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Abstract: In the digital transition era of scaling down from macro through micro turbine; to the
setting up of Smart Turbine Energy Harvesters (STEH), this paper presents Project Management (PM)
principles applicable and best practices to meet the increasing energy demand of digitised technology.
The massive deployment of autonomous devices such as those for Internet of Things (IoT), for the
support of smart cities, has necessitated more research about their energy demands. With the use of
‘waterfall’ Project Management Methodology (PMM), turbine grid-connected energy are classified
into different categories, and comparative study is made between scaling down of turbine grid from
macro to micro, to the economic impact of setting up of STEH. This study concludes by proposing the
use of STEH, which is an onsite green energy harvesting scheme that is self-sustaining; ubiquitous;
and long lasting; as preferable source to other categories of turbine grid system. Additionally, it is an
improvement on energy harvesting (EH) mechanisms using battery; whose replacement and disposal
are not economical. STEH is considered economical and time saving with little or no physical and
investment risk attached, the Return on Investment (RI) is considered favourable. Also, the energy
delivery is sufficient for the requirement of IoT and Wireless Sensor Networks (WSN).

Keywords: battery; ecology-sustainability; energy harvesting (EH); Internet of Things (IoT); Project Man-
agement (PM); Return on Investment (RI); smart cities; turbine; grid; Wireless Sensor Networks (WSN)

1. Introduction

The importance of Wireless Sensor Networks, WSNs, and Internet of Things (IoT)
devices to the current developmental stage of technology digitization in terms of improved
standard of living in the modern world cannot be played down. This has made WSNs
become one major area that energy demands needed to be addressed continually; and
considering the rise in the advent of Internet of Things (IoT) devices and other portable
devices for smart city, such as: Radio frequency Identification (RFID) Tags, Bluetooth Low
Energy (BLE), and so on. [1]. As an instance, the researchers in [2] established that WSNs
and/or IoT; and other autonomous devices, usually consume small processing power, and
can be used to monitor several parameters such as humidity, temperature, wind speed;
which are very important environmental issues in day to day living. Hence, the current
trend of digitized technology is also bothering on how energy that is clean and renewable
will be supplied to this trending demand of the IoT and other autonomous devices.

Energy harvesting from kinetic energy of wind, or flowing water, have been suitable
and popular sources of renewable energy as reported in the literature [3–7]. Turbines are
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devices that convert kinetic energy of wind or water into rotational motion, hence, Turbine
Energy Harvesters usually convert energy from the wind or ocean to usable electrical
energy forms [7,8]. The use of turbines in wind or water as means of generating energy has
overtime been a reliable means of renewable energy supply, and they can be used either on
macro scale; that is a generating plant that is terminated to a centralised grid [4,9]; or as
small scale; such as a turbine that is connected to a mini grid, serving a group of individuals
or a community [10].

Meanwhile, Project Management Methodology (PMM) tools are essential in the process
of planning towards setting up generating plants, in particular in the occasion of deciding
which category of turbine grid-connection is deployable; suitable; and economical in the
situation of setting up of IoT nodes or WSNs. PMM are essential tools usually applied in
order to enhance the probabilistic realisation of project goals [11].

The main objective of this study is to make comparison among macro, mini, and micro
turbines in order to decide which product will be economical, time saving, sustainable,
among turbine grid-connected energy sources; compare to supplying clean and renewable
energy to IoT devices using Smart Turbine Energy Harvester (STEH).

In addition, a wide range of PMM have been developed by numerous professionals
with different techniques to manage projects. In this study, waterfall PMM is adopted being
a plan-driven methodology that works based on phase and stage of processes, and it has
its history rooted to non-software industries such as construction, where project phases
must be accomplished sequentially, since it is unlikely to revisit the previous project phase.
Hence, the ‘Go/no-go’ decisions must be critically accessed before resolutions are taken to
proceed to the next phase of the project. Waterfall PMM also uses the Gantt chart as one of
its essential tools, which is convenient and easily adaptable for this study [12,13].

Moreover, at power stations, electricity is most often generated by electromechanical
operators, primarily driven by heat engines fuelled by chemical combustion or nuclear
fission; and also by other renewable means such as the kinetic energy of flowing water and
wind [14–17]. Renewable energy sources [16], are beneficial to combat the challenges of
global warming and ecological degradation posed by greenhouse gas emission (GHGE), of
which the use of fossil fuel to generate energy is a major player as shown in Figure 1.

Modern electrical energy systems usually convert energy from various non-renewable
and renewable energy resources to electrical form, thereby making electrical energy to
be generated (or produced) by small, medium, and large power plants [18]. Wind and
water contribute some proportion in this sense, and they fall under the category of ‘other’;
representing up to 5% of total world electricity generation as shown in Figure 2.

Therefore, there is need for the deployment of more modern electrical energy systems
that can convert energy from various renewable energy resources to electrical form, moreso,
as the trend is for more digitization and smart cities, the current paradigm being smart
sensory data from the modern world, for such devices as IoT, WSNs, RFID, etc., of which
the Turbine generators are good examples.

With Turbine generators, electrical energy is generated in small, medium, and large
power plants. This is determined by the grid sizes, so we talk in terms of macro, mini, and
micro grids in this study.

The categorisation of turbine grid-connected energy sources in this paper is made
possible by the use of waterfall PMM to make analysis based on the nature of grid that the
turbine plants are supplying, whether; they are micro; mini; or macro grids. This is bearing
in mind that, electrical energy systems are essentially comprising of; generating stations
(or power plants of various conventional and alternate types); transmission networks;
distribution networks; and load centres of various capacities [17,19,20].
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Figure 1. Greenhouse gas emission, source: U.S. Environmental Protection Agency (2020).

Figure 2. Contributions of green energy sources to world electricity [3].

Meanwhile, the cost of establishing a macro or mini grid in order to scale (or step)
down to the very small amount of energy required by these devices; which is usually
micro-watts or milli-watts; the man power required; and the time consumed in achieving a
scale down from generation through transmission; to distribution to the applicable load
centres of IoT nodes, are not a good Return on Investment (RI). This is in comparison with
the situations when the energy required to support these devices are in close proximity
to, or embedded in the devices by means of energy harvesting techniques [21]. Hence,
this study presents the use of smart turbine energy harvesters (STEH), as ideal ‘Turbine
Harvesters’ to supply Internet of Things devices, and their importance as renewable sources
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of energy considering their ecological and environmental friendliness with respect to their
capability for sustainability.

In addition, this paper explained that STEH are preferable to some other sources of
energy harvesters that require the use of battery or storage devices, for the same economic
and ecological reasons. Since there is need that they be replaced and the disposal are toxic
to the environment, hence governments at all levels usually expend a lot of money for
battery disposal in different parts of the world [22].

Therefore, this paper presents the impact of STEH to the world of IoT and humans;
the time saving capabilities; and reduction in cost of harvesting on the site; as well as
minimized risk value, rather than scaling down from large turbine plants. All these being
an added merits after its usefulness of serving as a green battery-less energy harvester
with zero carbon burning. It is also self-sustaining and long lasting, with energy delivery
that is ubiquitous. The importance of energy harvesting schemes to the modern world of
technology digitization is as shown in Figure 3.

Figure 3. Usefulness of smart energy to IoT and to the smart city.

This paper is organised as follows; first it presents the introduction to this study, this is
followed by Section 2; that explains the state of the art of turbine generators and harvesters
in sustainable developments goals and in combating global warming related challenges.
Here, the importance of wind or water sources of electrical renewable energy are explained.
Then, the paper looks into examples of macro, mini or micro grids supplied by turbine
generators either from wind or water sources as reported in literature; considering the
essential requirements in setting up these types of energy grids.

The Section 3 presents the waterfall Project Management Methodology (PMM), and
makes the comparative analysis of supplying energy to autonomous devices among turbine
categories using a macro-to-micro source; with supplying the devices directly using STEH.

In the result and discussion sections, which are Sections 4 and 5, results are analysed,
then, this paper further elucidated on the need to adopt clean and renewable energy con-
sumption over other sources of energy in order to protect the environment from pollution
and for ecological preservation and sustainability. However, in doing this, it is argued that
conscious efforts must also be made to avoid; incurring undue cost of producing energy,
the time consumed, and most importantly energy wastage must be reduced to the barest
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minimum. Additionally, in reducing cost of labour, it is important that manpower usage is
not badly affected in a manner that will lead to economic meltdown. Hence, the need to
deploy the toolkit of Project Management Methodology (PMM), such as waterfall PMM to
project how to generate or harvest energy based on the capacity of load required. Powering
loads such as IoT or WSNs, we propose that using a STEH may be just enough for the
purposes of cost saving, and time management. This comparative studies is carried out
using waterfall Project Management Methodology.

Additionally, this study presents the advantages of using the STEH over other types
of energy harvesters that require the use of battery as storage devices.

The final section, which is Section 6, is the concluding aspect, that rounded up the
insights given by this research.

2. Literature Review of Digitised Technology and Project Management for Turbine
Energy Sustainable Goals

The effect of trending technology digitisation has necessitated the massive deployment
of miniaturised and autonomous devices for the purposes of smart city integration, and
so the resulting increase in energy demand to power them cannot be underplayed. The
paradigm is smart energy from renewable sources, and grid connected turbine energy
harvesting is a reliable choice to combat carbon burning from fossil fuel and greenhouse
gas emission (GHGE) [23–27].

Meanwhile, there is need to scale down turbine grid technology since there are different
sizes of turbine grid capacity; these are classified as macro, mini, and micro in this study.
This is achieved by considering the essential requirements adopted in setting up a turbine
grid such as; the equipment or facilities, the land purchase, construction (which involves
site clearance), development cost, insurance, etc. These factors are important components
of Project Management Methodology (PMM) in this paper, and they are determinants of
the economic value and the Return on Investment (RI), of any turbine grid; either wind
or water. These requirements by way of categorization are aligned with PM processes of
initiation; planning; execution, maintenance, monitoring and control, in order to be able to
apply PMM for our classification.

In this research, the use of PMM tool from the point of view of Project Manager
(PM) is employed, and the focus of this paper is on how renewable electrical energy,
particularly turbine generated energy that is connected to the grid, might be distributed to
low power consuming autonomous devices, especially the Internet of Things (IoT) devices,
and Wireless Sensor Networks (WSN). Much emphases are laid on proposal of how to
supply green energy to these devices using wind or water turbines for the purposes of
ecological sustainability and environmental protection using PMM.

However, it is important to note that the energy demand of digitized technology or
the deployed autonomous devices, though there has been an increased demand, is not
of the same capacity in terms of quantity as those for bulk/macro energy consumption.
Hence, there will always be the need to carefully project in order not to incur more cost in
the process of trying to scale down (that is step down) capacity as the case may be, from
macro to micro during generation, through transmission; to distribution; and finally to
supply IoT and other related devices.

This section considers the state of the art of turbine generators for wind and water,
with examples of what researchers have reported in terms of requirement in literature,
while considering the output capacities that can be categorised for the different capacities
classified as macro, mini, and micro turbines.

2.1. Waterfall Project Management Methodology

Waterfall Project Management Methodology (PMM) usually simplifies projects by
using sequential and linear processes, it normally consists of disconnected phases, and one
phase will not begin until the completion of the previous. It emanated from non-software
industries, and one of its prominent toolkits is the Gantt chart or timeline [13]. Some of
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the requirements of waterfall PPM are; requirement gathering/documentation, system
design, Implementation, testing, deployment, and maintenance. These toolkits can be easily
incorporated into this research in the process of forecast about the requirements for the best
turbine that is suitable for IoT and WSNs energy supply as discussed in Section 2.2.

Many researchers have at one time or the other adopted waterfall PMM to forecast
about their Project Management at different times in literature. In [12], W.V. Casteren made
a comparison between the waterfall PMM and agile model, where he described waterfall as
a model with a plan driven approach having agile methodology as its natural counterpart
that uses an adaptive approach.

The advent of waterfall model was traced back to NATO historical conference in the
1960s, where there arose the need for Software Development Models (SDMs) for projects.
This opened the era of development of project methodologies, which made teams to create
their own plans for the software systems creation methodically. The founding father of
SDM can be said to be Dr. Winston Royce [12,28], who wrote an article on how to manage
large software developments, and described the fundamentals of SDM in an intermediate
phase which forms a SD sequence, as shown in Figure 4.

Figure 4. Waterfall Project Management adapted from [12].

However, Bell and Thayer in [28] further named this model ‘waterfall’ due to the
staircase manner of sequential project phases.

2.2. Turbine Energy Generators for Wind and Water

Generating stations convert the energy from primary form as available in nature to
secondary form as used by consumers, for example in the form of lighting, heat, steam, etc.
Hence, as electrical power plants are used all over the world for energy conversion from
primary to secondary forms, the energy converted into electrical forms are transmitted
and distributed in electrical forms and supplied to users in the same electrical form, but at
varying capacities [19,20]. The utilization devices convert electrical energy into required
form for ultimate consumption such as heating, melting, lighting, transport, driving,
entertainment, communication, air-conditioning, electronic equipment, etc. This is usually
possible by further scaling down the output energy received at load point by means of
step-down transformers and energy converters of various forms, as shown in Figure 5. The
details of this aspect are outside the scope of this study.
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Figure 5. From macro through micro turbine to digitization.

The intention of most renewable electrical power system supplies is to provide ad-
equate electrical energy to all their consumers at all times and over vast geographical
areas; without harming the ecology and environment. This is planned at the lowest possi-
ble cost with high reliability, service continuity, and at specified voltages and frequency
waveforms [8,15,16].

The use of turbines in wind or water as means of generating energy fall among the
fore-going examples, and it serves as a reliable means of renewable energy sources for
macro, mini or micro energy generation [3,9].

However, the cost of establishing a macro or mini grid turbine in order to scale down
to the small amount of energy required by these devices; which is usually micro-watts or
milli-watt; the man power required; and the time consumed in achieving a scale down
from generation through transmission; to distribution to the applicable load centres; which
in this case are IoT nodes or WSN, may not be a good Return on Investment (RI), as it is
going to be unveiled by PMM in the next section. This is in comparison with the situations
when the energy required to support these devices is in close proximity, or embedded in the
devices by means of energy harvesting techniques such as smart turbine energy harvester
(STEH), that is presented in this paper.

2.3. Requirements for Setting Up Turbine Grid-Connected Energy Source

Some of the essential requirements of setting up a wind turbine are as highlighted in
this section:

• Good site or location: owing to the fact that some sites are windier than others, a good
land or location for the turbine installation must be decided. The amount of energy
realisable is usually proportional to the cube of the wind speed. An average of 7 m/s
wind speed is considered sufficient, and most of the time, top-of-hill locations are
preferable for optimal exposure of macro or mini turbines to strong winds [29].

• Good grid connection: a suitable three-phase electrical connection is required to be
connected to; an 11 KV substation or transformer is required for a mini grid turbine
while up to 33 KV power lines grid connection might be required by a macro/bulk
turbine farm.
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• Good and sufficient noise separation: the neighbourhood of the turbine plant must be
well separated from noise pollution; there are stringent rules to the permissible noise
level depending on the category of turbine either macro or mini.

• Good site access: turbines could be very large or heavy, especially those for macro grid
plants, hence there is need to make choices of site to be accessible to good roads and
tracks with strong bridges for the delivery of large constituents parts of the turbine
and other equipment.

• Consideration for environmental and landscape designation: peat bog and bird strikes
should be avoided. Those sites with good landscape may not be able to obtain planning
consent, since they are useful as natural beauty or park areas.

Hence, important issues for proper consideration are: land purchase, equipment,
construction, site clearance, development, connections to the grid, making insurance, etc.
These are dependent on the category of turbine, with the most involving requirements
being macro turbine grid connected energy source. This is as described in the following
highlights, where this paper points out some state of the art in the literature about the
categories of turbine from macro- to- micro.

2.4. Macro/Bulk Turbine Energy Generator

Researchers in [4] reported that up to 10 million megawatts of energy can be realised
from the aerodynamic blades of a turbine in converting its rotating mechanical power
through wind energy. In this scenario, the land requirement to make the wind farm can be
up to few hectares, since the wind turbines needed to be 5-rotor diameters apart to avoid
turbulence. Hence, a 500 KW turbine will require about 250 m apart; while up to 410 m
will be required for a 2.5 MW turbine. This forms the basis for which the sizes of macro or
mini turbine farm are decided with respect to land requirement.

In [30], research showed that power system planners need a careful understanding in
studying the impact of turbine inter-connectivity in a large farm, while they made effort to
develop an equivalent collector for power system planning studies, arguing that there could
be a single farm containing hundreds of megawatt-size turbines that are interconnected.
The collector systems will also address issues of energy losses and voltage drops during
transmission system integration. Here, a current utility-scale wind turbine is said to range
from 1.5 MW to 5 MW per turbine. This is huge; a macro/bulk turbine, as opposed to a few
milli-watts required to power an IoT.

However in terms of turbine market PM projections, macro turbine has contributed
up to 5% to the central grid, with a global capacity of over 17,600 MW, of which the United
States alone can account for 1800 MW of these installations as of the year 2000 [31]. The
European Wind Energy Association (EWEA) has increased the estimated wind installations
since 1993, and over 3000 MW was installed in 1999, bringing the total installed capacity
to 9500 MW in that year. Hence the target of 150 GW by 2020 is possible with the help of
European Commission according to studies. Researchers also believe that cost of large wind
power plants has declined at good wind sites to around $0.05 k/Wh, and the combined
global sales is up to $4–5 billion annually.

Meanwhile, turbine energy generation can be classified into two processes; the first
being aerodynamic conversion of kinetic energy of moving air from turbine rotor into
electrical energy [32], and the second process involves electro-mechanical energy conversion
by using a generator, which is later transmitted to electrical grid. The sizes of turbine plants
are determined by the grid size whether large/bulk or macro turbine.

2.5. Mini Turbine Energy Grid

Mini turbine grid sources are the small-scale generation of electric power by individu-
als, small businesses and communities to meet their private energy needs, as alternatives or
supplements to centralized grid-connected power [10]. Although this may be motivated by
practical considerations, such as unreliable grid power or long distance from the electrical
grid, the term is mainly used currently for environmentally conscious approaches that
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aspire to zero or low-carbon footprints. Some are also referred to as smart grid sources, the
size of which can be around that of a football field, and between 3 KW and 3 MW of energy
may be realised in this case [33–35].

2.6. Micro Turbine Energy Generator

Micro Turbine Power Generation describes the work that researchers are currently
doing to develop very small electric generators or devices to convert kinetic energy from
wind or water to electricity, thereby offering the promise of power sources for portable and
autonomous electronic devices. Most micro turbine usually aim at generating energy to
supply WSNs and autonomous devices [36,37].

In [36], studies about micro turbine with an overall volume below 300 cm3, meant to
power outdoor small size embedded system was researched, the diameter of the turbine in
this case is 6.3 cm, and can generate up to 10 milli-Watt at wind speed of 16 km/h. In the
same vein, the application of bio-composite fibre materials to make micro wind turbines in
Structural Health Monitoring (SHM) was researched in [37]. This can be a perfect substitute
to batteries in implantable and wearable devices.

2.7. Smart Turbine Energy Harvester (STEH)

The requirements for setting up turbine grid-connected energy sources were high-
lighted in Section 2.3, and among the leading factors is a good wind site, since the amount
of energy realisable is a function of wind speed [29]. In a similar manner, this is informed
of the location for experimental set-up of STEH in this study; though not grid-connected,
but this can apply to any location or site that meets up with the related parameters as
discussed in this section. Wind energy is inexhaustibly available in Aveiro; with an average
speed of 16 km/h; which is at the same time a city endowed with surrounding waters of
the beach, with Aveiro being located on latitude 40◦38′39′′ N, longitude 8◦38′43′′ W, the
city has sufficient wind throughout the year, (Source: weather.com). Hence, this city, as an
example of smart city, is a suitable location to experiment with Smart Turbine Wind Energy
Harvester, with the device for Smart Wind Turbine Energy Harvester (SWDT-EH) being a
passive material of the home chimneys in Portugal. However, the STEH can be set up in
any location that satisfies some factors discussed in Section 2.3 that are applicable, since
wind or water is general and available everywhere. The device for STEH in this study is
usually used to prevent birds from entering into the chimney, and it is available on most
roof-tops of Portuguese homes. In [21], it is stated that there is a desire to harness energy
from every available ambient energy in the environment and in close proximity to the load
nodes. Hence, the interest in converting a chimney device to a table top Smart turbine of
18 vertical blades [38], is born out of the fact that ambient energy is wasting away from
the continuous aerodynamic activity of this device which is constantly spinning without
connecting any active device. This basically works using the aerodynamic principle [39]
to convert wind energy to electrical energy in order to supply energy to IoT, WSNs, or
autonomous devices. The counterpart Smart Turbine Water Harvester (SWRT-EH) is born
out of the passion that all existing turbine generators from macro to mini grids require
either the use of sophisticated accessories before energy could be delivered at load point,
and in most cases the use of battery is in place. However, SWRT-EH is a smart water turbine
energy harvester that is built together with the device meant to service underwater applica-
tions and so does not require the use of battery. It adopts the hydrodynamic principle [40]
to convert energy from ocean torrents to electrical energy for the purposes of powering
underwater sensors. The SWDT-EH and the SWRT-EH are therefore referred to as STEH in
this paper, and experiments reveal that they are suitable to power autonomous sensors and
devices of low input voltage in the range of 220 mV to 1.7 V, with up to 13.69 milli-watt
realisable from the set-up.
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3. Methodology

The comparative analysis of different categories of turbine grid-connected harvesters:
from macro to micro, with STEH is carried out using watefall PMM.

Waterfall PMM is an old model of Project Management with the advantages of being a
plan-driven model.

Using waterfall PPM in this research enables easy integration of the requirements of
setting up a turbine harvester or turbine generating plant, to Project Management processes.
Such processes, in terms of initiation, planning, execution, maintenance, controlling and
up to closing of the project, are aligned with the requirements for setting up turbine
energy sources discussed in Section 2.2. These requirement include, but are not limited to;
project proposal, land purchase, equipment acquisition, construction and site clearance,
development and energy generation, transmission, distribution, termination to load, etc.

Waterfall PMM Using Gantt Chart with Requirement Processes

This study adopts the methodology of waterfall Project Management to analyse and
describe the basic requirements of setting up of turbine grid-connected energy as explained
by the itemised Gantt charts in this section:

• Macro Turbine Grid-Connected Energy Source;
• Mini Turbine Grid-Connected Energy Source;
• Micro Turbine Energy Harvester (With Battery);
• Smart Turbine Energy Harvester (Battery-Less STEH).

In relating the requirements of PMM toolkits in Table 1 to the waterfall Gantt charts
in Figures 6–9, the project processes of one calendar year are subdivided into 52 weeks,
remembering the waterfall PMM rule that says one process stage must completed before
proceeding to the next. Hence, in comparison, not all types of turbine categories will arrive
at the execution phase at the same time. The STEH PMM will arrive very early after about
6 weeks, as shown in Figure 9; while the micro turbine PMM will begin its execution at
the same time with STEH, but will last in this phase for another 2 weeks more than STEH.
This is as shown in Figure 8. The waterfall PMM for a macro turbine grid-connected plant
will stay long at initiation and planning phase more than all the four categories of turbine
energy source discussed in this study. This is as indicated by the Gantt chart of Figure 6.
The waterfall for the mini turbine in Figure 7 will begin execution after about 20 weeks of
initiation and planning, and will commence execution for another 14 weeks before the final
PM phase. Whereas, there will be a short period of management and PM phases for macro
PMM, as a result of tarring longer at execution for 20 weeks. This is an indication that this
type of turbine energy source will not be time efficient. If the energy required for IoT is too
low; a few milli-watts, compared to its optimum capacity, as earlier discussed, then it will
amount to waste of time and resources adopting this model. This is equally true for mini
turbine PMM.

Figure 6. Waterfall PMM model of macro turbine grid-connected energy plant.
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Figure 7. Waterfall PMM model of mini turbine grid-connected energy generator.

Figure 8. Waterfall PMM model of micro turbine energy harvester.

Figure 9. Waterfall PMM model of smart turbine energy harvester (STEH).

Table 1. Comparative analysis of PM process and requirement for different turbines.

PM Processes Requirements Macro/Bulk
Turbine

Mini
Turbine

Micro
Turbine STEH

Initiation

Feasibility study/ Energy
demand survey *R *R *R *R

Turbine farm site location determination *R *R *N/R *N/R
Land procurement *R *R *N/R *N/R
Technical assessment of any
physical/viability constraint *R *R *N/R *N/R

Initial assessment of wind resources
availability *R *R *R *R

Initial assessment of project
costs/Return on Investment *R *R *R *R

Initial level of risk assessment *R *R *R *N/R
Project initiation documentation *R *R *R *R

Planning

Site preparation *R *R *N/R *N/R
Budgetary plan *R *R *R *R
Ecological considerations (birds
and bats) *R *R *N/R *N/R

Physical constraints (Communication
Links, power lines, water courses, etc.) *R *R *N/R *N/R
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Table 1. Cont.

PM Processes Requirements Macro/Bulk
Turbine

Mini
Turbine

Micro
Turbine STEH

Execution

Energy harvesting *R *R *R *R
Termination to the grid *R *R *N/R *N/R
Load termination *R *R *R *R
Metering *R *R *N/R *N/R

Maintenance
Storage system management *R *R *R *N/R
Grid capacity management *R *R *N/R *N/R
Energy optimization modelling *R *R *R *N/R

Monitoring and control Noise Pollution *R *R *N/R *N/R
Risk management control *R *R *N/R *N/R

Project Management End project and Signoff *R *R *R *R
In Table 1, *R stands for ‘Required’, while *N/R stands for ‘Not Required’.

4. Results

The waterfall PMM of the different categories of turbines grid-connected or without
grid sources are as shown in Figures 6–9. The stages of project process are described by
Gantt charts; which are usually adopted as one of the basic toolkits of waterfall PMM. These
are used to describe the turbine grid or no-grid connected energy sources from initiation
phase; to planning; to execution; up till the final stage of control and monitoring, which is
simply put as Project Management in this study.

4.1. Comparative Analysis of the Essential Requirements of Setting Up a Turbine Supplied Grid
from Macro to Micro Using Waterfall Gantt Chart

It is important to bear in mind that all turbine energy sources have their unique
features while referring to magnitude, energy predictability, controllability, etc. Some of
these features are analysed in Table 1, (where *R stands for ‘Required’, while *N/R stands
for ‘Not Required’). They are explained thus:

1. Magnitude, requirements and the resulting output based on the intended load capacity.
2. Energy predictability: this is a function of weather and the changing season of the year,

relative to the geographical location of the site of the plant, among other atmospheric
and environmental conditions;

3. Controllability: This is where the PM has to put in a lot of brainstorming and effort in
order to arrive at a suitable forecast for the particular turbine energy required. Hence,
much emphases are laid on execution of the project for the PMM of this study.

All conditions must be optimised thoroughly in order to arrive at the maximum
power of the turbine harvester. In small harvesters, this is referred to as Maximum Power
Point Tracking (MPPT). However, the detailed architecture of the turbine categories is not
included in order not to lose focus on the objective of this study, which is the issue of Project
Management categorisation of turbine-grid connected energy sources. This is as earlier
shown in Figure 5 and Table 1. It is possible to move from A-to-B-to-C-to-D for macro
turbine PMM; in Figure 5, or from A-to-C-to-D for mini turbine PMM; or one could connect
directly from A-to-D, as it is with the cases of STEH and Micro Turbines.

Moreover, it is argued that these types of turbine energy sources may not be economical
and time friendly in the situations where the energy required is for a few mill-watts; such
as those for IoT devices or WSNs applications. Moreover, if supplying energy to the devices
is required for immediate interventions in the face of emergencies, then scaling down from
a macro-grid turbine to micro in order to obtain the little energy required for IoT and WSNs
may not be as effective, rather it will amount to incurring more cost and time lagging in the
face of responding to emergencies.
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4.2. Comparative Analysis Using Waterfall PMM Requirements

It is illustrated in Table 1 that one category of turbine requires more inputs and efforts
than the other in initial preparation, planning, budget, risk management, man power,
maintenance, etc.

It is stated in this study that macro turbine energy generation requires many of these
necessities, hence, it will be a waste of resources to embark on such a project for the purpose
of powering IoT or WSN nodes that require just a few milli-watts for their operation.

5. Discussion

Energy Harvesting (EH), or energy scavenging is the process of deriving energy from
ambient sources such as solar, thermal, wind, salinity gradients, and vibrations or kinetic
energy; captured and stored for small, autonomous devices, such as those used in Internet
of Things (IoT), Wireless Sensor Networks (WSN), and wearable electronics. This type of
energy is renewable, and also act as alternative source of energy to the burning of fossil
fuel, being able to sustain the ecological system to an appreciable level. It also answers the
quest for more sources of energy to cumber the challenge of powering these autonomous
devices, whose deployment is on the rise in recent time, and supplying energy to them
is of major concern [41–43]. This aspect was presented in Section 1 of this paper, where it
introduced this study stating the objectives of as the use of PMM to categorise and compare
turbine energy sources from macro to micro in comparison to the use of STEH.

In Section 2, efforts were made to explain waterfall Project Management Methodology,
and some studies from literature on turbine grid connected and non-grid energy sources.

Sections 3–5 buttress on the main objectives of this study. The use of smart turbine
energy harvesters (STEH) to derive energy from wind and water as natural surrounding
sources is discussed in this research. This process is assessed based on comparative analysis
with the conventional means of obtaining energy from wind or water, using waterfall PMM,
from the point of view of a Project Management.

There are different sizes of turbine grid capacity; classified as macro, mini, and micro
in this study. This is achieved by considering the essential requirements adopted in
setting up a turbine grid such as the equipment or facilities; as the case may be: the land
purchase, construction (which involves site clearance), development cost, insurance, etc. All
these factors put together are important components of Project Management Methodology
(PMM) in this study, and they are determinants of the economic value and the Return
on Investment (RI) of any turbine grid; either wind or water. Hence, in this study, for
reasons of effectiveness, effort is geared towards how ‘waterfall’ PMM can be used to
classify wind turbine grid connected energy into different categories from macro to micro.
Additionally, we bear in mind the effect of trending digitisation which necessitates the
massive deployment of autonomous devices for the purposes of smart city needs, and
the resulting increase in energy demand for these devices. This brought about the need
to scale down turbine technology the more in order to come to terms with such issues as
comparing the economic category of turbine with respect to self-sustainability; ecology
preservation; and most importantly the ubiquitous as well as long lasting requirements
of renewable energy needed to power IoT and autonomous devices. Such are the features
of the ‘Smart Turbine Energy Harvester (STEH)’ developed at the premises of Institute of
Telecommunications, Aveiro University.

The comparative advantages of STEH are born out of the relieves presented over the
conventional turbine harvesters in terms of their requirements discussed in Section 2.3, and
as explained in Table 1. These are further itemised in the following points.

Comparative Advantages of STEH

The energy captured in this form is clean, ubiquitous, long lasting, and also sufficient
to power the attached IoT sensors that are connected through LORAWAN. It is able to
sustain the ecological system to an appreciable level with no carbon burning, in the process
of IoT support for supply of sensory data to city planners for the purpose of environmental
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monitoring and automation. In this vein, this paper describes STEH as a more efficient
means of energy support to smart city IoT sensors.

• Ecology friendliness and environmental sustainability:
The sustainable developmental goals of STEH as advantages over other categories of
turbine energy sources are as illustrated in Figure 10. The energy harvested by STEH
is clean, ubiquitous, long lasting, and also sufficient to power the attached IoT sensors
for applications such as Internet of Medical Things (IoMT), Internet of Remote Things
(IoRT), Internet of Mobile Things (IoMobT), and other sustainable goals of smart city,
as shown in Figure 10.

• Battery-Less: There is a conscious effort to go green in sustainability issues relating to
energy usage, also technology digitisation has began to have concerns for battery usage
and disposal for reasons of cost of replacement; disposal; and toxicity to the ecology
system [22,44]. Additionally, in most cases of reliability issues, IoT systems using batteries
such as those of micro turbine harvester can pack up without warning, and that is not
desirable in rescue missions; health monitoring, or in the face of emergencies, as shown in
Figure 10. Therefore, STEH having all these conditions in consideration can be proposed
to be preferable to a micro turbine harvester that uses battery.

• Cost Efficiency:

(i) STEH is cost saving in that it requires few items and off-the-counter components
to set up a unit. The main structure of the model is an 18-blade turbine, which
is a passive device in most Portuguese home chimney towers, but has gained a
derived usage in this research. This is informed in the reason our SWDT-EH is
also called ‘Chimney Turbine Energy Harvester’ (CTEH).

(ii) STEH is also cost saving for the reason of minimal number of man power require-
ment unlike macro and mini grid set ups that have need for large number of
labour for different tasks as shown in Table 1. Although the team player can be
repeatedly multiplied at several locations within the smart city.

(iii) There is no cost incurred for cabling and energy termination to the IoT nodes:
unlike macro and mini turbine grids, that require high cost of cabling for trans-
mission, distribution and termination to the loads, STEH is more of energy boxes,
that has both the energy units and the IoT attached to the same structure, hence
the cost of cabling is completely eradicated.

(iv) There is little or no energy wastage: there is usually special considerations for
energy loss in the large turbine plants during transmission to the grid and distribu-
tion from grid to load centres. However, in the case of STEH, there are no such pro-
cedures hence no losses, since energy are being harvested and consume at same
instance. This makes STEH has ubiquitous and self sustainability advantages.

(v) There is reduced cost of maintenance or no maintenance at all in the case of
STEH as against the other categories of turbines. This is because once STEH are
deployed either underwater or on house roof tops, they are required to be long
lasting with long lifespan of the IoT node.

(vi) There is complete eradication of cost of battery procurement and disposal in
STEH. This is because the IoT attached is constantly taking environmental data,
hence since energy is also continuously harvested from the wind or water as the
case may be, once it arrives, there’s a little hold by the scavenger in the power
management circuit, then it is released for onward supply to the IoT.

• Time Saving Capability:

(i) The period of setting up is short as shown in Figure 9, compared to other cate-
gories, STEH is observed to arrive at the execution stage faster in about 6 weeks,
and it also get to deployment stage earlier than others, unlike the turbine plants
that require land procurement, permission to be obtained, and careful considera-
tion for many factors and feasibility studies as shown in Table 1.
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(ii) Short time is required for termination to the load, and STEH is always present
with the load, hence it is time saving in the situation of emergencies or rescue
operations, instead of waiting on calling grid protocols like the bulk turbine.

(iii) There is no time wastage for battery replacement or any inactivity of system due
to breakdown as a result of battery pack up.

• Man power: there is reduced man power usage in this project, a maximum of 2 or
3 personnel are sufficient to make a team, this brings about a reduction in cost of
manpower. However, it has a social economic advantage in that several unit of this
model can be deployed in the smart city at different locations at the same time with
individual IoT nodes, hence hundreds of team players could be engaged in fabricating
this same model at the same time within the smart city.

Figure 10. Sustainable development goals of STEH.

Meanwhile, the choice of dynamo attached to STEH; which is as essential part of the
set-up because turbines are not stand-alone harvesters [21], can pose a serious disadvantage
if not carefully selected. This was evident in the initial choice of bicycle dynamo which was
too weighty for the turbine to spin. However, if all conditions are suitably satisfied, STEH
will produce energy delivery that is sufficient for the instant requirement of IoT and other
autonomous devices. There will also be savings on battery acquisition and disposal.

6. Conclusions

Waterfall/Staircase PMM, was used in this study to make effective comparisons and
in classifying wind turbine grid connected energy into different categories from macro
to micro. This paper presents the comparative study between scaling down of turbine
grids from macro to micro, to the economic impact of setting up Smart Turbine Energy
Harvesting (STEH), from the point of view of Project Management (PM). This is in process
of obtaining the few milli-Watt needed to power IoT and autonomous devices, in order
to come to terms with such issues as sustainability, ecology preservation, and most im-
portantly the ubiquitous and long lasting requirements of renewable energy needed to
power autonomous devices. Such are the features of the ‘Smart Turbine Energy Harvester
(STEH)’ developed at the premises of Institute of Telecommunications, Aveiro University,
Portugal. This study concludes by proposing that the use of STEH which is an on-site
energy harvesting that is renewable and self-sustaining; ubiquitous and long lasting is
preferable over the other categories of turbine grid system, since it is economical and
time saving with little or no physical risk attached, there is no risk in investment, hence
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the RI is considered favourable. This is a desire in the Project Management process for
sustainability of digitised technology. In the era of digitised technology, the energy supply
to autonomous devices could be realised directly from the table-top STEH described in this
article, rather than investing so much in the other categories of turbines to meet the same
need. Additionally, there is preservation of ecology system as well as social-life impact in
adopting the methods of PPM proposed for STEH in this study. Smart city automation has
brought about the paradigm of sensory data, and the need for unending scavenging for
energy to sustain the connected devices will continue to be a research area of interest as
long as digitised technology keeps evolving.
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