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Paradigm in Energy Engineering 
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Email: eden.mamut@et-is.eu 
 

 
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, I 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, I 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 IoS and 
IoT 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 l 

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 

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. 

 

II. 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 numbers 

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 
Distribution 

Type Characteristics 

1 
Normal 

(Gaussian)  
Continuous 

It is used in reliability 

𝑓(𝑡) =  
1

 √2𝜋𝜎
℮

−1
2

(
𝑡−𝜇

𝜎
)2

 

Where 𝜇 is the mean 

𝜎 is the standard deviation 

2 Logistic  Continuous 

It is used to describe growth, that is, the size of a population expressed as a 
function of a time variable 

𝑓(𝑡) =  
℮

𝜇−𝑥
𝛼

 𝛼[1 + ℮
𝜇−𝑥

𝛼 ]
 

𝜇  is the mean  or location parameter 

𝛼 is scale parameter 

3 Weibull  Continuous 

Used in reliability  

𝑓(𝑡) =
𝛽

𝜂
∗ (

𝑡

𝜂
)

𝛽−1

∗ 𝑒
−(

𝑡
𝜂

)𝛽

 

𝛽 is shape parameter 

η is scale parameter  

4 Lognormal Continuous 

It is used in Life time modelling and very helpful in Reliability engineering 

𝑓(𝑡) =  
1

 √2𝜋 ∗ 𝜎′
℮

−1
2

(
𝑡′−𝜇′

𝜎′
)2

 

t’ = ln(t) 

𝜇′is the mean of Log time to fail 

𝜎′ is the standard deviation of log time to fail 

5 Rayleigh Continuous 

𝑓(𝑡) = 2 ∗ 𝛼 ∗ 𝜆2 ∗ 𝑡 ∗ 𝑒−(𝜆∗𝑡)2
∗ (1 − 𝑒−(𝜆∗𝑡)2

)𝛼−1 

𝛼 shape parameter 

𝜆 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 

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]. 

 

 
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 

 

III. 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 

[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 ß 

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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Fig .2 Failure rates of different probability distributions for 500 

kV subpopulation 

 

 
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. 

 

 
Fig .4 Failure rates of different probability distributions for 220 

kV subpopulation 

 

 
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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Fig .6 Failure rates of different probability distributions for 132 

kV subpopulation. 

 

 
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. 

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

kV subpopulation. 

 

 
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]. 

 

𝑨 =  
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

𝑴𝑻𝑩𝑭𝒔+𝑴𝑻𝑻𝑹
                         (2) 

 

 

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. 

 

 
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 reliability 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 

 
Remaining 
Lifetime 
in Years 

500 
kV 

220 
kV 

132 
kV 

66-33 
kV 

Weibull distribution at 
90 % Reliability level 

1.6 
years 

1.3 
years 

2 
years 

2.4 
years 

Weibull distribution at 
80 % Reliability level 

2.7 
years 

1.6 
years 

3.75 
years 

3 
years 

Weibull distribution at 
70 % Reliability level 

3.7 
years 

1.8 
years 

5.75 
years 

3.45 
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 (OI), 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 

Values  
Mean 

Values 
Mean 

Values 
Mean 

Values 

TBF for whole 
transformer  

6.60 2.17 13.67 4.22 

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 OI 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 . 11a. MTBFs for every subassembly regarding 500 kV population. 

 

 
Fig . 11b. MTBFs for every subassembly regarding 220 kV population. 

 

 
Fig . 11c. MTBFs for every subassembly regarding 132 kV population. 

 

 
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 OI 

 

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. 

500 kV 220 kV 132 kV 66-33 kV 

Subassembly  

Remaining 
lifetime at 

90 % 
reliability 
(years)  

Subassembly  

Remaining 
lifetime at 

90 % 
reliability 
(years)  

Subassembly  

Remaining 
lifetime at 

90 % 
reliability 
(years)  

Subassembly  

Remaining 
lifetime at 

90 % 
reliability 
(years)  

B&P 
Occurred 

once 
B&P 12.5 B&P 

Occurred 
once 

B&P 53.5 

OC - 3 years 
study period 

16.5 OC  8 
OC - 6 years 
study period 

6.5 OC  8.25 

EFP - 4 years 
study period 

20.25 EFP  5.5 
EFP - 4 years 
study period  

52.5 EFP  26.5 

DP - 4 years 
study period 

20.25 DP  15.5 
DP - 6 years 
study period  

23.5 DP  23.25 

B&D - 4 
years study 

period 

This failure 
is constant 
at 30 years 

TBF 

B&D 10 
B&D - 4 

years study 
period 

28.5 B&D 30.5 

FFS - 6 years 
study period 

10.5 FFS  26.5 FFS  
Occurred 

once 
FFS  96.5 

HS 
No failures 
occurred 

HS 18 HS No failures HS No failures 

Leakage - 3 
years study 

period 
11.25 Leakage  13.75 

Leakage - 2 
years study 

period  
24.75 Leakage  No failures 

FO 
No failures 
occurred 

FO 38 FO No failures FO No failures 

OI 
No failures 
occurred 

OI 15 
OI - 5 years 
study period 

12.75 OI 5.75 

BBP 
Occurred 

once 
BBP 10 BBP 

Occurred 
once 

BBP – 7 
years study 

period 
84.5 

BW - 2  years 
study period 

This failure 
is constant 
at 30 years 

TBF 

BW  29.5 BW  
Occurred 

once 
BW - 7 years 
study period 

134 

A&B  
No failures 
occurred 

A&B  75 
A&B - 4 years 
study period  

40.5 
A&B - 7 years 
study period  

184 

HM 
No failures 
occurred 

HM 26 HM 
Occurred 

once 
HM 188 

NF - 2  years 
study period 

13 NF  17 NF  
Occurred 

once 
NF  72.5 

Others - 6 
years study 

period  
9.25 Others  10.25 

Others - 2 
years study 

period  
15.5 Others  85.5 
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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 

4567kWh/year 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]. 

 

II. 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/m2] of 

each month. Considering these last two data was 

possible to estimate the slope radiation [kWh/m2]. 

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/m2) 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. 

 

 
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 (Tα); 

cell temperature at standard testing conditions (Tc, 

stc); temperature coefficient value (αp) [9]; electrical 

efficiency at standard test conditions (ɳ mod) and area 

of the PV module surface (A). It is essential to note that 

some values of the formulas belong to the database of 

the PV module [10]. 

 

Tc =  Ta + (
Gslope

Gnoct
) (Tc, noct − Ta, noct) (1 − (n

stc

Tα
)) [°𝐶] 

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

 

𝜂𝑐𝑒𝑙𝑙 =  𝜂𝑠𝑡𝑐 [1 + 𝛼𝑝(𝑇𝑐 − 𝑇𝑐, 𝑠𝑡𝑐)] [%] 

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

 

𝑃 = ɳ𝑚𝑜𝑑 ∗ 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 Itilt is the tilted 

global irradiance. 

 

𝐸 𝑚𝑜𝑑𝑢𝑙𝑒 = 𝐴𝑚 ∗  𝜂𝑠𝑡𝑐 ∗ 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). 

𝐻2𝑑𝑒𝑚𝑎𝑛𝑑 =
𝐸_𝑑𝑒𝑚𝑎𝑛𝑑

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝐻𝐻𝑉
[𝑘𝑔] 

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. 
 

 
Fig .2 Flow diagram of the FCPower simulation according to the 

hybrid system configuration [7]. 

 

III. 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] 
 

Month Average [°C] Max [°C] Min [°C] 

Jan 30.83 37.7 25 

Feb 31.60 37.8 26.1 

Mar 29.46 35.1 24.3 

Apr 25.45 30.8 20.7 

May 20.89 26.2 16.4 

Jun 17.16 22 13.5 

Jul 16.09 21.2 12 

Aug 18.22 24 13.2 

Sep 20.10 26.1 14.5 

Oct 23.58 30.2 17.2 

Nov 26.03 33 19.4 

Dec 28.59 35.4 22 
 

Analogously, the simulation provides hourly and 

monthly global horizontal radiation. Table 2 indicates 

that during December produce the highest solar 

potential with over 800 [W/m2], between the 11 and 15 

hours. In contrast, the lowest radiation was in 

wintertime (June and July), with less of 200 [W/m2]. 

B. Cell Temperature, Efficiency and Output Power 

Based on the air temperature values, factors and 

formulas it was possible to obtain the monthly and 

hourly cell temperature. The result per month showed 

that the PV panel increases the heat during the 

summer season, approximately 2°C. At the same time, 

Fig. 3 describes the result per hour, where the rise 

appears in the afternoon, with around 3°C of 

difference. 
 

Table 2 Average of the Global Radiation Per Hour and Month [W/m2] 
 

Hour/m
onth 

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

0 0 0 0 0 0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 0 0 0 27 22 

7 47 8 8 0 0 0 0 0 15 95 188 194 

8 129 185 210 72 56 49 46 60 201 376 537 567 

9 124 257 263 141 64 52 51 89 254 412 560 578 

10 157 385 396 245 123 75 88 186 374 547 690 722 

11 163 488 495 331 191 129 153 264 460 639 777 821 

12 160 552 550 375 235 169 198 313 506 684 821 865 

13 162 564 564 386 237 176 204 323 511 682 817 864 

14 173 517 535 354 210 152 184 296 472 631 764 821 

15 191 425 468 290 150 101 132 235 398 541 667 719 

16 162 344 360 196 86 77 82 149 293 417 544 608 

17 134 219 224 92 50 37 46 71 170 271 396 465 

18 92 125 104 19 0 0 0 15 47 108 224 304 

19 38 20 0 0 0 0 0 0 0 0 1 90 

20 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 

 

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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Fig .3 Average of ambient and cell temperature per hour. 

At the same time, the power generation of the 

photovoltaic panel was calculated per hour and 

month, with results manifested in Table 3. Overall, the 

peak is concentred in intervals during mornings and 

evenings of the summer season. For example, 

December shows the highest power production at the 

8 and 18 hours, with 221 and 284 W, respectively. In 

the rest of the months, the same variation exists but 

with a lower outpower. 

 

 

 

 

 
Fig .4 Cell temperature and Efficiency per month. 

 

 
Fig .5 Average of the cell temperature and efficiency per hour. 

 

C. Determination of PV System the energy produced by one photovoltaic module was 

of 89.43 kWh/year. As a result, the total of modules 

was of 52. Details are in Table 4. 

 

The energy generation of the solar farm was 

calculated considering the number of PV panels 

required, and the energy produced by a single 

0

5

10

15

20

25

30

35

1 3 5 7 9 11 13 15 17 19 21 23

Te
m

p
er

at
u

re
 [
°C

]

Hour
Ambient temperaure Cell temperature

Regarding the results calculated previously, it was 

possible to obtain the PV modules quantity required in 

the hybrid system. In this case, the annual electric 

demand extracted from the simulator plan of Australian 

energy consumption was of 4610 kWh. Additionally, 

60 
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photovoltaic module. This last find was around 

90kWh/year. In contrast, the global supplied was of 

4659kWh/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. 
 

 

Table 4 Summary of the Monthly Ambient Temperature [6] 
 

E panel 
kWh/day 

E panel 
kWh//yr. 

Total 
consumption

, kWh/yr. 
PV panels 

0.245 89.43 4610 52 

 

Table 3 PV Module Output Power [W]. 
 

Month/
Hour 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.6 2.0 

7 71.9 14.8 2.2 0.0 0.0 0.0 0.0 0.0 5.6 36.9 138.8 165.7 

8 164.1 67.5 25.7 16.1 20.6 17.9 16.8 20.6 30.6 39.9 139.6 220.6 

9 84.5 35.9 29.3 22.1 18.8 19.1 18.7 15.5 28.0 40.9 50.3 111.1 

10 50.5 45.8 37.2 30.6 21.7 22.7 21.7 23.7 38.2 49.1 48.4 61.5 

11 53.7 49.1 42.5 37.6 27.0 25.7 26.7 28.0 39.9 49.4 50.1 50.4 

12 52.7 50.1 42.5 37.9 32.3 30.3 31.0 31.3 39.5 49.8 49.8 53.1 

13 53.4 51.7 45.1 39.9 31.3 30.6 30.3 31.3 39.9 49.8 51.7 54.4 

14 57.0 55.7 48.8 38.6 31.0 29.7 31.0 30.0 37.6 51.4 53.4 56.0 

15 58.3 58.7 46.1 36.6 26.4 25.0 27.0 28.0 34.3 47.8 53.4 68.9 

16 100.8 49.8 38.9 29.0 22.4 28.0 24.7 22.7 29.3 40.9 53.3 117.5 

17 158.4 66.2 31.0 18.5 17.9 13.5 17.2 18.8 25.0 32.3 109.2 182.8 

18 249.2 131.3 19.8 8.4 0.0 0.0 0.0 6.9 15.4 42.2 172.4 283.6 

19 21.5 9.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.1 

20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 

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 322m2. The second factor 

is around 30% more surface (419m2) 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. 

 
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 322m2. The second factor 

is around 30% more surface (419m2) intended to a 

maintenance purpose in the system. 
 

Table 5 Summary of Output Energy of Photovoltaic Module. 

Month 
Energy single 

module 
supplied [kWh] 

Total Energy 
module 

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 

 

 
Fig .7 Location 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. 

 

 

 
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 

the hydrogen and 1050-1200kWh for electric 

consumption. 

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 

Fig. 10. 
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Fig .9 Hydrogen demand and electricity required per season. 

 

 
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 kWh). 

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) 

13,331 
System Energy Output Used Onsite per Year 

[kWh] 
 

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 CHP efficiency at current 
electrical power level 

0.4047 kW/kW 

Total CHP efficiency at current 
electrical power level 

0.6273 kW/kW 

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 11.4 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 

(13331kWh/year), 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 [kWh/kWh] 

0.657 Hydrogen Delivered [kWh/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. 

 

 
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 $/year. 

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 

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. 

 

• 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. 

 

• 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. 

 

• 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. 

 

• 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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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. 
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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 

 coefficient of head 

 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) 

 head at best efficiency point (m) 

 pump head (m) 

 theoretical head (m) 

I turbulence intensity 

ICEM Integrated Computer Engineering and 
Manufacturing 

k turbulent kinetic energy (J/kg) 
N-S Navier-stock 

 specific speed of pump (m, m3/s) 

 specific speed of turbine (m, m3/s) 

PAT Pump as Turbine 

PDE Partial Differential Equation 
PISO 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 

Re Reynold’s number 
RNG Re-normalization group 
SST shear stress transport 
U peripheral/tangential velocity of wheel (m/s) 
V relative velocity of fluid (m/s) 
y+ y plus 
Z number of blades 
α flow angle (0) 
β1 blade outlet angle (0) 
β2 blade inlet angle (0) 

 efficiency at best efficiency point 

 pump efficiency (%) 

μ slip factor for pump operation 
λ slip factor for turbine operation 
ε turbulence dissipation 
ω specific dissipation rate (rad/s) 

 discharge number 

 head number 

 power number 
  

 

I. 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 

domestic applications, transportation of liquid, 

industrial processes, as well as heating and cooling 

systems [2]. Flow directions of the pump are shown in 

Fig. 1. 
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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. 

 

II. 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. 

 

𝜂𝑏𝑒𝑝𝑇 = 𝜂𝑏𝑒𝑝𝑃 ± 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]. 

 

𝐻𝐸𝑢𝑙𝑒𝑟 =
𝑢1𝑣𝑢1−𝑢2𝑣𝑢2

𝑔
                         (2) 

 

Where 𝑉𝑢1and 𝑉𝑢2 represent the peripheral 

component of velocity at the high-pressure side and 

low-pressure side, respectively.  

 

In equation (2), 𝑣𝑢2 is negligibly  small in general and, 

as a result, the Euler head can be as 

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


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 

 

70 
RESD © 2019 

http://apc.aast.edu 

𝐻𝑃 𝐸𝑢𝑙𝑒𝑟 =
𝑢1𝑣𝑢1

𝑔
= 𝐻𝑇 𝐸𝑢𝑙𝑒𝑟                     (3) 

 

Due to slip of finite blade number, pump and turbine 

theoretical head is given by: 

 

𝐻𝑝
" = 𝜇𝐻𝑝 𝐸𝑢𝑙𝑒𝑟                          (4) 

 

𝐻𝑡
" = 𝐻𝑡 𝐸𝑢𝑙𝑒𝑟/𝜆                         (5) 

 

Where μ is a slip factor for pump operation μ < 1, λ 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 = 𝜌𝑔𝑄𝐻𝑡 − 𝑃𝑚𝑒𝑐ℎ − 𝑃𝑙𝑒𝑎𝑘                     (6) 

 

𝐻𝑡 = 𝜎𝐻𝐸𝑢𝑙𝑒𝑟                                      (7) 

 

𝐻𝐸𝑢𝑙𝑒𝑟 =
(𝑈2𝐶𝑢2−𝑈1𝐶𝑢1)

𝑔
=

(𝑈2𝐶𝑚2𝑐𝑜𝑡𝛼2−𝑈1(𝑈1−𝐶𝑚1𝑐𝑜𝑡𝛽1))

𝑔
    

=
(𝑈2(

𝑄

𝐴2
)𝑐𝑜𝑡𝛼2−𝑈1(𝑈1−(

𝑄

𝐴1
)𝑐𝑜𝑡𝛽1))

𝑔
                  (8) 

                  

PAT’s P-Q curve is in inverse proportion to the inlet 

area 𝐴2 . 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: 
 

𝜂ℎ =
𝐻𝑡

𝐻𝑡+ℎ𝑡𝑜𝑡𝑎𝑙
                          (9) 

 

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) 

allow calculating two coefficients, 𝐶𝑄and 𝐶𝐻, 

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]. 

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 𝜌𝑔𝐻𝑄. The PAT’s overall 

efficiency 𝜂𝑇 is: 
 

𝜂𝑇 =
𝑃

𝜌𝑔𝐻𝑄
                         (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 I [29]. 
 

𝑘 =
3

2
(𝑢𝐼)2                                     (11) 

 

𝐼 = 0.16𝑅𝑒
−1

8                        (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. 

 

III. 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. 

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


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 

71 
RESD © 2019 

http://apc.aast.edu 

Flow Conditions for PATs Operating in Parallel was 

performed using the CFD model [1]. The k- ε 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. 
 

 
 

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-ε 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]. 
 

𝐻𝑝 =
𝐻𝑝

𝜂ℎ𝑝
                                     (13) 

 

𝐻𝑡 = 𝐻𝑡 ∗ 𝜂ℎ𝑡                        (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- ε 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 
 

𝐻𝑡

𝐻𝑝
=

1−𝑠𝑡

1−𝑠𝑝

1

𝜂ℎ𝑡𝜂ℎ𝑝
                      (15) 

 

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 
diameter 

(mm) 

Delivery 
outlet 

diameter 
(mm) 

𝐻𝑏𝑒𝑝(𝑚) 𝑄𝑏𝑒𝑝(𝑚3

ℎ⁄ ) 

(𝑁𝑠 37.6) 190 80 39 148 

(𝑁𝑠 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. 

 

 

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 m3/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-ε [13, 19], standard k-ω [22], and standard 

k- ε [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-ω 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 

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- 

ω 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: 

 

• save memory capacity 

• 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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published the complete pump characteristics for a few 

pump designs based on experimental investigations 

[36]. 

 

Two equal PATs working in parallel and single-mode 

were performed [1]. Several experimental tests at a 

different flow rate (200 to 1150) were carried out for 

the two configurations by regulating the flow rate. 

During each test, the data were recorded. The 

performance in parallel design conditions illustrates a 

peak efficiency with less shock losses within the 

impeller. 

 

The hydraulic facility, composed of one closed pipe, an 

air-vessel tank (allows to regulate the flow and 

pressure in order to reach the steady flow conditions) 

a recirculating pump, an open free surface tank, ball 

valves, an electromagnetic flowmeter, two pressure 

transducers were used to determine the behavior of 

the pressure distribution along the PAT [11]. 

 

The pressure fluctuation characteristic of a hydraulic 

turbine with guide vane using the test bench Fig. 6 was 

studied [13], with different flow rate. The pressure 

fluctuation is also different, the greater the flow rate, 

the more serious the pressure fluctuation. 

 

 

Fig .6 Test bench for hydraulic turbine [13] 
 

Three centrifugal pumps with different heads and flow 

rates have been modeled and tested in the test bench 

[13], unitless parameters are calculated. 

Head number  𝛹 =
𝑔ℎ

𝑛2𝐷2                               (16) 

discharge number  𝜙 =
𝑄

𝑛𝐷3                 (17) 

power number  𝜋 =
𝑝

𝜌𝑛3𝐷5                         (18) 

efficiency  𝜂 =
𝑃

𝜌𝑄𝐻
                       (19) 

 

Experimental investigations and laboratory 

measurements on the hydraulic machine are 

conducted at a turbine test rig to validate the theoretical 

work that is used to predict the behavior of a centrifugal 

stainless-steel pump in turbine operation [16].  

A centrifugal multistage end-suction pump chosen for 

experimental investigation [17]. The test rig consists of 

the pump with a synchronous motor, two pressure 

transducers, a magnetic flow meter, a watt meter, and 

an optical speedometer. The focus of the study was 

comparing direct and indirect water supply a network 

and direct pumping found to be considered to be more 

efficient than indirect pumping. 

Equation 16 through 19 used to determine the 

characteristics of the pump running as a turbine. A 

laboratory model of PAT test rig was used to conduct 

research on energy conversion characteristics of the 

pump as a turbine [27]. The main equipment composed 

of an electric motor, a feed pump, a control valve, an 

electromagnetic flow meter, a differential pressure 

transducer, a PAT, a torque meter, and an energy 

dissipation pump. 

The characteristics of energy transformation, 

especially within impeller, plays significant roles for 

further optimum design of the pump as turbine, the area 

of (0.6–1.0) D2) are important parts for energy 

conversion; in the rear area of the impeller, this at least 

shows that the PAT blades need to be optimized to 

improve the performance, especially in the impeller 

blade rear area. 

The feasibility study of using pumps in turbine mode in 

small hydroelectric stations was presented [37]. To 

regulate the power applying variations in the turning 

speed of the turbine-generator set. 

The study of A. Carravetta et al. [38] affinity law for the 

evaluation of the behavior of  a single machine under 

variable speed. The study shows that the use of 

performance curves calculated using affinity law and 

Suter parameters produces a limited error in the 

evaluation of the head drop, granting the satisfaction of 

the correct hydraulic constraint (pressure level within 

the network). Meanwhile, the error in terms of 

mechanical efficiency is greater but still acceptable in a 

limited range of velocity difference between a prototype 

and simulated machine. 

An end suction centrifugal pump with a specific speed 

of 15.36 (m, m3/s) was tested experimentally, to 

determine the performance characteristic of the pump 

in reverse mode.  The result showed that a centrifugal 

pump can satisfactorily be operated as a turbine 

without any mechanical problems. The best efficiency 
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point (BEP) for PAT was found to be lower than BEP in 

pump mode [39]. 

There are some variations between numerical and 

experimental results in the case of PAT. As 

recommended by many researchers the variation can 

be minimized through development by using a fine grid 

and introducing appropriate turbulence models.  

The solution of the pump running as a turbine highly 

depends on different conditions like flow rate, head, 

impeller diameter, and rotational speed. Tasting and 

measuring PAT output with various parameters as 

done by many investigators is very important to predict 

a relatively more accurate solution. 

V. MODIFICATION IN PAT 
 

The result of the study shows the efficiency of PAT is 

12.4 % [12], 4% [21], 34.55% [32], 19 % [39] lower than 

direct pump mode. The result of all investigations 

shows that the pump has low efficiency in turbine 

mode, geometric modification is required to improve 

the efficiency pump working as a turbine.  

 

The influence of the different number of blades (10-13) 

with guide vane on the performance of PAT was 

investigated numerically and experimentally [22]. To 

perform the numerical simulation, applying ANSYS 

CFX and k-ω the turbulence model was used. Meshing 

is performed by ICEM. The grid independence is 

verified. The total number of grids is 15.287 million. 

 

The PAT test bench consists of a model PAT, an 

overrunning clutch, an electric motor, a centrifugal 

pump, throttle valves, and bypass valves, and a pool 

is used to validate relationship curves among the 

head, efficiency, power, and flow rate of the PAT, 

which are drawn and compared with the simulation 

result. Results show that when the number of blades 

is 10 at the same flow rate, the highest efficiency is 

achieved and the internal flow becomes stable.  

 

PAT covering different specific speeds was designed 

to explore the effects of blade thickness on the 

performance [25]. Numerical and experimental 

methodologies are applied. ICEM-CFD was used to 

generate the structured hexahedral grid for the 

components. A grid-independent test was performed. 

The final mesh number is over 1 million and the 

standard k-ε model was applied. After modification, a 

new impeller was manufactured and verified in the test 

rig. The efficiency decreases with increasing blade 

thickness. Using the thinner blades with sufficient 

strength to obtain higher efficiency was 

recommended. Based on the founding of research 

appropriate material selection is an important factor for 

the improvement of PAT. 

 

Energy conversion characteristic of pump as turbine 

by considering a single-stage and single-suction 

centrifugal pump running in the reverse model as the 

turbine was selected [27]. The centrifugal pump design 

parameters are: flow rate Q = 12.5 m3/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 

result of the study shows that PAT blades need 

optimization to enhance the performance, especially in 

the impeller blade rear area. 

 

Blade profile optimization by using a numerical 

approach was performed [30]. Coordinate values of 

the control point 1-8 in Fig. 7 were selected as the 

optimization design variables. The control point 9 

remains unchanged. 

 

 
 

Fig .7 Blade parameterization (30). 

 

The ANSYS-FLUENT software is used to calculate the 

selected model in the numerical method. N-S 

equations to describe the inner flow of the PAT, the 

standard k–e turbulence model is used.  ICEM was 

used to generate the structured grid of computational 

domain. The final mesh number is 1,178,560. 

 

The result shows that the efficiency of the optimized 

pump as turbine under the optimum operating 

condition increased by 2.91%. Through optimization of 

the blade, the hydraulic loss in the impeller decreased,  

the hydraulic loss in the volute and outlet pipe has a 

certain increase, whereas the total hydraulic loss 

decreased. Further investigation is required to control 

the hydraulic loss in the volute and outlet pipe. 
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One original impeller and three modified impellers of 

an industrial centrifugal pump with a specific speed of 

23.5 m, m3 /s were tested numerically and  

experimentally. In this work, the shape of blades was 

redesigned to reach a higher efficiency in turbine mode 

using a gradient-based optimization algorithm coupled 

by a 3D Navier–stokes flow solver. Also, another 

modification technique was done by rounding the 

leading edges of blades and hub/shroud interface in 

turbine mode [40]. The result of the study shows 

modifications on the impeller lead to achieving 

maximum efficiency in reverse mode.  

 

A comparison between centrifugal impeller pumps 

mode [41] and turbine mode [42], with and without 

splitter blades in terms of suction performance, is 

presented by experimental tests and numerical 

analyses. The efficiency of PAT is improved when 

splitter blades are added to impeller flow passage. 

 

Multi-objective optimization to improve the 

hydrodynamic performance of a counter-rotating type 

pump-turbine operated in pump and turbine modes 

was illustrated [43]. The inlet and outlet blade angles 

of impellers/runners with four blades, which were 

extracted through a sensitivity test, were optimized 

using a hybrid multi-objective genetic algorithm with a 

surrogate model based on Latin hypercube sampling. 

Three-dimensional steady incompressible Reynolds-

averaged Navier-stokes equations with the shear 

stress transport turbulence model were discretized via 

finite volume approximations and solved on a 

hexahedral grid to analyze the flow in the pump-turbine 

domain. For the major hydrodynamic performance 

parameters, the pump and turbine efficiencies were 

considered as the objective functions. The result 

shows that the arbitrarily selected optimal designs in 

the Pareto-optimal solutions were increased as 

compared with the reference value. 

 

Many researchers have reported that the efficiency of 

pump in turbine mode can be improved by simple 

modification such as rounding impeller tips, installation 

of splitter blades,  reducing impeller thickness, 

increasing number of blades, applying of guide vane, 

and optimizing blade profile . Table 2 summarizes the 

outcome of the modifications different researchers 

made. 

 

Table 2 Summary of modification result proposed by different researchers. 

 

Among the various techniques attempted by different 

investigators for performance improvement of pump 

as turbine, rounding of impeller inlet and blade profile 

optimization is found to be the most promising 

technique. Testing of more than one modification 

techniques per system is important to further 

improvement. 
 

VI. RESEARCH GAPS IN RELATED 

LITERATURE 

 

When the pump is operating in the turbine mode, the 

direction of flow is reversed; therefore, the pattern of 

loss distribution is not the same as in the pump mode. 

To improve performance, one of the important factors 

is to identify the causes of losses that may occur in 

turbine mode. Many researchers have studied 

performance improvement of PAT focusing on shock 

loss, while other losses such as  diffusion and hydraulic 

losses should be considered when using pump as 

turbine. 
 

Guide vane is an important part of a turbine, but 

centrifugal pumps have no guide vane. An extra row of 

fixed blades called inlet guide vane are required to 

direct the water at the correct angle onto the PAT 

blade; therefore, testing and using different guide vane 

angle are important to improve the efficiency of the 

system.  

 

There is a need for studies that focus on the multi-

stage multi-flow pumps to increase the power output 

from pump as turbine (PAT). Furthermore, a 

comparative study  is needed to provide information  

on the various turbulence models then finding out the 

best one.  

Author Shi et al. [22] Yang et al. [25] 
Feng Xia Shi et 

al. [29] 
S. Miao et al. [30] S. Derakhshan et al. [40] 

P. Singh and F. 

Nestmann [44] 

Method 
Number of 

blades 
Blade thickness 

Guide vane 

number 

Blade profile 

optimization 

Rounding of 

inlet 
Optimization 

Impeller 

rounding 

Rise in 

efficiency 

(η%) 

≈1.75 ≈1.6 ≈2 ≈2.91 ≈5.5 ≈2.75 ≈2 
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The velocity triangle is one of the fundamental tools to 

analyse turbomachinery problems. After each 

modification, the velocity triangle of the modified blade 

should be specified.  

 

Cavitation is caused by local vaporization of the liquid. 

It usually occurs in hydraulic machines and it is a 

cause of different potential problems. Optimum design 

is required to avoid the effect of Cavitation. 

 

VII. CONCLUSION 
 

In various parts of this review paper, it has been 

recognized that extensive studies have been carried 

out on pump as turbine. From the entire study, it can 

be concluded that Commercial centrifugal pump, i.e. 

PAT, will provide an attractive alternative for power 

generation in off-grid areas. The limitations of PAT can 

be further reduced by selecting a proper pump for a 

specific site. The characteristics of the pump running 

as a turbine can be predicted by a theoretical, 

numerical, and experimental approaches. The 

efficiency can be increased by using various 

modification techniques. Among the various 

techniques attempted by different researchers is 

rounding of impeller inlet and blade profile 

optimization, which were found to be the most 

promising techniques.  

 

For  future research, in addition to introducing new 

modifications, a study on the importance of applying 

existing techniques should be carried out. 
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Abstract - In recent years, energy debates are 

increasingly focused on the transition of more 

ecological energy sources, therefore, Morocco is 

projecting to invest in its first Liquified Natural Gas 

(LNG) importing and storage capacity by 2030. This 

article comes to establish a pre-feasibility study for the 

future importation terminal and the objective is to 

develop a scientific approach to investigate the 

financial viability of such a project.  The main challenge 

poses on the data estimation methodology and the 

relevance of the assumptions. Besides, the level of 

uncertainty depends on the stability of the LNG 

international market. 

 

The profitability of an investment is generally the most 

important criterion for the decision-making. Even if the 

combined ecological and industrial benefits of natural 

gas can sometimes provide enough motivation to 

invest, a long-term profitability study must be 

systematically pursued to evaluate the economic 

impact of such an investment decision. 

 

After highlighting the multiple benefits of natural gas, 

the first step is setting up the financial model to be 

adopted, which is in this case the net present value 

(NPV) and the Discounted Payback. Therefore, 

operating and financial assumptions are made based 

on the benchmark with other similar projects. The pre-

feasibility study will help to measure the LNG terminal 

capacity to generate revenue. 
 

Keywords - CAPEX, Cash Flow, Discounted 

Payback, GNL, Net Present Value, OPEX, Pre-

Feasibility, Profitability.. 
 

I. INTRODUCTION 
 

Global warming is a phenomenon known and 

recognized by scientists such as climate change and 

its adverse effects on the environment [1]. The history 

of energy between massive pollutions, nuclear 

disasters, energy resources scarcity and global  

 

environmental issues indicates the limitation of the  

current energy system and calls for a gradual shift  

towards a sustainable energy mix. 

 

The global energetic context makes LNG an attractive 

alternative for electric and industrial generating units 

that currently run on other polluting, more expensive, 

and less suitable fuels. As a result, Morocco has set 

itself the goal of building an LNG import and storage 

terminal at Jorf Lasfar by 2030. In tune with developing 

a terminal site location and an optimum routing 

alternative for pipelines [2], this article comes as a 

follow up to conduct a pre-feasibility study for the 

future LNG importation terminal. 

 

The reorientation of energy to LNG is a considerable 

step towards this objective. It is a source of clean 

energy that translates a strong commitment to: 

 

• Replace the use of coal and harmful fuels in 
electricity production. 
 

• Prepare a favorable economy that can be combined 
with renewable sources, particularly solar. 

 

• Contribute to the development of energy efficiency. 

 

Some countries, particularly Morocco, do not dispose 

of natural gas in their soil. In this case, their 

commitment is illustrated by an investment decision on 

LNG importing terminal. In the current economic 

environment, this decision is a decisive step that 

guides the national strategy. 

 

II. CHOICE OF NATURAL GAS 
 

The development of natural gas is driven not only by 

its availability as a resource, but also by its preference 

by consumers. Indeed, natural gas has several 

advantages and combines reliability, availability, 

cleanliness and safety as compared to nuclear energy.  
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A. Ecological Benefits 

Compared to other fossil fuels, natural gas is 

considered by excellence the cleanest source of 

energy; its emissions of sulfur dioxide (SO2), carbon 

dioxide (CO2) and nitrous oxide are low compared to 

coal or oil [3]. In fact, a recent Greenpeace study, 

published in August 2019 and based on data from 

NASA [4], warns Morocco against the risks of air 

pollution due to the use of coal. 
 

 
 

Fig .1 Nasa capture of SO2 hot spot, showcasing Morocco, 

2019 [4] 

 

The environmental qualities of natural gas largely 

justify the growth of its demand. With its high hydrogen 

content, its combustion is considered perfect and does 

not produce heavy unburnt. 
 

B. Industrial Benefits 

Natural gas continues to attract electric power plants 

and industrials because of its simple hydrocarbon 

composition (mainly methane) [5] whose use offers 

several advantages:  

 

• Pure and perfect combustion: immediate and total 
flammability.  
 

• Quality and precision of the flame: possibility of 
reaching very high combustion temperatures. 

 

• Cleanliness: no emission of heavy polluting 
particles.  

 

• Low maintenance: natural gas is not corrosive, it 
does not damage pipelines. 

 

• Safety: restricted range of flammability. 

 

C. Economic Benefits 

The discovery and exploitation of natural gas is 

relatively newer than many other types of energy, 

hence its technology is naturally subject to several 

research development and technical progress. The 

entire chain of LNG, from exploration and drilling to 

end use, continues to gain efficiency and 

effectiveness. 
 

The Moroccan global context makes LNG an attractive 

alternative for sectors currently running on other fossil 

fuels [6]. The LNG price competitiveness and the 

increasing number of stakeholders are only pulling its 

operating costs down, making it more and more 

attractive. 
 

III. FINANCIAL AND PROFITABILITY 

CRITERIA 
 

The investment decision is one of the strategic and 

irreversible decisions that engage resources in the 

long term. To evaluate the profitability of an investment 

and decide whether it should be retained, several 

methods can be used such as the Net Present Value 

(NPV) and the Payback method. These indicators rely 

on the estimated cash flows generated in a future 

environment.  
 

The application of these financial techniques to 

evaluate the profitability of an investment is limited by 

the difficulty of modeling an economic reality of a 

distant and random market into a financial equation. 

Admittedly, the financial model of NPV is the most 

appropriate approach to decision making. 
 

A. Net Present Value 

In order to know if a given project is financially 

acceptable, the decision criterion considered is the 

NPV. Like any investment, the construction of an LNG 

terminal requires an investment period, an operating 

period, and a projected profitability that corresponds to 

the cash flows generated during the operating period. 

Thus, it is essential to estimate the following elements: 
 

• Capital required for investment: The amount of 
funds necessary to conduct the project. 
 

• The lifetime of the project: The operational period of 
the project or its useful life. 

 

• The discount rate: The anticipated return of profit for 
a project which presents a similar risk, also called 
the cost of the invested capital. 
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• The annual cash flows: The remaining profit after 
revaluating the project’s revenues and expenses. 

 

The NPV is the difference between the investment and 

the annual project discounted cash flows. The discount 

rate corresponds to the required minimum rate of 

profit. A positive NPV indicates that the project is 

profitable, which means that the cash flows generated 

make it possible to reimburse the initial investments 

and generate added value 

 

NPV = -I0 + ∑
𝐶𝐹𝑖

(1+𝑡)𝑖
𝑛
𝑖=1                      (1) 

 

With: 

-  i: a year in the project lifetime. 

- I0: initial investment. 

- CFi: cash flow generated during the operating year i. 

- n: project lifetime. 

- t: discount rate. 

 

The discount rate is the cost of capital given its 

composition and the risk of the investment, assuming 

a discount rate of 9% [7]. 

 

B. Discounted Payback 

To deepen the analysis, the evolution of the project 

payback is calculated according to the annual cash 

flow performed.  

 

The payback is the time needed to recover the amount 

of the investment. This criterion allows to focus on 

projects quickly amortized, it is defined as the time 

required to recover the initial investment through cash 

inflows. This duration corresponds to the value of n for 

NPV = 0. 

 

IV. MODEL DESCRIPTION AND 

ASSUMPTIONS 

 

The investment required to carry out an industrial 

project of such a large size occupies an important 

place in the strategic launch decision. The profitability 

of an investment is completely determined when these 

two elements are known or at least can be accurately 

estimated: The amount of the investment also called 

Capital Expenditures (CAPEX) and the Operating 

Expenses (OPEX). 

 

 

A. CAPEX Inventory 

Several factors can influence the cost of building a 

terminal, feedback has shown that one of the most 

important factors is the quality of site environment, 

which can require some additional investments to limit 

and contain potential risks [8]. On the other hand, LNG 

storage tanks are generally the most expensive 

element of a storage terminal. They are also very often 

the most critical element because of the large surface 

area they claim, their visual impact that is often 

deemed unacceptable by the surrounding residents, 

and their potential risks if poorly managed. 

 

1. LNG Storage Tanks 

An LNG storage tank is particular and different from a 

hydrocarbon storage tank and has several challenges 

due to the specifications of the stored product, such as: 

• The storage tank is intended to contain both vapor 
and liquid phases of natural gas. 
 

• The storage tank must be insulated to minimize heat 
ingress. 

 

The overall storage capacity of the site must meet the 

projected LNG consumption needs assessed by the 

Ministry of Energy as follows [9]: 

 
Table 1 FIRST YEAR ANNUAL VOLUME OF IMPORTED NATURAL GAS [9]. 

 

 Year 1 (volume in k m3) 

Volume gas to Power 3 500 000 

Volume gas to Industry 1 500 000 

Total Volume 5 000 000 

 

According to the High Commission for Planning and 

considering an average growth of electricity 

consumption of 6% and an economic growth of 3% 

[10], the 20-year site import forecasts are as follows: 
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Table 2 LNG IMPORTING VOLUMES PROJECTIONS. 
 

 Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 

Electricity growth %  5% 5% 5% 5% 5% 5% 5% 5% 5% 

Volume gas to 
power (k m3) 

3 500 
000 

3 675 
000 

3 858 
750 

4 051 
688 

4 254 
272 

4 466 
985 

4 690 
335 

4 924 
851 

5 171 
094 

5 429 
649 

Economic market 
growth % 

 3% 3% 3% 3% 3% 3% 3% 3% 3% 

Volume gas to 
industry (k m3) 

1 500 
000 

1 545 
000 

1 591 
350 

1 639 
091 

1 688 
263 

1 738 
911 

1 791 
078 

1 844 
811 

1 900 
155 

1 957 
160 

TOTAL Volume (k 
m3) 

5 000 
000 

5 220 
000 

5 450 
100 

5 690 
778 

5 942 
535 

6 205 
897 

6 481 
413 

6 769 
662 

7 071 
249 

7 386 
809 

 

 Year 
11 

Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 

Electricity growth % 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 

Volume gas to power 
(k m3) 

5 701 
131 

5 986 
188 

6 285 497 
6 599 
772 

6 929 
761 

7 276 249 7 640 061 
8 022 
064 

8 423 
167 

8 844 326 

Economic market 
growth % 

3% 3% 3% 3% 3% 3% 3% 3% 3% 3% 

Volume gas to 
industry (k m3) 

2 015 
875 

2 076 
351 

2 138 641 
2 202 
801 

2 268 
885 

2 336 951 2 407 060 
2 479 
271 

2 553 
650 

2 630 259 

TOTAL Volume (k m3) 
7 717 
006 

8 062 
539 

8 424 138 
8 802 
573 

9 198 
645 

9 613 200 
10 047 

121 
10 501 

336 
10 976 

817 
11 474 

585 
 

Table 3 SUPPLY FREQUENCY PER YEAR. 
 

 Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 

Liquid GNL volume 
(km3) 

8 333 8 700 9 084 9 485 9 904 10 343 10 802 11 283 11 785 12 311 

Supply frenquency per 
year 

23 24 25 26 28 29 30 31 33 34 

 

 Year 
11 

Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 

Liquid GNL volume 
(km3) 

12 
862 

13 438 14 040 14 671 15 331 16 022 16 745 17 502 18 295 19 124 

Supply frenquency per 
year 

36 37 39 41 43 45 47 49 51 53 

 

The sizing of the storage must allow the reception of 

the projected volumes and shall also guarantee 

flexibility in the case of a significant increase of the 

volumes. Natural gas is imported in the liquid phase 

and occupies 1/600 of its volume [11]. Thus, storage 

must be correctly sized to meet current and future 

forecast needs.  
 

Given the many advantages of having multiple storage 

tanks, the breakdown of the storage would be as 

follows: 
 

Table 4 BREAKDOWN OF THE TOTAL STORAGE CAPACITY. 
 

Tank Diameter (m) 80 

Tank height (m) 12 

One Tank Capacity (m3) 60 288 

Global Capacity - 6 tanks (m3) 361 728 

 

With useful capacity of the importation terminal 

estimated at 360 000 m³, the supply frequency starts 

first with 2 importations per month and reaches on the 

20th year 4 importations per month. Thus, the 

possibility of extending the storage remains possible. 

This storage capacity allows a good flexibility in cargos 

importation, two or three storage tanks can be used as 

principal linking distribution sources with the 

regasification process and the natural gas pipelines. 

 

Using an average density of LNG of 445 kg / m³ and 

assuming $274/ton as the average world costs [12] for 

storage tanks, the CAPEX is: 
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Table 5 STORAGE CAPEX ESTIMATION. 
 

Capacity 
in m3 

Density in 
kg / m³ 

Capacity 
in ton 

Average 
cost $/t 

CAPEX in 
$ 

360 000 445 808 989 274 
221 662 

921 

 

2. LNG Storage Tanks 

The cost of the pipeline, on the other hand, can weigh 

heavily in the project investment amount. Its  
 

cost depends on several parameters of which are 

mainly the type, the diameter and the length of the 

pipeline, the cost of the steel, the nature of the 

environment and the ground quality of its crossing. 

Assuming that the location of the importation terminal 

is in Jorf Lasfar and given the optimum pipeline 

routing, distance is calculated in the article “Study of 

site location and pipeline routing for future natural gas 

importing terminal project in Morocco” [2]. The shortest 

distance from Jorf Lasfar linking all consumption points 

including the furthest power station is 490 km.  
 

Given that the investment reference announced for 

5660 km of the Nigeria - Morocco pipeline project is 

estimated at 20 to 50 billion dollars [13] and 

considering the same pipeline characteristics for 490 

km portion of the proposed routing, the pipeline 

investment can be roughly estimated at 1,8 to 4,5 

billion dollars. 
 

In order to estimate pipeline cost more accurately, 

several methods exist. The first is to launch a 

consultation procedure through a business 

consultation file; this approach makes it possible to 

acquire prices closest to the reality of the local market. 

Nevertheless, this approach is time consuming and is 

only applied at advanced stages of the project. On the 

other hand, a scientific formula developed by experts 

in this field can lead to a reliable estimation of the 

costs. It is a method developed by Menon, E._Shashi 

[14]: 
 

Eq (2) 𝑝ipeline 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 ($) 

 

= 0,02463×(𝐷−T) ×L×T×(𝑐𝑝𝑡) 

With: 

L: Length of the pipe, km 

D: Outside diameter of the pipe, mm 

T: Thickness of the pipe wall 

Cpt: Pipe cost, $ / ton 

 

Considering the American petroleum standard (API 

Spec 5L, ISO 3183), based on the united metallurgical 

company and the pipeline safety trust, the type of steel 

commonly used in natural gas pipeline construction, 

[15], the corresponding characteristic is: 
 

L = 490 km 

D = 40 ‘’  

T = 9,5 mm - 236 Kg/ml 

Cpt = 800 $ / ton 

 

Applying the formula, the estimated Capex for pipeline 

is: 
 

𝑃𝑖𝑝𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 ($)  

=0,02463×(𝐷−T) ×L×T×(𝑐𝑝𝑡) 

= 2 211 352 728 $ 
 

Many other aspects must be added to the pipeline 

investment such as: 
 

Pipeline external coating and wrapping [14] are 

estimated at 5$ per foot, therefore:  

 

Pipe coating and wrapping cost = 50 × 0,3048 × 490 

000 = 7 467 600 $ 
 

Compressor Station Costs [14]: as the gas travels in 

the pipeline from high pressure areas to low pressure 

areas, it would be necessity to provide compressor 

stations which increase the internal pressure at regular 

intervals along the pipeline. Using an installed cost of 

2 000$ per compressor station and given that there 

must a compressor station every 20 km, the: 
 

Compressor Station Costs = 2000 × 25 = 50 000 $ 
 

SCADA and Telecommunication Systems [14], which 

correspond to the necessary automation and remote 

monitoring of the pipeline. SCADA system costs 

include facilities for monitoring, operating and remote 

control of the pipeline from a central control center. 

They are estimated as a percentage of the total project 

cost from 2% to 5%. 
 

Environmental and Permitting [14]: due to stricter 

environmental and regulatory requirements, this 

category includes elements such as environmental 

impact reports, environmental studies of sensitive 

areas such as industrial sites and habitat areas. 

Authorization costs would include pipeline 

construction permits such as crossings of roads and 

railways. Costs related to the environment and 

authorizations can range between 10% and 15% of 

total project costs. 
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Other Project Costs [14] can cover unforeseen 

circumstances and design changes, including small 

diversions to bypass sensitive areas and modifications 

of facilities not originally planned at the beginning of 

the project. These costs can represent between 15% 

and 20% of the total cost of the project. 

 

Table 6 PIPELINE COST ESTIMATION BREAKDOWN. 
 

Pipe material $2 211 352 728 

Coating and wrapping $7 467 600 

 Min Max 

SCADA and 
Telecommunication (2% to 
5% of total cost) 

$60 789 598 $184 901 694 

Environmental and 
Permitting (10% to 15% of 
total cost) 

$303 947 990 $554 705 082 

Other Project Costs (15% 
to 20% of total cost) 

$455 921 985 $739 606 776 

TOTAL Pipeline cost ($) 
$3 039 
479 902 

$3 698 033 881  

 

Thus, the global estimated pipeline cost is between 3 

billion and 3,6 billion $. 

 

It is important to record that the pipeline CAPEX is 

estimated to extend all CAPEX aspects but cannot be 

part of the profitability study itself. In fact, the scope of 

financial study is restricted in this article to the LNG 

importation terminal. 

 

B. CAPEX Inventory 

CAPEX estimation is a very important step as every 

site is specific in terms of capital cost. In general, 

considering the scope of the terminal alone, the 

storage tank represents the most important investment 

after the applicable maritime and process environment 

such as pump out and vaporizing process. 

 

Based on the cost allocation for some similar LNG 

terminals conducted in a similar environment [16], the 

total CAPEX of the terminal is: 

 

 

 

Table 7 CAPEX DISTRIBUTION OF THE IMPORTING TERMINAL. 
 

 Cost Distribution CAPEX in $ 

Jetty, topwork, trestle 10% 108 679 393 

LNG storage 21% 221 662 921 

Vaporizing, boil-off 
handling, pump out 

39% 418 577 070 

Utilities, offsites, fire 
and safety 

19% 199 066 216 

Allowance for land 3% 27 976 874 

Owner's project 
management team 

4% 43 041 344 

Allowance for port and 
break water 

5% 57 029 781 

TOTAL CAPEX ($) 100% 1 076 033 599 
 

Regasification itself represents 39% of the total cost of 

the project. The port equipment and LNG tanks are 

taking the large portion of the investments, with very 

large disparities related to site conditions. 

 

Excluding the pipeline, the total CAPEX of the LNG 

importing terminal is estimated at 1 076 033,5 K$. 

 

C. Operating Expenses 

The specificity of the LNG market makes it difficult to 

estimate the operating expenses. The quantity 

imported depends on the national future consumption 

as the purchase prices and sales are very volatile. 

However, their trend is unpredictable and depends on 

several variables: currency rate, geopolitical stability, 

purchase contract or spot purchase, ocean freight, 

supplier countries, price indexation, etc. 

 

The operation costs of an importation terminal are 

generally made up of the following items: 

 

• Personnel cost and salaries: it is important to 
provide an organizational chart, with the estimated 
human resources and shifts. The wages are in 
general subject to variation depending on regions. 
 

• Maintenance cost including corrective and 
preventive maintenance. 

 

• Supply reception costs dedicated to LNG harbor 
and cargoes reception. 

 

• Operating energy consumption. 

 

Based on the OPEX data for some similar LNG 

terminals [16], the first year OPEX is estimated at 2,5% 

of the project CAPEX, the statistical distribution is then 

applied to recover the OPEX items: 
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Table 8 LNG TERMINAL OPEX DISTRIBUTION 
 

 Cost Distribution OPEX in $ 

Personnel salaries 
and/or wages 

22% 6 033 833 

Plant maintenance 26% 7 039 472 

Marine Operations 
maintenance 

37% 10 056 389 

Energy Consumption 14% 3 771 146 

TOTAL first year OPEX 
(2,5% of CAPEX) 

100% 26 900 840 

 

Once the CAPEX and OPEX are estimated, the 

profitability study can be perused. 
 

V. PROFITABILITY OF THE LNG PROJECT 
 

It is nearly impossible to speculate on the evolution of 

natural gas prices; therefore, a pricing reference is 

necessary to simulate the production and distribution 

margin. Considering the fluctuation in natural gas 

prices and according to the national LNG law project, 

Gas pricing will be regulated [9]. The prices hypothesis 

are based on the study on LNG prices of the Belgian 

market, published in 2018 [17], the Belgium market 

has many similarities with the Med Europe quotation 

market, therefore, the main hypothesis is as follows: 
 

- Natural gas calorific power = 10,83 Kw/kg [18] 

- Average import price = 14 €/MWh [17] 

- Resale to power plants = 17 €/MWh [17] 

- Resale price to industrial consumers = 18,9 

€/MWh [17] 

- Exchange rate 1 € = 1,1 $ 

A profitability analysis is carried out for the project 

considering all these factors during a 20 years lifetime. 

This life expectancy does not reflect the life of LNG 

terminal, but it is an economic life that can be used to 

evaluate the profitability of the project in the 

short/medium term. The longer the considered lifetime 

is, the more uncertain data are collected. 

 

The financial calculation makes it possible to express 

the benefits of LNG terminal in monetary terms 

(profits) by comparing the revenues with the expenses 

while considering the monetary value of the time (by 

means of a discount rate). 

Therefore: 

 

The net present value (NPV) = -I0 + ∑
𝐶𝐹𝑖

(1+𝑡)𝑖
𝑛
𝑖=1  

 

NPV = -176 563 k$ < 0 

The project is financially not profitable.  

Other financial indicators can be calculated to help us 

interpret profitability such as Profitability Index (PI) and 

Internal Rate of Return (IRR). 

The profitability index is: 
 

𝐹𝑢𝑡𝑢𝑟𝑒 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 = 1,29 

The internal rate of return is the discount rate that 

makes the net present value (NPV) equal to zero. 
 

NPV = -I0 + ∑
𝐶𝐹𝑖

(1+𝐼𝑅𝑅)𝑖
𝑛
𝑖=1 = 0 

Therefore, IRR= 7% 

The discounted payback period is estimated at 12 year 

of operation, given a 9% discount rate. 
 

 
 

Fig .2 LNG terminal cash flow and discounted payback . 

 

A 12-year payback means that the cash flows 

generated by LNG terminal is starting to recover the 

original investment from the 12th year of operation. It 

is important to point out that the cost of the distribution 

pipeline is not included, given the fact that the original 

pipeline is coming from Nigeria through many other 

countries, who can be participating in financing the 

pipeline. [2] 
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Table 9 LNG TERMINAL PROFITABILITY . 

 
 

 
 

VI. CONCLUSIONS 
 

An investment in a national LNG importing terminal is 

an important decision requiring a huge investment. 

After assimilating at first the other non-financial 

benefits of natural gas, a financial model description 

and LNG market hypothesis were considered and 

exposed in order to provide a reliable pre-feasibility 

study regarding the available data now for the 

Moroccan market. 

 

At this stage of the project, accuracy of these 

estimates is believed to be +/-40%. The conducted 

financial study shows that the project is not profitable 

within 20 years lifetime, but has estimated payback of 

12 years of operation, excluding the pipeline 

investment. The NPV is negative and the IRR (7%) is 

inferior to the discount rate (9%), which reflects that, 

mathematically, this project will not be profitable 

enough even after 20 years of operating.  

 

These results justify the fact that the profitability of this 

kind of investment requires government 

encouragement through subsidies and tax reduction. 

The environmental qualities of natural gas largely 

justify the conduction of this project. With its high 

hydrogen content, gas combustion is considered 

perfect and does not produce heavy unburnt harmful 

particles for environment or health. Given the tax 

Investment Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10

TOTAL CAPEX (k$) -1 076 034

Gas to power volume (km3) 3 500 000 3 675 000 3 858 750 4 051 688 4 254 272 4 466 985 4 690 335 4 924 851 5 171 094 5 429 649

Gas to industry volume (Km3 1 500 000 1 545 000 1 591 350 1 639 091 1 688 263 1 738 911 1 791 078 1 844 811 1 900 155 1 957 160

TOTAL gas volume (Km3) 5 000 000 5 220 000 5 450 100 5 690 778 5 942 535 6 205 897 6 481 413 6 769 662 7 071 249 7 386 809

Operating and distribution margin (k$)

Resale to power plants (k$) 315 426 331 198 347 758 365 146 383 403 402 573 422 702 443 837 466 029 489 330

Resale price to industrial consumers (k$) 151 087 155 619 160 288 165 096 170 049 175 151 180 405 185 817 191 392 197 134

TOTAL Operating income (k$) 466 513 486 817 508 045 530 242 553 452 577 724 603 107 629 654 657 421 686 464

Operating charges (k$)

Average import price (k$) -371 090 -387 418 -404 495 -422 358 -441 043 -460 589 -481 037 -502 431 -524 814 -548 234

OPEX k$ (2% inflation) -26 901 -27 439 -27 988 -28 547 -29 118 -29 701 -30 295 -30 901 -31 519 -32 149

TOTAL Terminal charges (k$) -397 991 -414 857 -432 483 -450 905 -470 161 -490 290 -511 332 -533 331 -556 333 -580 383

Net Cash Flow (k$) -1 076 034 68 522 71 960 75 562 79 336 83 291 87 434 91 775 96 323 101 088 106 081

Cumulative Cash Flow (k$) -1 076 034 -1 007 511 -935 551 -859 989 -780 652 -697 361 -609 927 -518 153 -421 830 -320 742 -214 661

Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20

TOTAL CAPEX (k$)

Gas to power volume (km3) 5 701 131 5 986 188 6 285 497 6 599 772 6 929 761 7 276 249 7 640 061 8 022 064 8 423 167 8 844 326

Gas to industry volume (Km3 2 015 875 2 076 351 2 138 641 2 202 801 2 268 885 2 336 951 2 407 060 2 479 271 2 553 650 2 630 259

TOTAL gas volume (Km3) 7 717 006 8 062 539 8 424 138 8 802 573 9 198 645 9 613 200 10 047 121 10 501 336 10 976 817 11 474 585

Operating and distribution margin (k$)

Resale to power plants (k$) 513 796 539 486 566 461 594 784 624 523 655 749 688 536 722 963 759 111 797 067

Resale price to industrial consumers (k$) 203 048 209 139 215 413 221 876 228 532 235 388 242 450 249 723 257 215 264 931

TOTAL Operating income (k$) 716 844 748 626 781 874 816 659 853 055 891 137 930 986 972 686 1 016 326 1 061 998

Operating charges (k$)

Average import price (k$) -572 741 -598 385 -625 223 -653 309 -682 705 -713 472 -745 677 -779 388 -814 677 -851 621

OPEX k$ (2% inflation) -32 792 -33 448 -34 117 -34 799 -35 495 -36 205 -36 929 -37 668 -38 421 -39 189

TOTAL Terminal charges (k$) -605 533 -631 833 -659 339 -688 108 -718 200 -749 677 -782 606 -817 056 -853 098 -890 810

Net Cash Flow (k$) 111 312 116 792 122 535 128 551 134 855 141 460 148 380 155 631 163 228 171 188

Cumulative Cash Flow (k$) -103 350 13 443 135 977 264 528 399 383 540 843 689 223 844 853 1 008 081 1 179 270

http://dx.doi.org/10.21622/RESD.2019.05.2.046


Journal of Renewable Energy and Sustainable Development (RESD)      Volume 5, Issue 2, December 2019 - ISSN 2356-8569 
http://dx.doi.org/10.21622/RESD.2019.05.2.080 

 

 
88 

RESD © 2019 

http://apc.aast.edu 

incentives and government conventions planned in 

Morocco to encourage the use of natural gas, the 

profitability of this investment is guaranteed on a long 

term. 

 

The profitability is generally the most important 

criterion for the decision-maker, who can also base his 

judgment on other non-quantitative criteria of an 

economic or strategic nature, however, investment in 

ecological energy is a strategic decision that cannot be 

reduced to a calculation of mathematical expectations. 

Certainly, financial analysis is of paramount 

importance in the decision-making process, but some 

non-financial and non-quantifiable criteria must be 

taken into account. 
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