M. Monde and Y. Takata. “Temperature rise of hydrogen storage
cylinders by thermal radiation from fire at hydrogen-gasoline hybrid refueling stations,” Int. J. Hydrogen
Energy 43(5), 2531–2539 (2018).

208. T. Hubert, L. Boon-Brett, G. Black and U. Banach. “Hydrogen sensors a review,” Sensor Actuator B
Chem. 157(2), 329–52 (2011). doi:10.1016/j.snb.2011.04.070.

209. T. Sutharssan, D. Montalvao, Y. K. Chen, W.-C. Wang, C. Pisac and H. Elemara. “A review on prognostics
and health monitoring of proton exchange membrane fuel cell,” Renew Sustain. Energy Rev. 75, 440–50
(2017).

210. M. J. Jafari, E. Zarei and N. Badri, “The quantitative risk assessment of a hydrogen generation unit,” Int.
J. Hydrogen Energy 37(24), 19241–19249 (2012).

211. M. C. Galassi, E. Papanikolaou, D. Baraldi, E. Funnemark, E. Håland, A. Engebø, G. P. Haugom, T. Jordan
and A. V. Tchouvelev, “HIAD - hydrogen incident and accident database,” Int. J. Hydrogen Energy 37(22),
17351–17357 (2012).

212. K. M. Groth and E. S. Hecht, “Hyram: A methodology and toolkit for quantitative risk assessment of
hydrogen systems,” Int. J. Hydrogen Energy 42(11), 7485–7493 (2017).

213. K. M. Groth and E. S. Hecht, “HyRAM: A methodology and toolkit for quantitative risk assessment of
hydrogen systems,” Int. J. Hydrogen Energy 42(11), 7485–7493 (2017).

214. N. Barilo, “Safety Considerations for Hydrogen and Fuel Cell Applications,” Hydrogen Safety Panel, ICC
Annual Business Meeting, Long Beach, CA (2015).

215. https://www.energy.gov/eere/fuelcells/safe-use-hydrogen.
216. https://h2tools.org/.
217. Renewables. Global Status Report (2017), ISBN 978-3-9818107-6-9.
218. Renewables. Global Status Report (2018), ISBN 978-3-9818911-3-3.
219. http://www.altenergy.org/renewables/solar/aora-tulip.html.
220. J. Renau, F. Sánchez, A. Lozano, J. Barroso and F. Barreras, “Analysis of the performance of a passive

hybrid powerplant to power a lightweight unmanned aerial vehicle for a high altitude mission,” J. Power
Sources 356, 124–132 (2017).

221. D. Verstraete, K. Lehmkuehler, A. Gong, J. R. Harvey, G. Brian and J. L. Palmer, “Characterisation of a
hybrid, fuel-cell-based propulsion system for small unmanned aircraft,” J. Power Sources 250, 204–211
(2014).

222. E. L. González, J. S. Cuesta, F. J. Vivas Fernandez, F. I. Llerena, M. A. Ridao Carlini, C. Bordons, E.
Hernandez and A. Elfes, “Experimental evaluation of a passive fuel cell/ battery hybrid power system for
an unmanned ground vehicle,” Int. J. Hydrogen Energy 44(25), 12772–12782 (2019).

223. X. Zhang, L. Liu, Y. Dai and T. Lu, “Experimental investigation on the online fuzzy energy management
of hybrid fuel cell/battery power system for UAVs,” Int. J. Hydrogen Energy 43(21), 10094–10103 (2018).

224. A. Gong, J. L. Palmer, G. Brian, J. R. Harvey and D. Verstraete, “Performance of a hybrid, fuel-cell-
based power system during simulated small unmanned aircraft missions,” Int. J. Hydrogen Energy 41(26),
11418–11426 (2016).

225. T. Lei, Z. Yang, Z. Lin and X. Zhang, “State of art on energy management strategy for hybrid-powered
unmanned aerial vehicle,” Chin. J. Aeronaut. 32(6), 1488–1503 (2019).

226. http://iufcv.com/technologies/.
227. Parrot AR Drone 2.0 Quadcopter Datasheet.
228. https://www.mydronelab.com/reviews/parrot-ar-drone-2-0.html.
229. https://www.dji.com/phantom-4.
230. https://www.dji.com/products/compare-consumer-drones.
231. M. Li, J.-S. Chen and M. Cotlet, “Efficient light harvesting biotic–abiotic nanohybrid system incorpo-

rating atomically thin van der Waals transition metal dichalcogenides,” ACS Photon. 6(6), 1451–1457
(2019). doi:10.1021/acsphotonics.9b00090.

232. https://www.irena.org/newsroom/pressreleases/2019/May/Falling-Renewable-Power-Costs-Open-Door-
to-Greater-Climate-Ambition.

233. https://cleantechnica.com/2019/05/25/selenium-boosts-efficiency-of-thin-film-solar-cells-to-22/.
234. https://phys.org/news/2018-11-record-breaking-solar-cells-ready-mass.html.
235. https://sites.lafayette.edu/egrs352-sp14-pv/technology/history-of-pv-technology/.
236. https://filmora.wondershare.com/drones/drone-applications-and-uses-in-future.html.
237. M. Gonzalez-de-Soto, L. Emmi, C. Benavides, I. Garcia and P. Gonzalez-de-Santos, “Reducing air

pollution with hybrid-powered robotic tractors for precision agriculture,” Biosys. Eng. 143, 79–94 (2016).
238. https://www.greentechmedia.com/articles/read/ipcc-renewables-85-electricity-worst-impacts-climate-

change#gs.q7bsy7.

https://doi.org/10.1017/S0263574719001644 Published online by Cambridge University Press

https://doi.org/10.1016/j.snb.2011.04.070
https://www.energy.gov/eere/fuelcells/safe-use-hydrogen.
https://h2tools.org/.
http://www.altenergy.org/renewables/solar/aora-tulip.html.
http://iufcv.com/technologies/.
https://www.mydronelab.com/reviews/parrot-ar-drone-2-0.html.
https://www.dji.com/phantom-4.
https://www.dji.com/products/compare-consumer-drones.
https://doi.org/10.1021/acsphotonics.9b00090
https://www.irena.org/newsroom/pressreleases/2019/May/Falling-Renewable-Power-Costs-Open-Door-to-Greater-Climate-Ambition
https://www.irena.org/newsroom/pressreleases/2019/May/Falling-Renewable-Power-Costs-Open-Door-to-Greater-Climate-Ambition
https://cleantechnica.com/2019/05/25/selenium-boosts-efficiency-of-thin-film-solar-cells-to-22/
https://phys.org/news/2018-11-record-breaking-solar-cells-ready-mass.html
https://sites.lafayette.edu/egrs352-sp14-pv/technology/history-of-pv-technology/
https://filmora.wondershare.com/drones/drone-applications-and-uses-in-future.html
https://www.greentechmedia.com/articles/read/ipcc-renewables-85-electricity-worst-impacts-climate-change#gs.q7bsy7
https://www.greentechmedia.com/articles/read/ipcc-renewables-85-electricity-worst-impacts-climate-change#gs.q7bsy7
https://doi.org/10.1017/S0263574719001644

	Renewable Energy for Robots and Robots for Renewable Energy – A Review
	Introduction
	Renewable Energy Sources
	Solar energy
	Wind energy
	Biomass energy
	Ocean energy
	Hydroelectric energy
	Geothermal energy
	Hydrogen energy

	Classification of Robots
	Robots for Renewable Energy
	A case study – The solar power plant
	More on using robots for renewable energy
	Efficiency of robots versus efficiency of renewable energy sources

	Renewable Energy for Robots
	Renewable energy-powered flying robots
	Renewable energy-powered marine robots
	Solar-powered terrestrial robots

	Robots and Renewable Energy – Two Way Interaction
	Discussion
	Data Analytics
	Hybridization opportunities

	Conclusions


