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After centuries of scientific, industrial and technological achievements the current paradigm in energy engineering
may be defined as the complex set of knowledge, technologies, policies but even individual and community attitudes
aiming to assure at the level of each energy end-user the required quantity and quality of energy, at minimum price
and with minimal impact on the environment on a life cycle reasoning from production to final use.

In 2012, | had the chance to participate at the UN Conference on Sustainable Development organized at Rio de
Janeiro, the so called “Rio + 20” Conference, as a member of the Official Delegation of Romania and at the same
time representing the UN Academic Impact Initiative. On that position, | had the possibility to join many sessions of
the Conference and to follow also the process of negotiations for the text of the Final Declaration of the Conference.
Passing from one session to another, there were several aspects that were confusing me.

One of them was a declaration of the representative of a large company from Brazil, mentioning that his country
has a huge stockpile of biomass and if it shall be used as bioenergy resource, it is plenty to assure the welfare of
that country. The confusion for me was if a Global Ecosystem as the Amazonian Forest, could be considered an
asset to be exploited at the discretion of some local groups of interest. It is well known, that the complexity of the
factors that are interlinked with the biomass in different ecosystems it is not yet very clear even for small ecosystems.
The current attempts to develop detailed Multiscale and Multiphysics models for parts of the deltas of Mississippi
River in the US or Danube Delta in Europe are in some initial stages and there will be needed decades of scientific
research for developing comprehensive models for global macro-ecosystems like the Nile or the Amazonian.

Unfortunately, at present, the quotas for exploiting resources as forest wood or reed in wetlands or Deltas in many
parts of the World are established without any scientific background. But many published reports reveled that even
the simple question: “what is the percentage of straw that is yielded from a hectare of wheat that may be used for
energy or industrial purpose?” has the answer “depends on many factors”. With interdisciplinary and cross-
disciplinary approaches, reliable tools and methods may be developed to strengthen the methodologies as
“ecosystem services” and this movement has to be further multiplied in order to become a norm.

As an example, in the Black Sea Region we have developed an Alliance of Space research centers to aggregate
satellite data with advanced computing codes in order to evaluate the potential of exploitation of renewable energy
resources as biomass, solar, wind or water currents and similar initiatives are also in many other regions of the
World. The most important aspect that we learn, is that renewable energy sources have no borders and even the
very rudimental tools that we have yet, allow us to understand that there are situations when between a large storm
in the Sahara desert and the yield of biomass from the Amazonian Delta may be many interlinked and influencing
factors.

The major disappointment at the end of “Rio + 20” Conference held in 2012, was that the final resolution was blocked
by the group of the Non-Aligned Countries on the argument that the developed countries have already a set of
technologies on the shelf and would like to impose them to the developing countries. Such an argument is very
often promoted in different Conferences or meetings organized at certain levels. As an example, in Romania, the
scientific research activities on wind energy have started in 1974 as a National Program for Alternative Energy
Sources. Over many decades, there were spent significant amounts of funds for developing original solutions and
technologies. Unfortunately, the scientific research achievements have not been transferred to industry and
business. As a consequence, when Romania joined the EU in 2007 and specific subsidy programs have been
initiated to promote renewable energy sources, all investment projects on wind farms have been developed with
technologies from the developed countries. It took us several years to understand the very important connection
between the scientific research, innovation and competitiveness at regional and global scales.
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At present, at the Institute for Nanotechnologies and Alternative Energy Sources, at “Ovidius” University of
Constanta, we have established a special framework for cooperation between Academia and Industry. We are
working together with 9 companies on developing competitive products and services integrating nanomaterials and
nanotechnologies. The solutions that are developed by joint team of researchers from our institute and partner
companies include antistatic paints for solar PV and thermal panels for the reduction of dust depositions and
securing their performances, anti-corrosion solutions for heat pump installations in coastal areas using sea water,
catalytic filters for waste biomass boilers to facilitate the combustion of a wide range of waste biomass, nanofluid
based oils for high performance ORC installations, hybrid solar panels, MEAs for urea fuel cells but also 10S and
loT solutions for monitoring and system control. Putting in the forefront the industry, we try to improve their
competitiveness and to build trust in cooperation with other players within the EU and worldwide.

In 2015, in New York, the UN General Assembly adopted the 2030 Agenda for Sustainable Development and the
Sustainable Development Goals (SDGs), which include a dedicated goal on energy, SDG 7, calling to “ensure
access to affordable, reliable, sustainable and modern energy for all". It is also important to mention the fact that
Energy, lies at the heart of both the 2030 Agenda for Sustainable Development and the Paris Agreement on Climate
Change.

A fundamental element to support the SDG 7, is to facilitate to all the citizens of the World the access to up-to-date
knowledge which includes the Open Access to scientific research results. But, in a document of the European
Commission [1] developed based on a comprehensive analysis of a large volume of scientific publications, it is
mentioned that “Mostly due to current methods of capture and data malpractice, approximately 50% of all research
data and experiments is considered not reproducible, and the vast majority (likely over 80%) of data never makes
it to a trusted and sustainable repository.” In this respect, the Open Science movement including the aspects related
to Open Access to the content of Scientific Journals, the Openness of the entire cycle of the scientific research
process and the FAIR principles to publish data and metadata, may be also considered as a basic attempt for
addressing the implementation of SDG 7.

This year, the Black Sea Universities Network established a pilot project on Open Science dedicated to the risks
and vulnerabilities of using manufactured nanomaterials involving a group of researchers and with the support of
the European Nanosafety Cluster and this process shall be further extended.

In the new paradigm of energy engineering, the symbiotic link between energy and information led to a
fundamentally new approach on energy modeling. Recently, we started a new project under EU H2020 with a very
valuable Europe wide consortium dedicated to the integration of waste heat streams from the industry in the District
Heating systems. The approach that we are developing is to use massive data sets captured from a large variety of
sensors and to develop Big Data and various other dedicated data mining tools for understanding the consumption
characteristics of end-users, the matching with the available waste heat streams from local industries and with local
resources of renewable energy. As a consequence, in the new paradigm, the optimization solutions are shifting from
compliance with simple objective functions (as minimal cost or minimal impact) towards compliance with complex,
dynamic, data driven solutions.

Reference:
[1] Realising the European Open Science Cloud, EC DG Research & Innovation 2016

http://ec.europa.eu/research/openscience/pdf/realising the european open science cloud 2016.pdf#vie
w=fit&pagemode=none
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Abstract - From reliability, maintainability, and
availability (RAM) points of view, the performance of
power transformers has significant impacts on the
performance of the entire power network. Their
performance has also significant impacts on the power
interruptions at various voltage levels and the
consequent customer interruption costs. This paper |
discusses the estimated remaining lifetime of power
transformers in 500 kV, 220 kV, 132 kV and 66-33 kV
subpopulations of the Egyptian grid in which the best fit
probability distribution is used through MATLAB
program as the input data is time between failures
(TBFs). The best fit probability distribution is used in
this case study which is Weibull distribution. Finally,
availability of the transformers per different voltage
populations is calculated. Different subassemblies
(failures) are also subjected to the same process of
determining TBFs and estimating remaining lifetime.
The results are helpful in the manufacturing process of
the transformers and enhancing the maintenance
schedule.

Keywords - Transformers, Weibull distribution,

Remaining lifetime, Availability.
I. INTRODUCTION

This paper discusses the probabilistic analysis of the
reliability performance for the transformers of different
voltage populations of the Egyptian Power Grid so that
failure rates are calculated. Based on this, the overall
performance of the transformer shall be observed. All
the analyses are performed under probabilistic
approach. The probabilistic analysis accounts for the
uncertainties in the input data. The best fits of
statistical probability distributions are determined for
each transformer and for each of its subassemblies in
various voltages subpopulations.

Main Data, collected of the Egyptian power grid from
[1]-[3], are the number of transformers, number of
failures, and repair time for every voltage
subpopulation which are 500 kV, 220 kV, 132 kV and
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66-33 kV of the Egyptian power grid from the year
2002 till 2009. The statistical approach is performed by
using MATLAB program. Different continuous
probability distributions were compared in order to
obtain the best fit distribution for this case study. The
input data is time between failures (TBFs) and Weibull
distribution is used as a main distribution in this paper
because it is widely and commonly used in reliability
and lifetime analysis [4, 5, 6].

Remaining life time of the transformers in different
voltage subpopulations are estimated by using the
probability distributions and the results from the
distributions will also be compared. Using Weibull
distribution usually requires a defined failure time
which is the time from the start of operation till failure
occurred. Since the study period is only 8 years from
year 2002 till year 2009, therefore time between
failures (TBFs) is used in this paper since the TBFs
units are years.

. PROBABILITY DISTRIBUTIONS

Probability distributions are a mathematical method
used to measure and analyze random variables [7].
Reliability engineering provides the methods and tools
used to estimate the life time of equipment or
components without failure for a specific period of time
[8]. Probability distributions are categorized into
continuous probability distributions and discrete
probability distributions [9]. The selection of the most
suitable probability distribution depends on every
case. In this paper, since data are positive humbers
and continuous, the selected distributions are Weibull
distribution, Normal distribution, Rayleigh distribution,
Logistic distribution and Lognormal distribution. Table
(1) gives a summary regarding the five selected
distributions.
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Table 1 Summary of Five Different Probability Distributions.

Probability L
Distribution Type Characteristics
It is used in reliability
Normal . = g
1 (Gaussian) Continuous . 2no
Where u is the mean
o is the standard deviation
It is used to describe growth, that is, the size of a population expressed as a
function of a time variable
u—x
e a
2 Logistic Continuous f®) = ——=
afl+ € a ]
U is the mean or location parameter
a is scale parameter
Used in reliability
t\P1  _(tys
. . f(t):E*(—> * e (77)
3 Weibull Continuous n n
B is shape parameter
1) is scale parameter
It is used in Life time modelling and very helpful in Reliability engineering
Sy
f(t) = ﬁe 2 o
4 Lognormal Continuous , 2m*o
t* = In(t)
'is the mean of Log time to fail
o' is the standard deviation of log time to fail
F@) =2xaxA2xtxe D 4 (1 — e~ @D*)a1
5 Raylelgh Continuous o shape parameter
A scale parameter

2. A. Data Analysis and Remaining Lifetime
Estimate of the Transformer

A. TBFs calculations

TBFs calculations for different voltage subpopulations
are performed. All calculations are per transformer per
year per failure. Figure (1) shows the different TBFs
values for every voltage subpopulation where TBFs
decrease as time increases indicating an increase in
the failure rate. In comparison between different
voltage subpopulations, 132 kV population has the
highest TBF among the different voltage populations
followed by 500 kV then 66-33 kV and finally 220 kV.
These differences in TBFs between different voltages
populations due to the fact that every sub voltage
population has its own collected data.

B. Best fit distribution TBFs

After calculating TBFs, the second step is to
determine the best suitable distribution by making a

comparison between 5 different continuous
distributions which are: Weibull distribution, Normal
distribution, Rayleigh distribution, Logistic distribution,
and Lognormal distribution. After getting Statistical
mean and standard deviation results from MATLAB
program, a percentage (%) difference of the mean and
Standard Deviation (STD) is made between arithmetic
and statistical values.

Normal distribution is a flexible distribution that fits
parameters according to given values where the
distribution is always symmetrical around the mean
and mean, median and mode are always the same
results [4, 10]. Accordingly, the Normal distribution is
used in comparison and in obtaining the deterministic
values only not in the ranking of the best fit distribution.

Table 2 summarizes the findings and indicates the
best fit probability distribution in this case study. From
the comparison between the distributions, Weibull
distribution is common for all voltages subpopulations.
This concludes that Weibull distribution is suitable for
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this case study. The second common distribution used
is Lognormal distribution followed by Logistic
distribution.

As per [5], the years with zero values shall be omitted
from the population regarding Weibull distribution and
as for Rayleigh distribution, it is a special deviation of
Weibull distribution [11, 12] thus population with zero
values are omitted, too. Therefore, for fair comparison,
the study period is shortened and the results were

TBF (years per transformer per failure)
H R ON N W W b BN
W © B © m o » o =

(=]

2002 2003 2004

500 kv 220 kv

2005

obtained on this fact.

Weibull distribution acts as the main probability
distribution in this paper in estimating the remaining
life time of transformer. However, the Weibull
distribution is under the investigation as like the other
4 probability distributions. This does not mean that
Weibull distribution is not used in lifetime calculation,
but it could not be suitable for this case only, also
Weibull distribution has proven a high efficiency in
lifetime analysis [13, 14].

2006
Years

2007 2008 2009

132 kv 66 - 33 KV

Fig .1 TBFs for different voltage populations

Table 2 Summary Table Indicating Best Fit Distributions for Every Voltage
Subpopulation

Voltage Probability Distribution used

Subpopulation TBFs

500 kV Lognormal & Weibull

220 kv Weibull & Lognormal

132 kV Weibull & Lognormal
66-33 kV Weibull & Logistic

lll. ESTIMATING THE REMAINING LIFETIME
OF THE TRANSFORMERS

The study period is 8 years from the year 2002 to year
2009 and by using probability distributions as in table
2, TBFs will be the main input to the distributions in
order to predict the remaining lifetime of the
transformers. MATLAB program is used in the analysis
where distribution fitter application in MATLAB is a
very useful tool for the analysis. As for Weibull
distribution, parameters estimation in MATLAB coding
is by the method of Maximum Likelihood Estimation
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[15, 16] where this method is the most advanced and
accurate method to determine the parameters.

A. 500 kV Subpopulation Transformers

From table 2, Lognormal distribution and Weibull
distribution are used in determining the remaining
lifetime of this voltage subpopulation where TBF is the
input data to the two distributions and the output will
be failure rate and Reliability, respectively.

Figure 2, represents the failure rate where it is clear
that failure rate increases by time, this concurs with 3
is greater than 1 and failure rate increases by time,
while, on the other hand, the failure rate of the
Lognormal distribution increases till it reaches the
peak values and then decreases by time [6, 10, 17].
Figure 3, represents the reliability of the transformers
and remaining life time can be obtained at certain
reliability rates. Reliability rates depend on the
geographical factor; for example, area with industrial
complexes may require a high-level reliability other
than different areas.
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Failure rate
=

=)
23

0.25
0.2
0.15
0.1
0 _ L L ! _ a 1 L L 1L
0 2 4 6 8 10 12 14 16 18 20

Years

B 'Weibull distribution & Lognormal distribution

Fig .2 Failure rates of different probability distributions for 500
kV subpopulation

Reliability

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Years

—8— Weibull distribution —=&- = Lognormal distribution

Fig .3 Reliability of different probability distributions for 500 kV
subpopulation

B. 220 kV Subpopulation Transformers

This section focuses on 220 kV population
transformers reliability and remaining life time through
the same steps that were used in the 500-kV
population.

Figure 4 indicates that failure rate regarding Weibull
distribution increases rapidly by time while failure rate
of Lognormal distribution reaches its peak at 4 years
thus leads to the conclusion that the transformers must
be replaced. Figure 5 illustrates the reliability through
4 years in which the remaining life time of the
transformers is exploited.

Failure rate
- " w -
|
= N

0

B Weibull distribution & Lognormal distribution

Fig .4 Failure rates of different probability distributions for 220
kV subpopulation

Reliability
=
&

Years

—&— Weibull distribution —=@- - Lognormal distribution

Fig .5 Reliability of different probability distributions for 220 kV
subpopulation

C. 132 kV Subpopulation Transformers

This section focuses on 132 kV population
transformers reliability and remaining life time through
the same steps that were previously used in the 500
kV and 220 kV populations.

Figure 6 shows that the failure rate increases by time
regarding Weibull distribution, but it increases at slow
rate while. On the other hand, the curve of the failure
rate resulting from lognormal distribution started from
peak and then decreases by time. Figure7 shows that
the reliability of both distributions in 50 years life span
and reliability decreases gradually. However, reliability
of Lognormal distribution decreases faster than that of
Weibull distribution.
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Failure rate
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B Weibull distribution K Lognormal distribution

Fig .6 Failure rates of different probability distributions for 132
kV subpopulation.

Reliability

—o— Weibull distribution

—=@- = Lognormal distribution

Fig .7 Reliability of different probability distributions for 132 kV
subpopulation.

D. 66-33 kV Subpopulation Transformers

This section focuses on 66-33 kV population
transformers reliability and remaining life time where
the same steps that were used in the 500 kV, 220 kV
and 132 kV populations are reused again. However,
this is the only population that has used Logistic
distribution instead of Lognormal distribution along
with Weibull distribution based on the comparison of
best fit distributions.

Figure 8 shows that failure rates of both distributions
increase by time, this indicates that the transformers
are in the wear out phase where failure rate increases
rapidly regarding Weibull distribution and increases in
a slow rate regarding Logistic distribution. Figure 9
shows that it is clear that reliability was decreasing
slowly in the first 2 years then falls back till it reaches
zero nearly at 8 years period of time and the
transformers remaining life time can be obtained at
certain reliability rates.
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3
ol -.
3 4 5 6 7 8 9 10

0 1

Failure rate
- ~
how

]

Years

BWeibull distribution @ Logistic distribution

Fig .8 Failure rates of different probability distributions for 66-33
kV subpopulation.

Reliability

Years

—8— Weibull distribution = @= Logistic distribution

Fig .9 Reliability of different probability distributions for 66-33 kV
subpopulation.

E. Transformers Availability Evaluation

This section discusses the availability (A) of the
transformers of different voltage populations as
availability can be calculated from (1) after determining
TBFs and TTR as listed in appendix C [18]-[20].

_ TBFs
= TBFs+TTR

1)

Since (1) is per year, therefore for the whole 8 years
study period, the mean time between failures (MTBF)
and mean time to repair (MTTR) is used as in (2) .

A= MTBFs (2)

MTBFs+MTTR

Figure 10 illustrates the different availability per year
and for the overall study period for different voltage
populations. In general, availability is high despite the
increased failure rates and limited expected lifetime of
transformers per voltage populations. From (2), the
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calculation  for different voltage populations
determined that 500 kV population has the lowest
availability followed by 220 kV then 132 kV and finally
66-33 kV.

1.000000
0.999900
0.999800
0.939700 500 kv

T 0.999600 2k

Availability

132V
0.999500

0.999400

0.999300
2002 2003 2004 2005 2006 2007 2008 2009 Average

years

Fig .10 Different availability of different voltages population.

F. Results Discussion.

The results were based on 8 years study period and of
course the longer the years the better the results will
be, as transformers life span cab be of average 40-60
years [21, 22]. The results indicate that the
transformers are in the wear-out phase of the bathtub
curve for all voltage populations. Bathtub curve is a
curve that describes 3 stages of any equipment. The
first stage is the infant phase where the equipment
starts operation for the first time with a low failure rate
and high reliability. The second stage is the useful life
phase where the failure rate is constant. The final
phase is the wear-out phase in which the equipment
operates for a long time, starts to fail at a certain point
and needs replacing. In this phase, the failure rate
increases and reliability decreases [4].

The remaining lifetime of the transformers for every
voltage subpopulation is summarized in table 3 where
the transformers in all voltages subpopulation must be
replaced within few years with new transformers in
order to deliver a higher reliability to the Egyptian
power grid. Since Weibull distribution is common
between all populations and is based on percentage
difference of mean and STD, it is chosen to observe
the remaining life time, where it is found that the
remaining life span of the transformers in all
populations is nearly alike and that the transformers
will be expired with this range of years as shown in
table (3). Choosing different reliability levels depends
on the operator, while these voltage populations must
have a high reliabilty level as these voltage

populations exist in the transmission power system
that delivers the generated electrical power to the
distribution systems (low voltage system), thus these
voltages are the only link between generation and
distribution.

From the results, instructions can be delivered to the
maintenance department in order to perform a proper
maintenance schedule and to the operation
department in order to operate and handle the
transformers carefully. In addition, the results shall be
sent to the manufacturer so that transformers with
better components and with higher quality and
technology are manufactured. This will lead to
lowering the interruption power and lower repair time
and customer interruption costs in which the costs
were highly based on an earlier study of the same
period of time to the transformers.

Table 3 Remaining Lifetime in Comparison between Different Voltage
Populations.

Voltage
Population
500 220 132 | 66-33
Remaining kV kV kV kV
Lifetime
in Years
Weibull distribution at 1.6 1.3 2 2.4

90 % Reliability level | years | years | years | years

Weibull distribution at 2.7 1.6 3.75 3
80 % Reliability level | years | years | years | years

Weibull distribution at 3.7 1.8 5.75 | 3.45
70 % Reliability level | years | years | years | years

3. G.Subassemblies Data Analysis.

As transformers are the most important equipment in
the power system, analysis of their function,
maintenance and observation reports are taken into
consideration by the manufactures in order to deliver
a much higher quality next generation transformers.
[23, 24] mentioned the basis of the transformers
design, protection, operation and maintenance.

There are 16 subassemblies of failures in which the
analysis is applied [1]-[3]. These failures are
sometimes referred to as outage causes and
categorized into five categories which are transformer
related outages, power system related outages,
environment related outages, human factor related
outages (HM), and unclassified/No flag (NF) and other
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outage causes. The transformer related outages are
Buchholz and pressure relief (B&P), over current
protection (OC), earth fault protection (EFP),
differential protection (DP), breakdown and damage
(B&D), firefighting system (FFS), hotspots (HS),
leakage of SF6 or oil (leakage), and flash over (FO).
The power system related outage category includes
the outage of incomers (Ol), and bus bar protection
(BBP) actions. The environment related outage
category includes bad weather (BW), and animal and
birds (A&B) caused outages

A. Estimation of Remaining Lifetime for Each of the
Subassemblies

Similar to the steps taken in order to estimate the
remaining lifetime of the transformers, TBFs of different
subassemblies are calculated and listed in table 4.
Then the mean time between failures for every
subassembly will be determined and compared to the

mean time between failures for the whole transformer
for different voltage populations. Finally, the remaining
lifetime for every subassembly is estimated using
Weibull distribution.

Table 4 and Figure 11 compare between MTBFs for
every subassembly and for different voltage
populations. It is clear that there is no direct relation
between the overall MTBFs of the transformers as a
complete set and the different subassemblies. A
comparison is made to determine the Maximum and
Minimum MTBFs for every subassembly for different
voltage populations as shown in table 5. This
comparison is made by excluding NF and other failures
as they are not physical but undetermined failures.
Table 5 also shows that that every voltage population
has a different maximum and minimum values
regarding MTBFs depending on number of failures and
repair time.

Table 4 TBFs for Every Subassemblies Regarding 500 kV Population.

Voltage Populations 500 kV 220 kV 132 kV 66-33 kV
Mean Mean Mean Mean
Values Values Values Values
TBF for whole 6.60 217 13.67 4.22
transformer
TBF for B&P 1.33 71.99 9.88 86.42
TBF for OC 9.38 11.50 22.93 19.28
TBF for EFP 13.25 54.13 36.13 45.49
TBF for DP 13.25 21.21 34.42 37.19
TBF for B&D 15.00 39.31 28.69 62.72
TBF for FFS 15.25 106.5 10.63 340.2
TBF for HS 0.00 95.07 0.00 0.00
TBF for Leakage 7.63 22.14 8.27 0.00
TBF for FO 0.00 77.00 0.00 0.00
TBF for Ol 0.00 73.46 18.71 15.01
TBF for BBP 3.75 86.59 3.33 438.5
TBF for BW 7.50 92.46 3.54 580.4
TBF for A&B 0.00 106.7 34.50 582.9
TBF for HM 0.00 34.09 5.19 735.3
TBF for NF 5.63 76.81 10.00 134.4
TBF for Others 15.75 15.63 13.16 197.6
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Fig . 11d. MTBFs for every subassembly regarding 66-33 kV population.
Table 5 Maximum and Minimum MTBFs for Different Voltage Population.
500 kV 220 kv 132 kV 66-33 kV
Maximum MTBFs B&D FFS EFP HM
Minimum MTBFs B&P oC BBP Ol

B. Results Discussion

The overall TBF of the whole transformer does not
depend on the TBF of every subassembly. In fact,
every subassembly has its own TBF that depends on
different variables. For every subassembly, the
components can be used for other purposes after the
shutdown of the transformer such as bus bars, as bars
can be recycled into new ones, or in case the failure did
not affect their functionality. As shown in Figure 11, a
comparison between different voltage populations is
performed in order to check the MTBF among different
subassemblies where MTBF differs from voltage
population to another as it depends on the number of
failures and the number of transformers. MTBFs

indicates that the failure rate decreases as MTBF
increases and vice versa as the TBFs decreases the
failure rate increases.

Number of Failures, repair time and CIC per
transformer analysis can provide solid data in order to
improve  maintenance schedules, inform the
transformers’ manufactures to enhance the quality of
materials by performing more tests and offering training
courses to the employees to reduce human error.

IV. CONCLUSIONS

This paper handled RAM analysis for the transformers
of different voltage populations in the Egyptian power
grid and the results showed that the transformers are
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in the wear out phase but the availability of the

transformers

is high. This

leads to enhancing

maintenance schedules, improve the manufacturing

process and train more personals.

Table 6 Remaining Lifetime for Every Subassembly in Different Voltage Populations.

Volume 5, Issue 2, December 2019 - ISSN 2356-8569

500 kV 220 kV 132 kV 66-33 kV
Remaining Remaining Remaining Remaining
lifetime at lifetime at lifetime at lifetime at

Subassembly 90 % Subassembly 90 % Subassembly 90 % Subassembly 90 %
reliability reliability reliability reliability
(years) (years) (years) (years)
Occurred Occurred
B&P once B&P 12.5 B&P once B&P 53.5
OC -3 years 16.5 oc 8 OC -6 years 6.5 oc 8.25
study period study period
EFP-dyears | 5, o5 EFP 5.5 EFP-dyears | o) 5 EFP 26.5
study period study period
DP-4years | 5 DP 155 DP - 6 years 235 DP 23.25
study period study period
years study 30 B&D 10 years study 28.5 B&D 30.5
eriod at 30 years period
P TBF
FFS - 6 years 105 FFS 26.5 FFS Occurred FFS 96.5
study period once
HS No failures HS 18 HS No failures HS No failures
occurred
Leakage - 3 Leakage - 2
years study 11.25 Leakage 13.75 years study 24.75 Leakage No failures
period period
FO No failures FO 38 FO No failures FO No failures
occurred
ol No failures ol 15 Ol-5 years 12.75 ol 575
occurred study period
BBP -7
BBP Occurred BBP 10 BBP Occurred | o ors study 84.5
once once ;
period
This failure
BW -2 years | is constant BW 295 BW Occurred BW -7 years 134
study period | at 30 years once study period
TBF
A&B No failures A&B 75 A&B - 4 years 405 A&B -7 years 184
occurred study period study period
HM No failures HM 26 HM Occurred HM 188
occurred once
NF -2 years 13 NE 17 NE Occurred NE 725
study period once
Others - 6 Others - 2
years study 9.25 Others 10.25 years study 155 Others 85.5
period period
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(SOFC) Operated by the PV System in the Residential
Sector in Australia
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Abstract - This paper presents an energy evaluation
of a hybrid system composed of a photovoltaic farm,
hydrogen consumption and solid oxide fuel cell, which
simulation involves the electric demand of a household
in the Western territory of Australia. Specifically, the
study evidences a significant solar potential that
provides 4659kWh/year. However, there is an energy
deficit in the period when the load energy is higher than
the solar generation. As a result, the fuel cell integration
solves the irregularities of solar availability, providing
4567kWhlyear load demand and 477827kWh/year of
energy delivered to the grid. Finally, the configuration
of the system generates 50% more than the energy
required, which allows enlarging the electric
consumption and the possibility to append thermal
energy.

Keywords - Hybrid system, Fuel cell, Photovoltaic,
Hydrogen, Residential sector, Energy demand.

I.  INTRODUCTION

The primary purpose of this study is to know the
potential of the natural sources of Western Australia,
determine the electricity and hydrogen demand,
analyse the integration of the fuel cell into PV system
and evaluate the hybrid system performance. Overall,
Australia presents a significant development in the
renewable energies due to natural resources available
and the target of clean energy regulation existing in
different states [1]. Particularly, WA has a relevant
potential in renewable’s energies, particularly in solar
households with 27% of capacity (rooftop solar
technology) [2].

The high solar radiation in Australia allows getting
progress in the industry, especially in the desert areas
(northwest and centre), resulting in total solar radiation
of 58 million PJ. Also, due to the policies of clean
energy, the government expects to generate 1000MW
from solar power, promoting the capacity of electric
and thermal technologies, though, the current
production of solar energy denotes 0.1% of the total
primary energy demand [3]

At the same time, Australia has expanded the type of
renewable resources, such as the hydrogen industry
that allows exploring new technologies, including fuel
cell development. Specifically, the implementation of
the fuel cell as an electric generator provides a reliable
energy system due to the option of seasonal hydrogen

storage and grid stability. Furthermore, it's an
alternative to remote area power systems [4].
. METHODOLOGY
A. Estimating Energy Demand
The annual electric demand was calculated

considering the simulator plan of Australian energy
consumption [5]. The study understands factors that
influence electrical use, such as the location, number
of people living in the house and the usage of facilities.
Specifically, the simulation applied in this paper
involved the electric consumption of two people, which
includes the pool facilities and slab heating system.
Equivalently, the daily and hourly use were calculated
based on the periods of electric usage, considering the
distribution of the energy plan simulation on the 8760
hours per year.

1. Photovoltaic farm

The solar research was in the coordinates -25.69,
116.2, which corresponds to the Western territory of
Australia. The first step of the study involved
obtaining the monthly data of temperature and solar
irradiation, extracted from the photovoltaic
geographical information system [6]. These data
correspond to the average hourly of air temperature
[°C] and the global and diffuse radiation [kWh/m?] of
each month. Considering these last two data was
possible to estimate the slope radiation [kWh/m?].
Fig. 1 explains the sequence of steps done on this
methodology.

It is important to note that Fig. 1 is modified from a
similar study [7], where the hourly global and diffuse
solar irradiation (kWh/m?) were from the NASA
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database. However, this research considered the
PVGIS Explorer data. The rest of the steps follows the
same logic. The resulting diagram explains the
sequence of the steps done on this methodology.

Latitude+ longitude

PVGIS Explorer
L

i : ]

Hourly temperature [°C] Hourly Irradiation [kWh/m?] |

Slope Irradiation (kWh/m?] — VBA program (Muneer)

I_Ef]_u_atjq_n 3_—-[ Power generation [W] ]

Fig .1 Calculation method for the power generation of one PV
module. Modified from [7].

The cell temperature, efficiency and power generation
of one photovoltaic module were calculated
considering Equation 1, 2 and 3. Mainly, the factors are
represented by the air temperature obtained from the
PVGIS Explorer (Ta); global slope irradiation (Gslope);
global radiation at the nominal operating cell
temperature (Gnoct); nominal operating PV cell
temperature (Tc, noct) [8]; cell efficiency at standard
test conditions (nstc); absorptivity of the module (Ta);
cell temperature at standard testing conditions (Tc,
stc); temperature coefficient value (ap) [9]; electrical
efficiency at standard test conditions (n mod) and area
of the PV module surface (A). Itis essential to note that
some values of the formulas belong to the database of
the PV module [10].

Te=T +(G510pe)(T t — Ta,noct) (1 ( ) °C
c= Ta Gnoct C, noc a, noc nToc [°C]

Eq .1: Cell temperature of PV panel [8].

neell = nstc [1 + ap(Tc — Tc, stc)] [%]

Eq .2: Cell efficiency of a photovoltaic module [8].

P = nmod * A * Gtlt [1 — 0.0045Tc — 298.15][W]
Eq .3: Power generation of PV panel [7].

Then the solar farm is determined by the relation
between the total electric demanded and the energy
provided by a single PV panel. The last function is
represented by Equation 4, where Am is the useful
area of the photovoltaic module and ltilt is the tilted
global irradiance.

58

E module = Am * nstc = Itilt [kWh/day]

Eq .4: Energy of one photovoltaic panel [11].

2. Integration photovoltaic-fuel cell system

Firstly, it was necessary to estimate the hydrogen
consumption of the hybrid system. As a result,
Equation 5 describes the factors involved, such as the
yearly electric demand (E_demand); efficiency of the
PV-H2-SOFC system and higher heating value of the
hydrogen (HHV).

"2 E_demand [kg]
demand = p ¢ ficiency * HHV g
Eq .5: Amount of hydrogen required in the hybrid system [12].

After getting the energy demand, solar source and
hydrogen consumption, it was possible to simulate the
system by the FCPower model [13]. Additionally, it was
necessary to include types of equipment data
specification, such as from the PV panel, electrolyser
[14] and fuel cell [15] used in the simulation. Details of
the modelling process are explained in Fig. 2.

-

Configuration of the system (PV-H2-50FC)
1

Equipment data specification

b 4

]

Hourly solar data input [kWh] ]

|

| Hourly electrical consumptioninput [kW] |

:

[ Daily hydrogen demand input [kg]

i

i

LN

i1

Fig .2 Flow diagram of the FCPower simulation according to the
hybrid system configuration [7].

. RESULTS

A. Solar Radiation and Air Temperature

According to the database from the photovoltaic
geographical information system (PVGIS), the air
temperature values consider the hourly temperature
average of each month, corresponding to the year
2016. Notably, the maximum and minimum
temperature variation during the year was in
November and June with around 14°C and 9°C of
difference, respectively. The result of the simulation is
detailed in Table 1.
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Table 1 Summary of the Monthly Ambient Temperature [6]

Analogously, the simulation provides hourly and

Month | Average [°C] | Max [°C] | Min [°C] monthly global horizontal radiation. Table 2 indicates
Jan 30.83 377 5 that during December produce the highest solar
potential with over 800 [W/m?], between the 11 and 15
Feb 31.60 378 26.1 hours. In contrast, the lowest radiation was in
Mar 29.46 35.1 243 wintertime (June and July), with less of 200 [W/m2].
Apr 25.45 30.8 20.7
May 20.89 26.2 16.4 B. Cell Temperature, Efficiency and Output Power
Jun 17.16 22 135 Based on the air temperature values, factors and
Jul 16.09 21.2 12 formulas it was possible to obtain the monthly and
Aug 18.22 24 13.2 hourly cell temperature. The result per month showed
Sep 20.10 26.1 145 that the PV panel inc.reases the heat during_the
oct 23.58 30.2 172 SL.Jmmer sea§on, approximately 2°C. At the same tlme,
Fig. 3 describes the result per hour, where the rise
Nov 26.03 33 194 appears in the afternoon, with around 3°C of
Dec 28.59 35.4 22 difference.
Table 2 Average of the Global Radiation Per Hour and Month [W/m?]
Hg;ltrr/]m Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
0
1
2
3
4
5
6 27 22
7 47 8 8 15 95 188 194
8 129 185 210 72 56 49 46 60 201 376
9 124 257 263 141 64 52 51 89 254 412
10 157 385 396 245 123 75 88 186 374
11 163 488 495 331 191 129 153 264 460
12 160 375 235 169 198 313 506
13 162 386 237 176 204 323 511
14 173 517 585 354 210 152 184 296 472
15 191 425 468 290 150 101 132 235 398
16 162 344 360 196 86 7 82 149 293 417
17 134 219 224 92 50 37 46 71 170 271 396 465
18
19

On the other hand, the relationship between the PV,
the cell temperature and the cell efficiency are
represented by Fig. 4 and 5. Principally, this last
variable decreases during summer (January and

February) with 15% less. Furthermore, the period with
the lowest performance was between 13 and 15
hours, with almost 14.7% at 9°C.
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photovoltaic module. This last find was around
90kWhlyear. In contrast, the global supplied was of
4659kWhl/year, which includes the energy generation
of 52 PV panels. As Table 5 shows, the month with the
highest energy production was December with
996kWh, and the lowest was June with 162kWh.

Volume 5, Issue 2, December 2019 - ISSN 2356-8569

Table 4 Summary of the Monthly Ambient Temperature [6]

E panel E panel con;rL?r;a;ltion PV panels
kWh/day kWh/lyr. . KWhiyr,
0.245 89.43 4610 52

Table 3 PV Module Output Power [W].

Month/

The design of PV facilities is composed of six rows and
seven columns of panels with 45° inclination and
orientated towards the north. Nevertheless, to reduce
the shadow risk, the PV arrows have a prudent
distance between them. Furthermore, the sizing of PV
array considers two inventers for the total of modules.
Fig. 7 shows the solar farm involved and location.
Principally, the area distribution includes two aspects;
the first one is a useful area that represents the
location of the panels, with 322m?2. The second factor
is around 30% more surface (419m?) intended to a
maintenance purpose in the system.

Similarly, Fig. 6 illustrates the distribution of energy
consumption and the energy supplied. The electric
demand showed steady rises and drops. However,
there are significant leaps of the energy provided by
the solar system, especially in December.
Comparatively, during wintertime, the energy demand
was higher than the produced. However, this has
switched drastically in summer.

400
- I"J“‘il
0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
M Total energy supplied 1 Energy deman

Fig .6 Comparison between the energy demand and the energy
supplied by the solar farm.

The array size involves a voltage dimension of 60V
and 49V for the respective maximum and minimum
open circuit voltage. Furthermore, the maximum
current in the photovoltaic module was of 8.4A.
Analogously, the interval of PV modules per string was
between 10 and 5, considering a maximum of voltage
and current per line of 600V and 18A, respectively.

The design of PV facilities is composed of six rows and
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seven columns of panels with 45° inclination and
orientated towards the north. Nevertheless, to reduce
the shadow risk, the PV arrows have a prudent
distance between them. Furthermore, the sizing of PV
array considers two inventers for the total of modules.
Fig. 7 shows the solar farm involved and location.
Principally, the area distribution includes two aspects;
the first one is a useful area that represents the
location of the panels, with 322m?2. The second factor
is around 30% more surface (419m?) intended to a
maintenance purpose in the system.

Table 5 Summary of Output Energy of Photovoltaic Module.

Energy single Total Energy
Month module module
supplied [kWh] | supplied [kWh]
Jan 15.57 809.8
Feb 8.21 426.9
Mar 5.42 281.8
Apr 4.04 210.0
May 3.3 171.7
Jun 3.10 161.7
Jul 3.25 168.8
Aug 3.40 176.9
Sep 4.66 242.1
Oct 7.02 365.1
Nov 12.47 648.4
Dec 19.15 995.5
Total 89.589 4658.678

.Solarirradialion |--——-‘ PV Panels }---
\ DC/DC

- *
‘ Converter

DC/DC
v
| Electrolyser

Converter

Oficinalpostal
AustralialPost’

Fig .7 Locatidn of solar farm. Source: (Google earth, 2019).

D. Configuration of the PV-H2-SOFC System.

The first stage of the hybrid system design involves
the solar energy that provides electric generation and
hydrogen for the fuel cell system. However, if the
hydrogen production is not enough to supply the
demand of the system, it is necessary to add the
missing hydrogen from an external source. As a
result, the PV-H2-SOFC configuration has two
parties, one from solar energy providing the hydrogen
partially to the electrolyser, and the other from the
hydrogen storage. As Fig. 8 describes, the first
scenario exists when the PV generation is lower than
the energy consumption.

- nverter | ______ + Load demand

I ™
Converter
DC/DC

Y

-

&
1 1
1 1
1 1
1 1
1 1

Fuel cell
[ .

-

| Compressor

P
Stage 1

'l 1
Hydrogen
storage tank
] Stage 2

--» PV generation > Energy demand

==+ PV generation < Energy demand

Fig .8 Design of PV-H2-SOFC system [7].

Based on the hydrogen calculation and the energy
consumption, it was possible to get the comparative
variation between both requirements. As Fig. 9
describes, the energy demand is proportional to the
hydrogen consumption of the fuel cell. For example,
the highest and lowest demand for hydrogen and
electricity are during summer and spring, respectively.
The range of both periods is between 660-780m3 for

On the other hand, according to the results of the
hydrogen produced from PV generation and the
hydrogen required, the deficit of hydrogen of the
hybrid system was determined. In this case, the
highest gap was in the wintertime, with 17.98kg
missing hydrogen. In contrast, in the months of
summer presented the lowest variation, with a deficit
of 9.86kg. The hydrogen distribution is described in

the hydrogen and 1050-1200kwh for electric Fig. 10.
consumption.
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Fig .9 Hydrogen demand and electricity required per season.
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Fig .10 Hydrogen demand and hydrogen deficit per month.

The storage tank was dimensioned considering the
highest deficit of hydrogen of the year (18kg/month
and 200m3/month) and the values of volume and
pressure of the electrolyser and tank. As a
consequence, the hydrogen pressurised was 30.8m3,
but for safety reasons, it must include a 10% of volume
[16], with a final dimension tank of 33.88m3. It is
important to note that the location of the tank was
underground due to the reduced risk of temperature
fluctuation [7].

E. Simulation Results.

The FCPower model provided the modelling results of
the PV-H2-SOFC system, which started with the
annual input specifications data, such as the solar
capacity factor and the amount of fuel used in the fuel
cell. For example, the yearly system energy output
used onsite is the balance between the delivered of
electricity (4567kwh), heat (0 kwh), hydrogen
(8763kWh), and grid electricity to the building (0 kwWh).
Details of those values are presented in Table 6.

Table 6 Energy Input of the System, from FCPower Model Simulation

[13].

Values Specifications

86.801 Fuel used in FCS [KWh/kWh]

0.000 Fuel used in burner [kWh/kWh]

0.349 AC from solar [kWh/kWh]

0.000 AC from wind [kWh/kWh]

0.000 Purchased Grid Electricity [kWh/kWh]
0.0% Purchased grid electricity cost (wtd avg % of

base cost)
13331 System Energy OUtFklgvﬁfEd Onsite per Year

At the same time, the model provides the general
specification of the fuel cell, considering the range of
energy capacity 53.3kWh; combined heat, hydrogen,
and power efficiency of 63%; fuel consumed for
combined heat and power of 132kWh and the
maximum hydrogen generation of 17kW. Table 7
shows the data specification of the SOFC system.

Table 7 Summary of the Fuel Cell Specifications Per Hour [13].

Specification Value | Units
Electricity Produced 53.33 kw
Electrical CI—_|P efficiency at current 0.4047 | KW/kwW
electrical power level
T ey ™| 0ozra | i
Fuel used for CHP operations 131.8 kw
CHP heat total 29.3 kw
Max H2 production ability 17.0 kw
Max H2 over-production ability 114 kw
H2 production 0.0 kw
CHP heat used for H2 production 0.0 kw
CHP heat out total 29.3 kw
Over-production of H2 0.0 kw
Fuel used for H2 over-production 0.0 kw
Total fuel consumption 131.8 kw

The hourly output results showed that the electricity
delivery was of 0.343kWh per kWh produced by the
hybrid system. Besides, the hydrogen delivery was
0.657kWh/kWh, which represents the relation
between the hydrogen delivered and the yearly system
energy output used onsite. Analogously, the electricity
sold to the grid includes the results of the energy input
(13331kWhlyear), and the excess of energy intended
to the grid (477827kWh). Table 8 details the total of
power supplied by the PV-H2-SOFC system
(491158kwh), which considers the values of electricity
generated, energy sold, hydrogen production and heat
delivered.
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Table 8 Energy Output of the System, from FCPower Model Simulation
[13].

Values Specifications

0.343 AC Delivered [kWh/kWh]

0.000 Heat Delivered [kKWh/kKWh]

0.657 Hydrogen Delivered [kKWh/kWh]
3.58E+01 AC sold to grid [KWh/kWh]
491,158 Total Energy Supplied per Year [kWh]

Finally, the simulation provided different types of
efficiencies as explained in Fig. 11. Principally, the fuel
cell efficiency was higher than the electrical
performance; for example, in the operating fraction
0.5, the capabilities were 70% and 45%, respectively.
Furthermore, the capacities of the categories of
hydrogen-fuel-cell and electrolyser were significantly
similar, with around 52% of the performance at 100%
of operation.

09
08
0.7
06
05

04
03
02
0 0.1 02 03 04 05

Efficiency [%)]

01
0.0

Operating fraction

=——=Total FC efficiency === Electric efficiency H2-FC efficiency =—=Electrolizer efficiency

Fig .11 Performance of PV-H2-SOFC system. Modified from
[13].

IV. ECONOMIC ANALYSIS

According to financial results obtained from FCPower
model simulation, the price factors of system net
electricity and hydrogen were 0.133 $/kWh and 35.7
$/kWh, respectively. As a result, considering 4567
kWh/year of electricity production from the hybrid
system and 8763 kWh of hydrogen required, the total
cost of energy generation was 313,446 $lyear.
However, this cost can be reduced, considering the
system electricity sold to the grid of 38,912%/year,
whose values includes 477,827 kWh/year of excess
and the sold price factor of 0.081 $/kWh. The total cost
obtained was 274,534 $/year. Analogously, the
Australian electricity load price is around 0.22 $/kWh
[17], which involves a total value of 913 $/year.

Overall, the electricity cost from the hybrid system was
competitive compared to the grid (around 33%
cheaper). Nonetheless, the deficit of hydrogen
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increases is considerable to the global cost.

On the other hand, one of the main advantages of fuel
cell integration was the elimination electric battery into
the hybrid system configuration due to the water
electrolysis can solve the irregularity of solar
availability. Therefore, its elimination helps to
decrease the operational cost by around 30% [7].

V. CONCLUSION

According to the solar power generation, hydrogen
and fuel cell modelling, the hybrid system is a viable
alternative to supply the electric consumption of one
house. Therefore, the following points summarise the
findings:

The Western territory of Australia showed an
elevated solar source, considering that the highest
daily average was in December with a global
radiation of 318 W/m2. The rest of the months
presented a slight difference between them.

e The hourly variation between the cell efficiency and
panel temperature did not change significantly as
the performance was reduced by 0.2% in the 13
hours. However, the monthly results showed that
the efficiency decreased by 1% during
summertime.

e The solar farm can supply the total annual demand.
Nevertheless, the distribution of electricity
generation was significantly unequal. For example,
in the wintertime, solar energy only provides 47%
of the total consumption required. As importantly,
the integration of the fuel cell helps to supply this
deficit.

e The electricity generation increases by more than
30% with the integration of the fuel cell
Specifically, the photovoltaic energy produced
4658kWh/year, and the solid oxide fuel cell
generated 4567kWh/year of electricity load and
477827kWh/year of delivered to the grid. As a
result, both renewables  sources  are
9225kWh/year, which represents 50% more than
the energy demand.

e The hybrid system presented different efficiencies
stages and as a result there are electric and heat
losses (unrecoverable energy), associated with
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[1]

(2]

(3]

[4]

5]
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electrical efficiency and total fuel cell efficiency,
respectively. In this case, the fuel cell performance
is 42% higher than the electric efficiency.

As a result, the PV-H2-SOFC system allows supply
a higher electric demand and adds thermal
consumption as hot water. Furthermore, it has
cogeneration benefits, such as the environmental
impact due to hydrogen obtained from PV panels,
which is used in the fuel cell. Also, in this process,
there is heat recovery, so it is a closed energy
cycle.

Despite that the integration of fuel cell into PV
system showed an economic disadvantage, there
is financial retribution for the sale of the surplus
energy, improving the energy cost balance.
Besides, the system can supply a higher demand
for the same cost, considering, for example,
thermal energy consumption.

REFERENCES

G. Bourne, P. Scrock, and A. Stock. “Powering
progress: States renewable energy race,” 16 Oct
2018. [Online]. Available:
https://www.climatecouncil.org.au/resources/stat
es-renewable-energy/. [Accessed 3 Jun 2019].

L. Brailsford, A. Stock, G. Bourne, and P. Stock.
“Powering progress: States renewable energy
race,” Climate Council of Australia, 2018.

e. a. t. (Australian Government Department of
Resources, G. Australia and A. B. 0. A. a. R.
Economics, “Australian energy resource
assessment,” 2010. [Online].  Available:
https://d28rz98at9flks.cloudfront.net/70142/7014
2_complete.pdf. [Accessed 4 June 2019].

S. Bruce, M. Temminghoff, J. Hayward, E.
Schmidt, C. Munnings, D. Palfreyman, and P.
Hartley.  “National Hydrogen = Roadmap:
Pathways to an economically sustainable
hydrogen industry in Australia,” CSIRO, 2018.

Australian Energy Regulator. “Energy made
easy- Understand and compare your home
energy usage,” Australian Government, 24 April
2019. [Online]. Available:
https://www.energymadeeasy.gov.au/benchmar

(6]

(7]

(8]

9]

(10]

(11]

(12]

(13]

(14]

RESD © 2019
http://apc.aast.edu

k. [Accessed 16 May 2019].

European Commission. “Photovoltaic
geographical information system,” 21 Sept 2017.
[Online]. Available:

http://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
. [Accessed 19 May 2019].

S. Allende. “Energy analysis of a solid oxide fuel
cell (Sofc) operated by PV system in the
residential sector, in Highland,” M.A. thesis,
GRIN Verlag, Munich, 2018.

F. Brihmat, and S. Mekhtoub, “PV cell
temperature/ PV power output relationships
homer methodology calculation,” National
Superior Polytechnic School, Algeria, 2014.

M. Jeffrey, I. Kelly, T. Muneer, and I. Smith.
“Evaluation of Solar Modelling Techniques
Through  Experiment on a 627 kWp
Photovoltaic,” Journal of Renewable and
Sustainable Energy, vol. 7, no. 3, 2105

Advanced Solar Photonics. “ASP-400GSM -
smart moduletm series - high efficiency
frameless monocrystalline solar modules,” 2012.
[Online]. Available:
https://www.enfsolar.com/Product/pdf/Crystallin
e/50bd9203a2fc0.pdf. . [Accessed 20 May 2019].

T. Muneer, R. Milligan, I. Smith, A. Doyle, M.
Pozuelo, and M. Knez. “Energetic, environmental
and economic performance of electric,”
Edinburgh, Transportation Research Part D:
Transport and Environment, 2015, pp. 40-61.

A. Kabza. “Fuel cell formulary,” 9 Nov 2016.
[Online]. Available:
http://ww.pemfc.de/FCF_A4.pdf. [Accessed
21st May 2019].

D. Steward. “National renewable energy
laboratory,” FCPower model simulation, 2013.
[Online]. Available:
https://www.nrel.gov/hydrogen/fuel-cell-power-
model.html. [Accessed 5 May 2019].

A. El-Maaty. “Modelling and Simulation of a

65



Journal of Renewable Energy and Sustainable Development (RESD)
http://dx.doi.org/10.21622/RESD.2019.05.2.057

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

66

Volume 5, Issue 2, December 2019 - ISSN 2356-8569

Photovoltaic Fuel Cell Hybrid System,” PhD.
thesis, University of Kassel , Kassel, 2005.

Battelle Memorial Institute, “Manufacturing cost
analysis of 100 and 250 kW fuel cell systems for
primary power and combined heat and power
applications,” U.S. Department of Energy, 2016.

T. Yuan, Q. Duan, X. Chen, X. Yuan, W. Cao, J.
Hu, and Q. Zhu. “Coordinated control of a wind-
Methanol-Fuel cell system with hydrogen
storage,” MDPI, Basel, 2017.

S. Downes. “Perth electricity prices compared,” 7
Jan 2019. [Online]. Available:
https://www.canstarblue.com.au/electricity/perth
-electricity-prices/. [Accessed 1 Aug 2019].

D. Goos. “Feasibility Study of a Solar Charging
Facility for Electric Vehicles in Munich,” M.A.
thesis, Edinburgh, 2015.

L. Parry. “Greener Kirkcaldy,” 2015. [Online].
Available:
http://www.greenerkirkcaldy.org.uk/how-much-
energy-are-your-home-appliances-using/.
[Accessed 13 May 2018].

ACS Chemistry for life. “The energy efficiency of
heating water,” [Online]. Available:
http://highschoolenergy.acs.org/content/hsef/en/
how-can-energy-change/energy-efficiency-of-
heating-water.html. [Accessed 17 June 2018].

E. Gago, S. Etxebarria, Y. Tham, Y. Aldali, and
T. Muneer. “Inter-relationship between mean-
daily irradiation and temperature, and
decomposition models for hourly irradiation and
temperature,” International Journal of Low-
Carbon Technologies, vol. 6, no. 1, pp. 22-37,
2010.

A. Ganguly, D. Misra, and S. Ghosh. “Modeling
and analysis of solar photovoltaic-electrolyzer-
fuel cell hybrid power system integrated with a
floriculture  greenhouse,” Department  of
Mechanical Engineering, Bengal Engineering &
Science University, Shibpur,, West Bengal, 2010.

(23]

(24]

(25]

(26]

[27]

(28]

(29]

(30]

(31]

RESD © 2019
http://apc.aast.edu

K. Ro, and S. Rahman, “Battery or Fuel Cell
Support for an Autonomous Photovoltaic Power
System,” Renewable energy, vol. 13, no. 2, pp.
203-213.

J. Guan, N. Minh, B. Ramamurthi, J. Ruud, J.-K.
Hong and P. Riley. “High Performance Flexible
Reversible Solid Oxide Fuel Cell,” United States
Department of Energy , Torrance, 2004.

W. Saeed, and G. Warkozek, “Modeling and
analysis of renewable PEM fuel cell system,”
International Conference on Technologies and
Materials for Renewable Energy, Environment
and sustainability, pp. 87-101, 2015.

G. Wu, K. Y.lLee, L. Sun, and Y. Xue.
“Coordinated fuzzy logic control strategy for
hybrid PV array with fuel-cell and ultra-capacitor
in a Microgrid,” Department of Electrical and
Computer Engineering, Bejing, 2017.

M. Hosseini, |. Dincer, and M. Rosen.
“Investigation of renewable energy-Based
integrated system for baseload power

generation”, Progress in Sustainable Energy
Technologies:, Generating Renewable Energy,
pp. 21-46, 2014.

M. M. Elamari. “Optimisation of Photovoltaic
Powered Electrolysis for Hydrogen Production
for a Remote Area in Libya,” PhD, University of
Manchester, Manchester, 2011.

Business Juice. “Business energy prices by
region,” 2017. [Online]. Available:
https://www.businessjuice.co.uk/energy-
guides/energy-prices-by-region/. [Accessed 24
July 2018].

N. Hill, and R. Watson. “2016 government GHG
conversion,” Department of Business Energy &
Industrial Strategy (BEIS), London, 2016.

D. Steward, M. Penev, G. S. Becker, and W.
Becker. “Modeling electricity, heat, and hydrogen
generation from fuel cell-based distributed
energy systems,” National Renewable Energy
Laboratory, 2013.



Journal of Renewable Energy and Sustainable Development (RESD)
http://dx.doi.org/10.21622/RESD.2019.05.2.057

[32]

[33]

[34]

Volume 5, Issue 2, December 2019 - ISSN 2356-8569

Clean Energy Council. “Clean energy Australia,”
9 April 2018. [Online]. Available:
https://assets.cleanenergycouncil.org.au/docum
ents/resources/reports/clean-energy-
australia/clean-energy-australia-report-2018.pdf.
[Accessed 1st March 2019].

J. Lagorse, D. Paire, and A. Miraoui. “Sizing
optimization of a stand-alone street lighting
system powered by a hybrid system using fuel
cell, PV and battery,” Renewable Energy, vol. 34
, no. 3, pp. 683-691, 2009.

M. Jamshidi, and A. Askarzadeh. “Techno-
economic analysis and size optimization of an

(35]

(36]

RESD © 2019

http://apc.aast.edu

off-grid hybrid photovoltaic, fuel cell and diesel
generator system,” Sustainable Cities and
Society, vol. 4, pp. 310-320, 201.

M. Qandil, R. Amano, and A. Abbas, “A stand-
alone hybrid photovoltaic, Fuel Cell and Battery
System,” Proc. of the ASME 2018 12th
International Conference on Energy
Sustainability, pp. 24-28, 2018.

H. Rezkab, E. Taha, M. Al-Dhaifallahe,
M.Obaidcf, A. Hashema, M.EI-Sayedb, M. Ali,
and G.Olabi. “Fuel cell as an effective energy
storage in reverse osmosis desalination plant
powered by photovoltaic system,” Energy, vol.
175, pp. 423-433, 2019.

67



Journal of Renewable Energy and Sustainable Development (RESD)

Volume 5, Issue 2, December 2019 - ISSN 2356-8569

http://dx.doi.org/10.21622/RESD.2019.05.2.068

COMPREHENSIVE REVIEW OF PUMP AS TURBINE (PAT)

Abdulbasit Nasir Jemal?, Misrak Girma Haile?
Department of Mechanical Engineering, Addis Ababa Science and Technology University, Addis

Ababa, Ethiopia.
abdulbasitnasir@ymail.com?, misrakmgh@gmail.com?

Abstract - The turbine is a heart of power generation
in a hydro-electric power system. A variety of different
turbines are available for that purpose. The common
types of Hydraulic turbines are; Pelton, cross flow,
Francis, Kaplan, and propeller turbine. However, using
conventional turbines for low head and flow rate (i.e.
micro hydropower) applications are not economically
feasible. A low-cost alternative is to use the pump as a
turbine. In this paper, existing Peer-reviewed

articles from (Scopus, google scholar, umbrella, etc.)
that are directly related to pump running as a turbine
are collected and reviewed. Theoretical, numerical,
and experimental investigations are considered.
Performance improvement techniques for PAT are
summarized and research gaps in related works are
identified.

Keywords - Turbines, Pumps, Review, Pump as
Turbine, PAT.

List of Abbreviations and symbols -

BEP Best Efficiency Point

b2 impeller inlet width (mm)

b3 volute outlet width (mm)

C absolute velocity of the fluid
CFD Computational Fluid Dynamics
Oy coefficient of head

C@ coefficient of flow rate

D1 impeller outlet diameter (mm)
D2 impeller inlet diameter (mm)

D3 volute base circle diameter (mm)
D4 volute inlet diameter (mm)

g gravitational acceleration (m/s2)
Hy.p head at best efficiency point (m)
H;J pump head (m)

H; theoretical head (m)

| turbulence intensity
Integrated Computer Engineering and

ICEM Manufacturing domestic
k turbulent kinetic energy (J/kg)

N-S Navier-stock

Nep specific speed of pump (m, m3/s) Fig. 1.
Moy specific speed of turbine (m, m3/s)
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PDE
PISO
'Ph
E

m

Qba,u
s
rpm
Re

RNG
SST

HgeE™>TE

Partial Differential Equation
Pressure-Implicit with Splitting of Operators
hydraulic power (W)

mechanical power (W)

flow rate at best efficiency point (L/s)

pump flow rate (L/s)

revolution per minute

Reynold’s number
Re-normalization group

shear stress transport
peripheral/tangential velocity of wheel (m/s)
relative velocity of fluid (m/s)

y plus

number of blades

flow angle (0)

blade outlet angle (0)

blade inlet angle (0)

efficiency at best efficiency point
pump efficiency (%)

slip factor for pump operation
slip factor for turbine operation
turbulence dissipation

specific dissipation rate (rad/s)
discharge number

head number

power number

. INTRODUCTION

The turbine is a heart of power generation in a hydro-
electric system. A variety of different turbines are

available

for that purpose. However, using

conventional turbines for low head and flow rate (micro
hydro power) applications is not economically feasible
[1]. A low-cost alternative is to use a Pump as Turbine

(PAT).

Pumps are widely used for irrigation, industrial and

applications, transportation of liquid,

industrial processes, as well as heating and cooling
systems [2]. Flow directions of the pump are shown in
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Fig .1 Flow direction of the pump [2].

In addition to the basic functions, pumps can be used
to generate electricity when operating in a reverse
way. The basic hydraulic theory of both pump and
turbine modes to be is the same, Fig. 2. However, the
behavior of real fluid flow including friction and
turbulence result is different [3].

Fig .2 Flow direction in pump and turbine modes [4].

PAT can be applied to micro-hydropower plants as
well as water supply piping and distribution systems
[5-9], reverse osmosis systems [10], pressure
reducing system [11, 12], energy recovery in irrigation
networks and industries [13-22].

Pumps have various advantages compared to
turbines, such as availability, proven technology, low
initial installation and maintenance cost, available for
a wide range of heads, and flows [1, 7]. Pump
impellers have no significant disadvantages in turbine
mode, but the efficiency coefficient of a pump in
turbine operation is lower [16]. The pump
manufacturers do not provide characteristic curves of
their pumps working as turbines. This makes it difficult
to select a suitable pump to run as a turbine for a
specific application [23].

In this paper, existing peer-reviewed articles from
(Scopus, google scholar, umbrella, etc.), that are

directly related to pump running as a turbine, are
collected and reviewed. Peer-reviewed articles other
than review papers are considered. Theoretical,
numerical, and experimental investigations are
studied. Performance improvement techniques for
PAT are summarized and research gaps in related
works are identified.

Pump manufacturers only supply pump mode
performance curves and that makes it difficult to
predict the performance of the pump working as a
turbine. Three main ways of conducting researches on

the pump running as a turbine are:
analytical/theoretical method, the
numerical/computational method, and the

experimental method.

. THEORETICAL INVESTIGATION OF PAT

A theoretical investigation is the study of fluid flow
problems analytically, using partial differential
equations without any approximations. Many
attempts have been made to predict pump in turbine
mode performance theoretically. A mathematical
model was applied to investigate the installation of
PAT, by solving the system of partial differential
equations into ordinary differential equations [7].

It was found that pump impellers have no significant
disadvantages in turbine mode and the efficiency
coefficient of a pump in turbine operation is hardly
lower (in some cases even higher) than in pump
operation [16]. The efficiency at the BEP in turbine
mode corresponds approximately to the efficiency
coefficient in pump mode.

nbepr = nbepp £ 0.02 (1)

If the rotational speeds are the same for both modes,
there are equal and opposite heavy line velocities for
pump mode and turbine modes based on the infinite-
blade theory. Consequently, Euler head in pump and
turbine mode are the same [19,24].

H _ U1Uya1—UUy2
Euler —
g

(2)

Where V,;and V,, represent the peripheral
component of velocity at the high-pressure side and
low-pressure side, respectively.

In equation (2), v, is negligibly small in general and,
as a result, the Euler head can be as
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_ UqUyq

Hp guter = —— = Hr puier (3

Due to slip of finite blade number, pump and turbine
theoretical head is given by:

HI'; = .UHp Euler (4)

H; = H; Euler//1 (%)

Where L is a slip factor for pump operation p < 1, A is
a slip factor for turbine operation. The slip factor for
reverse mode is approximately equal to 1.0 [4].

From the fundamentals of energy transfer in turbines,
the output mechanical shaft power and Euler turbine
head can be represented by [25]:

P = pgQH; — Prech — Preak (6)
Hy = 0Hgyjer (7)
Hputor = (Uzcuz;U1Cu1) —
(UzCmacotay,—Uy (Ur—Cmqcotfy))
g
_ (Uz(A%)cotaz—Ul(Ul—(%)cotﬁl)) (8)
g

PAT’s P-Q curve is in inverse proportion to the inlet
area A, . PAT's required pressure head can be

represented as the sum of the theoretical head and the
losses. PAT’s hydraulic efficiency can be represented

by:

Hg
=t 9
nh Hi+hiotal ( )

Both theoretical head and total hydraulic loss increase
with the increase of the blade thickness.

In the study of S. Barbarelli et al. [26], a statistical
method combined with a numerical model for selecting
a pump running as turbine in micro-hydro plants is
applied. The information of the site (flowrate and head)
Coand Cy,

allow calculating two coefficients,

respectively.

For searching of energy conversion characteristics of
PAT in detail, theoretical analysis and empirical
prediction can only outline the energy conversion
characteristics in the macroscopic point of view [27].

70

By considering the PAT’s flow, i.e. the reverse of pump,
the theoretical head transferred from the fluid to the
runner is smaller than actual head HT between the
inlet and exhaust nozzles because of the hydraulic
losses Z [28]. Because of power losses, the power PT
available at the coupling of the turbine is smaller than
the hydraulic power pgHQ. The PAT's overall

efficiency )y iS:

_ P
pgHQ

nr (10)
The basic parameters of pump and turbine mode are
specific and deal with (i) geometric characteristics; (ii)
flow and geometrical angles, and (iii) hydraulic and
power losses. These parameters may be known from
pump geometry or can be estimated through an
optimization procedure [28].

The effect of variable guide vane numbers on the
performance of pump as turbine was analyzed
theoretically, having the turbulence kinetic energy
under variable working conditions. The asymmetry of
the volute and rotor-stator interaction causes
turbulence kinetic energy concentration to appear in
pump as turbine. Theoretically, the turbulence kinetic
energy equals half of the product of turbulent velocity
fluctuation variance and fluid mass, which generally is
expressed by the physical quantity k and can be
calculated through the turbulence intensity | [29].

k=2 (ul)? (11)

-1

I =0.16Res (12)

Many attempts have been made to predict turbine
mode performance by using analytical/theoretical
model but the percentage of deviation is comparatively
large compared to the actual performance. It can be
concluded that the theoretical method is used to study
flow problems with a few variables, while it is difficult to
analyze pumps running as a turbine.

. NUMERICAL INVESTIGATION OF PAT

A numerical investigation is the study of fluid dynamics
problem using computer software, in this case
approximating partial differential equations into system
algebraic equitation. Computational Fluid Dynamics
(CFD) is an active design tool for predicting the
performance of centrifugal pumps running in turbine
mode.
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Flow Conditions for PATs Operating in Parallel was
performed using the CFD model [1]. The k- € turbulent
model is adopted, the domain has 713,954 cells.
Variables, such as mass flow rate, outlet pressure, and
rotational speed, and rotating zone are specified in Fig.
(3). When the flow is different from the normal rated
conditions, two PATs in parallel can better cover it.

= guuet plane 2

inlet plaho 1

Fig .3 PAT’s system set-up [1].

The behavior of the pressure distribution when PAT
installing in a water network was analyzed [11]. The
PAT model was built in SolidWorks, then simulated by
using CFD, the boundary conditions are specified and
the number of elements is about 100,000. The global
variables are simulated in the CFD model and used to
evaluate the overall PAT characteristics. Results of
numerical and experimental values do relatively not
agree.

The pressure fluctuation characteristic of the hydraulic
turbine at a single rotational speed with guide vane was
analyzed [13]. Unlike others in this work, the PISO
algorithm is adopted to solve the Navier-Stokes
equations. RNG k-¢ turbulence model was used for this
specific purpose. The grid independence is verified. the
final grid number is 1,042,502. In the impeller blade
region, the pressure fluctuation in the pressure surface
is lighter than that of the suction surface.

The slip phenomenon was investigated and the
effective value of slip factors for both direct and reverse
modes is obtained. Pump and turbine head impeller
can be predicted by computational fluid dynamics [19].

H
2= 0 (13)
Hy = Hy * Nyt (14)

ANSYS-CFX was selected for the solution. A grid
sensitivity analysis was performed. The final elements
number of the fluid volume was 4,154,084. Testing

different turbulence models, and RNG k- &€ model
confirms a good accuracy in the performance
prediction of PAT. At BEP the effective value of slip is
0.28 for pump and 0.24 for turbine mode. Pump and
PAT can be related

H¢ _ 1-s¢ 1

(15)
Hp 1=Sp NreNnp

A Performance Prediction Method for three different
Pumps as Turbines using a computational fluid
dynamic modeling approach was presented [23].
Results have been first confirmed in pumping mode
using data supplied by pump manufacturers. Then, the
model results have been compared to experimental
data for PAT. The analyzed pumps have three different
specific speeds. The main characteristics are
summarized in Table (1). From the CFD model results,
the specific head, capacity, power, and efficiency have
been evaluated and the best efficiency point of all the
analyzed pumps was found.

Table 1 Characteristics of Different Pumps [23]

Impeller D;'J;{gtry 3
. m
dl(arlr?riEEr diameter Hbep (m) Qbep( /h)
(mm)
(Ns37.6)| 190 80 39 148
(N5 20.5)| 200 70 60 45.4
(Ns 64.0)| 120 80 3.9 54

For all cases, the maximum value is lower than the
pump mode value. For low specific speed pumps, this
maximum value is roughly equal to the pump mode,
while for high specific speed pumps, it is different.
Model results for Pump 1 at 2900 rpm are shown in Fig.
4 and the pressure distribution at the BEP in the 0-9
bar pressure range is presented.

“ DIRECT MODE REVERSE MODE

Fig .4 Pressure distribution of model results for pump 1 (Ns =
37.6) at 2900 rpm [23].

It is clear that maximum pressure is applied in reverse
mode. This indicates that blade modification is required
when using the pump as a turbine.
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A single-stage centrifugal pump was selected for
energy conversion characteristic of pump as turbine
[27]. The centrifugal pump design parameters are: flow
rate Q = 12.5 m/h, head H= 30.7 m, rotating speed n
= 2900 rev/min, specific speed ns = 48, and the shape
of the blade is cylindrical. The impeller is divided into
six regions as shown in Fig. (5) by the radius.

Fig .5 Schematic diagram of the impeller division of the PAT
[27].

ICEM was used to generate a structured hexahedral
mesh for each part. The grid number is about 1.1
million. The ANSYS-FLUENT was selected to calculate
PDE. The standard k—e turbulence model was chosen.
The results show that the front and middle part of the
impeller i.e. (0.6-1.0) D2) are significant parts for
energy conversion; in the rear area of the impeller.
Thus, the PAT blades need to be optimized to improve
the performance, especially in the impeller blade rear
area.

Turbulence model has its own influence on the
accuracy of the result. In the numerical method, a
variety of turbulence models are available, among
them RNG k-¢ [13, 19], standard k-w [22], and standard
k-€[1,6, 11, 23, 25, 27, 29 and 30] are used to predict
the effects of turbulence on the system. Because of the
irregularity shape of impeller unstructured mesh found
to be the best one, but the result of review indicates,
many researchers used structured mesh.

Pressure fluctuations are very vital characteristics in
pump turbine’s operation. 3D numerical simulations
using SST k-w turbulence model was carried out to
predict the pressure fluctuations distribution in a
prototype pump-turbine at pump mode [31]. Three
operating points with different flow rates and different
guide vanes openings were simulated. The numerical
results show how pressure fluctuations at blade
passing frequency and its harmonics vary along with
the whole flow path direction, as well as along the
circumferential direction.
A complete numerical

detail for a selection of
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centrifugal pump as turbine with a rotational speed of
2880rpm for micro-hydro power plants was provided
[32]. The maximum power output is 17.78 KW. The
BEP of centrifugal pump operated in pump mode was
observed as 70% of that to turbine mode was 35.45%.
It was clear that the pump relatively operated as a
turbine is with lower efficiency. The future work focuses
on the further development of PAT performance.

Hydraulic design and optimization of a modular pump-
turbine runner were performed [33]. A mesh
discretization study was performed and found that
convergence was reached around a nine million cell
mesh. The runner’s performance was characterized in
both the pump and turbine modes for its designed
working conditions for both the initial and optimized
design.

Numerical simulations were done to predict the
distribution of pressure fluctuations with different
numbers of runner blades in turbine mode using the k-
w turbulence model [34]. The two factors that influence
the distribution of pressure fluctuations found to be the
flow rate and a number of blades, especially at blade
passing frequency along the circumferential direction.

The power loss and radial force characteristics of the
pump as a hydraulic turbine under gas-liquid two-
phase condition was studied [35]. Based on the N-S
equation and standard k-e turbulence model,
computational fluid dynamics technology was used to
simulate the flow field in a hydraulic turbine. The result
illustrates that the gas content has a serious effect on
PAT performance. Under the two-phase condition, the
fluid velocity distribution in turbine mode is uneven, and
the power loss is not uniform enough when the gas
content is lower.

Mesh refine [1, 6, 11, 19, 22, 23 and 25] especially at
the boundary and the inlet of the pipe is used to:

e save memory capacity
e decrease computational time

In all cases, the value of the numerical result is higher
than the experimental one. This indicates that
numerical methodology is not enough to determine the
exact solution of pump running as a turbine.

IV. EXPERIMENTAL INVESTIGATION OF PAT

The experimental investigation is the study of fluid flow
problem using physical laboratory. Knapp (1941)
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