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ABSTRACT

Energy can be termed as the life blood of the telecommunication industry even its
technologies had evolved very rapidly. The concern is focused not only on the way of the
energy is supplied, but also on the continuity of the supply and the cost of the same are
critical concerns in the industry.

With the ever-increasing price of the fossil fuel and the commercial electricity supply which
depends on the fossil fuel, telecommunication industry had begun the seeking of options
with renewable energy. The inherent limitations of renewable energy were identified and
introduced the hydrogen storage concept in to the renewable energy conversion system to
overcome them and maintain an un-interruptible power supply.

Under this research, the determination of the optimum composition of the system
components is done which yields the best advantage of the proposed technological concept.
Since the cost is a major concern when it comes to the industry, a mathematical model had
been developed to perform the techno-economic analysis of the viability of deploying
hydrogen storage with renewable energy system to power a given base station site under Sri
Lankan context. In addition, the sensitivity analysis was performed taking the price of inputs
as variables.

Tool HOMER had been used to validate the results of the developed mathematical model.
The developed model can be used to check whether the telecommunication operator can omit

the capital expenditure of Diesel generator and Battery bank when investing on the power
system for a particular base station site.

Key words: Techno-economic analysis, Hydrogen Storage, Optimum Cost.
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1 INTRODUCTION

1.1 Background

The energy supply being the life blood of the oxygen of the telecommunication industry
in an environment which the price of energy keeps increasing, the telecommunication
operators now tend towards the options of renewable energy where possible. Since the
telecommunication industry desperately requires the continuous supply of energy to the
systems without interruption, the challenge is because of the inherent limitations of
commonly renewable energy. The mostly available renewable sources are wind and
solar when the intended usage is concerned and this study limits analysis to use solar as

the source of renewable energy.

In general, the common practice among Sri Lankan telecommunication operators is to
employ the solar power system with a battery bank and a diesel generator at base station
sites to generate power when solar radiation is not available. Here the
telecommunication equipment are powered by solar energy and the batteries get charged
with additional electricity generated. The energy stored in the batteries is used to power
the system when the solar radiation is not present. The gap of the requirement and
supply of energy is filled up by the diesel generator and the excess is again stored in the

batteries for latter usage. This coordination is governed by a solar controller unit.

Under this practice, the battery bank experiences the cycles of deep charging and
discharging which causes the reduction of life time of batteries. In addition, the diesel
generator operates for a considerable time portion in a day.

Based on above, it is worth to look for room for further improvements of the way of
utilizing the way of harvesting the solar energy in to electricity for telecommunication

base station sites in the sense of overall of techno-economic viability.



1.2 Problem statement / justification

Because of the deep charging-discharging cycles undergone with the battery banks, the
life time of the batteries is reduced by a great extent. As such a battery bank used with a
traditional solar power system is to be replaced within 2-3 years in general practice, it
adds a substantial cost impact in the form of operational expenditure of the site, when
the financial performance is considered. In addition, the capital expenditure to be
invested on the diesel generator is considerable as well as the routine maintenance cost
of the same. Because of the decreasing price of the telecommunication services in Sri
Lanka, the above-mentioned cost centers are considerable concern to the Engineers and

financial managers of the telecommunications industry.

It is worth to conduct a research to find out the available options to omit the above-
mentioned limitations along with their technical capabilities and economic viabilities in

practical scenario.

1.3 Motivation

The outcome of this project is to the check the techno-economic viability of introducing
the Hydrogen storage concept for the solar power system in a telecommunication base
station site and to derive the most cost optimum configuration of system components. It
will help the decision makers of the telecommunication operators to minimize the
overall cost of energy used for the operation, while maximizing the investment made on

the deployment of solar power systems at base station sites.

1.4 Objectives of the study

The Obijective of the study is to perform the techno-Economic analysis of employing on-
site Hydrogen production & storage systems with renewable energy for telecom sites in
Sri Lanka.

1.5 Methodology

For the timely completion of the research, the work flow was arranged in the manner



given below.

Literature Survey

Under the literature survey, literatures in relation to on-site Hydrogen production
by solar energy and usage of renewable energy for telecom base stations were
referred. Some of the papers contained only the direct usage of solar energy and
some papers contained only the technical viability. None of them were extended
to developing of a mathematical model for the concept.

Gathering of data from the telecommunication network

Data on historical practices entangled with solar energy systems used in the
telecommunication networks under Sri Lankan context is vital to determine the
direction of the research. In addition, the general distribution of power usage of
base station sites of a telecommunication network is essential to evaluate the

technical viability of the concept.

Data gathering on the technological development of the concept in the
industry

Various advancements of the technologies which are connected with the
proposed system components are to be studied along with the cost of them which
those can be found at the market. These data is essential to determine both the

technical and economic viability of the concept.

Modeling.
The system is modeled in the HOMER tool against the parameters of the given

arbitrary base station sites and determine the configuration optimum to the case.

Mathematical model for economic viability is formulated using the equations
derived on the behavior of the system components.

Defining cases for simulation.

The cases were selected and defined using the energy consumption of base

station sites considering the distribution of same against the availability of land



area to deploy sufficient number of solar panels. The geographical distribution of
base station sites was considered when defining the cases to account for the

viability against different solar radiation patterns.

vi.  Validation of the results
The results obtained in this research were validated against the results of the

model developed using HOMER.

1.6 Contributions

Owing to the intensified rivalry among the competitor operators in the present
telecommunication industry, every operator focusses on the technological advancements
in every area which yield them the cost leadership above others. Energy is the
commodity which none of them can get negotiated with using their bargaining powers
gained through economies of scales or market position. Hence the investments on
renewable energy had been increased, but no operator started deviating from traditional

renewable setup seeking unseen advantages over others.

The outcome of this study will check whether that the battery bank, which requires
frequent replacement can be completely omitted from the picture of renewables when
Hydrogen storage is introduced. Further, the technical viability and the economic
feasibility of the proposal in connection with a given arbitrary base station site will be
determined with technical and economic parameters for the easy decision making by
Engineers and financial managers in the industry. Finally, the below listed benefits will

be yielded by the outcomes of this study.

e Ease in decision making for the investors and Engineers

e Improved cost savings encourage the investments on renewable energy
o Environment will be benefitted

e Reduces the usage of batteries

o Environment will be benefitted



2 LITERATURE REVIEW

A thorough literature review was done at the outset of this research to identify the
benefits and concerns of having a Hydrogen storage. In addition to above, later the
literature review was focused on the technological developments of the concept and the
possible measures to be taken with the Hydrogen storage when the safety factors are
considered. Further, the already published research papers were reviewed to identify the
limitations and the rooms for further extensions of the scopes of them come under the

described concept.

There are a considerable number of researches had been carried out in the area of
renewable energy to check the viability of utilizing of renewable sources optimally to
generate and supplying of reliable electricity supply using various types of software
tools [5]. The software tool HOMER had been used for most of the cases for the purpose

analyzing the stand-alone renewable energy systems [6], [7].

Since the scarcity of the fossil fuel is most likely to threat the world energy sector within
next couple of decades, the attention of numerous amount of research work had been
grabbed by the topic and researchers have carried out a considerable number of studies
to determine the optimum system configurations for the scenarios even with the
availability of commercial grid power [8], [9], [10], [11]. In general, the economic
viability is more positive with the grid-connected configurations, as the possibility of
entering in to net-metering agreements with the grid operator; but still the most of the
studies carried out under the above topic, was limited to a few of case studies and not

been extended up to a level of developing a tool to check the viability [12], [13], [14].

Deployment of Solar PV system for on-grid Dialog Axiata sites [1]

One of the major publication referred for the study was Deployment of Solar PV system
for on-grid Dialog Axiata sites. The above had discussed the technical feasibility and
financial viability for 2 options of using solar PV as the source for telecommunication

sites under Sri Lankan context.



1. Solar PV integrated to inverter DC bus

Under this option, the system runs with the backing up of a battery bank and a

diesel generator.
2. Solar PV integrated with grid-tie inverter

This option facilitates the feeding the extra energy in to the commercial grid

under “Net Metering”.
3. Hydrogen storage had not been considered

Solar PV with Hydrogen storage for an Off-grid Telecom base station site [2]

This publication incorporates the on-site production and storage of Hydrogen using the
solar energy for a base station site. The researchers discuss the technical feasibility of

using the concept for a particular site with an extra low load of 150 W.

The location considered for the study was in a European country which accommodates
only the 2G services in a site. This differs from the Sri Lankan context to a great extent
where multiple types of base stations are served with different technologies with a
minimum load of 500 W in average. In addition, the pattern of variation of solar

radiation differs to a substantial extent from that of Sri Lanka.

According to the study, the concept is technically feasible for the considered scenario.
This study was limited to consider for a single site and not extended to formulate a

techno-commercial model for an entire network.

Optimization of Solar PV and Hydrogen supply system for a remote Off-grid

telecom base station [3]

The study carried out under the above topic, the considerations of the researchers were
limited to the site loads less than 1kW. The scope was to check the technical viability

under European context and the economic returns were not considered.



Techno-economic evaluation for Renewable Hybrid power solution for Off-grid

telecom base station [0]

Under this research, the authors have performed an economic analysis targeting a load of
500W only. The focus was given to the Solar-Wind-Battery combination; the production
and storage of Hydrogen at the site had not been considered. In addition, the possibility
of utilizing the required area for solar panels at the site was not taken in to the
consideration of the feasibility study. The study had been conducted under the Indian
context which the service levels of the telecommunication industry shows considerable

deviations from the Sri Lankan environment.

2.1 General Information

In general, the power supply required by telecommunications systems in the Sri Lankan
context is 48V DC. By the nature of the business it is mandatory to maintain an un-
interruptible power supply for the system throughout.

In practice, the network locations are segregated in to several layers namely Core,
Aggregation & Access sites based on the network architecture and the importance of the
particular site for stability of the rest of the network. The required backup mechanism
and backup capacity of the power system for a site is decided based on the above-
mentioned layer which the site is categorized in to. Decision to deploy a diesel generator

and the size of the required battery bank is determined under above criteria.

The major motive to move towards the harvesting of solar energy for base station sites is

in two aspects;

1. Reduced cost

2. Corporate social responsibility by moving to green options.

Therefore, the solar power is generally used for the sites in access layer which are less

critical when compared to the sites in other two layers.



In terms of cost, the optimization of both operational and capital expenditure will be the
parameters to be considered prior to the making of the decision on any investment.
Hence there is no difference with the investment decision on the solar energy system for
power supply. At present, as the composition of the solar energy harvesting system is
used in connection with batteries and diesel generator, the actual cost felt to the
operation is fairly high as the frequent replacement of battery banks and the base cost on
generator maintenance. DAP does not differ the size of the diesel generator from site to
site when the solar PV powered site is considered. As a common practice, DAP used
install a diesel generator with a rating of 10 kVA irrespective of the possibility of
changing this with the other parameters. In addition, the maximum possible utilization
of the available solar energy is not met because of the limitation in storage. Therefore,
the possibility of the business case to be positive is low when the cost is compared

against the available other options.

As at present the with the increasing trend of electricity tariff, operator organizations are
seeking for the possibilities of maximization of the harvesting of solar energy to power

the base station sites.



3 GATHERING OF DATA

3.1 From the telecommunication network

The base station sites in a telecommunication network are different from one another.
The difference may be by the power load, cooling methodology, available land area (for
solar for this interest of this research) etc. The network of Dialog Axiata PLC was taken
as the sample space of sites for this research work, extracted the power load and the land
area available within each of the sites for the purpose of data analysis. These data were
extracted referring to the operator’s internal databases. A special focus was given to the

details of the off-grid sites and the methodology of power supply for those.

3.2 Gathering of data — Technical development

In the industry, there are various methods for storing of energy harvested through a solar

energy system.

3.2.1 Net metering

The virtual method of storing of energy is by entering in to a net-metering agreement
with the operator of a large grid of electricity supply. Here, the excess of the harvested
electrical energy is fed in to the grid and make the other customers of the grid can
consume the same; later in the periods which no harvesting is done, the grid feeds the

system. This virtually acts as a storage.
3.2.2 Battery banks

Having batteries installed in the system is one of the common practices use in the
industry, especially in telecommunications industry under the discussed purpose. Here
several types of batteries are used based on their specialties, and the requirements of the

purpose of use as well as the cost component contaminated with the choice.



3.2.3 Hydrogen storage

Storing the energy in the form of Hydrogen is one of the non-traditional concepts, which
yield substantial benefits over other methods. Still there are negative impacts which are
to be managed based on the requirements, to make the techniques feasible for the

purpose.

3.2.3.1 Storing as a gas

Here the harvested energy is used to electrolyze the water and get the Hydrogen is
separated and stored in the form of gas. Once the recovery of stored energy is required,
the Hydrogen gas will be set to flow through a fuel cell to react with Oxygen in the
environment and form water vapor again. While at the process, the flow of electrons
between anode and cathode of the fuel cell, obviously from an electric current and the
same can be taken out from the terminals of the fuel cell as recovery of the stored

electrical energy.

The major concern to be addressed when using a storage system for Hydrogen to be
stored in the form of gas, is the safety as hydrogen is very explosive. Making the
concern much more severe, the storage is to be done at a higher pressure in order to

withdraw the stored gas for the usage in later time.

As a safety concern, the allowable limit for Hydrogen composition in air is 4%. Any
leakage causing the composition above this point is considered as flammable. Hence the
considerations should be given to store the compressed Hydrogen gas in and well
ventilated outdoor environment with proper safety valves are employed in the gas

systems to minimize the risk of explosion.

For further proactive measures, a surveillance system with Hydrogen leakage detection
system is recommended to be installed at the locations where Hydrogen was stored in

the form of a gas.
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In addition to above concerns, another negative factor acts on Hydrogen gas storage is
the energy to be consumed for the process of compression. Here an extra energy is to be

consumed to compress the generated Hydrogen gas while at the point of storage.

3.2.3.2 Storing as a metal hydride

Storing the Hydrogen as a metal hydride is one of the safest methods which can be used.

This method provides a very high storage density even greater than the liquid Hydrogen.

The major limitations can be found in the method are that the low rate in release of
Hydrogen back in the recovery cycle and the inability of controlling the flow of

releasing of gas at the recovery.

However, even whatever the storage method, here the overall system experiences an
issue with the efficiency of complete cycle owing to the efficiencies of several

processes.

11



4 ANALYSIS OF GATHERED DATA

For the purpose of checking the viability of the proposed concept under the practical
scenarios, the sample size of the gathered data is an essential factor. As there are five
organizations engaged in the business of mobile telecommunications operators having
their network spread almost all over the island. | selected the network of Dialog Axiata
PLC (DAP), the leading mobile operator in Sri Lanka with the most number of base

station sites in the country to check the practical viability of the proposed concept.

The network of DAP consists of 3039 base station site locations with a spread over all of
the administrative districts in Sri Lanka. There are 54 off grid sites which the power
supply for the operations is managed locally. 41 sites out of the above 54 off-grid sites,
powered through the fulltime operation of diesel generators with battery banks at site for
the purpose of maintaining the uninterruptible power supply at a failure or shut down of

the generator for maintenance purposes.

The rest 13 of the off-grid sites are running primarily based on solar PV with the
backing up of diesel generators and battery banks which are to be used when solar

harvesting is not possible.

4.1 Categorization of site — On power demand

When the power demand of a site is considered, with the network, the variation ranges
from 200W to 8000W. For the purpose of checking the feasibility of the proposed
solution, the whole sample space was segregated in to 9 categories based on the
demanded load in interval of 1000W.
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Figure 4-1 Segregation of sites based on power demand

Not only the power demand, but also the area available within the site premises is to be

considered here for the purpose of deciding the maximum possible power which can be

harvested using solar energy system at site.

4.2 Categorization of site — On available land area

In general, the available land area at a site, varies in a range from 300 square meters to
1000 square meters. The above segregation shown in Figure 4-1 was re-segregated in to

3 ranges for the ease in analyzing work as well as to increase the meaningfulness when

the practical scenario is considered.
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Distribution of site count against the DC Demand
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Figure 4-2 Re-segregation of power demand to accommodate information on area availability

The area available within the sites was tabulated separately for each 3 categories of sites

based on above segregation shown in Figure 4-2.

4 N
Distribution of Available Area in Sites with
Demand Less than 2 kW
600 1 478
i 320
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) DS)Q ,500 ) 660 ’,‘00 ’%00 ’ %00
AP P P ® 4P o
. J

Figure 4-3 Distribution of Available Area in Sites with Demand Less than 2 kW

The above Figure 4-3 shows the number of sites fall in to each category identified based
on the available land area within the sites which the total power demand is less than 2
KW.
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Similarly, below Figure 4-4 and Figure 4-5 show the area distribution for rest of the two
categories of power demand between 2 kW — 4 kW and above 4 kW respectively.

4 N\
Distribution of Available Area in Sites with
Demand 2 kW - 4kwW
500 -~
300 A
- -_— -
'100 b‘\) (3\.) 6\) ’\\) %\)‘\ Cb\.)
T e N S
. %

Figure 4-4 Distribution of Available Area in Sites with Demand between 2 kW - 4kW

4 N
Distribution of Available Area in Sites with

Demand over 4 kW

%00

Q
AP ,%0
600 10 o

300‘ @0‘ 500‘

Figure 4-5 Distribution of Available Area in Sites with Demand over 4 kW

With the above segregation, the basic set of information to be extracted from the
network had almost reached the completion. This is for the purpose of the basic
validation of the viability of the solution against the power requirement at sites and the
practical probability of producing the same using the solar PV energy harvesting system.
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5 MODELING OF THE SYSTEM

The proposed concept includes the production and storing of the gas Hydrogen using the
energy harvested from solar for the electricity generation at later time. The above
generation of electricity is done using a fuel cell.

To execute the above process, the system should be comprising of below basic

components.

e Solar PV panels
e Electrolyzer
e Hydrogen storage tank

e Fuel cell

In addition, the total power system to be deployed at the site, may have other

components for the purpose of maintaining an uninterruptible power supply.

e Diesel generator
e Battery bank

e rectifier

At the stage of modeling the system components, the appropriate sizes of each of above
components are to be decided. The pattern of the solar radiation at the site location and

the power load of the site are the location specific factors.

The above-mentioned system modeling is done using the HOMER tool and later the
developed mathematical model is used to validate the techno-commercial viability of the

solution under different scenarios.

5.1 Overview of HOMER

HOMER is a software tool to determine the optimum design for the micro-grids
powered by multiple energy sources. The name, HOMER stands for Hybrid
Optimization Model for Multiple Energy Resources.
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The HOMER tool provides the flexibility to the designer to determine the components of
the system which he wishes to have. Figure 5-1 shows the system components being
modeled in using HOMER tool. The tool compute against the other facts and gives the
optimum sizes of the components which the designer wanted to have. The output result
of HOMER does not limit to the sizes of the components, but it provides the energy
used/produced by each component and the amount of time which every component was

in operation as well.

Equipment to consider Add/Remove. .. |

Hydrogen tank
F Y

Be—
Electrolyzer Jg—— ﬂ
P
o [Rle—
Diesel Generator | Primary Load 1
12 kKw/h/d
552w peak
e
H Fuel Cell
Converter
AC DC

Figure 5-1 System components Modeled in HOMER tool

The tool retrieves the solar radiation pattern from the internet for a particular location
when the GPS coordinates of the location is entered. It calculates the scaled annual
average of solar intensity for the location given. Below Figure 5-2 shows the annual

solar radiation being input to HOMER tool as an example.
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Solar Resource Inputs
File Edit Help
@ HOMER uses the solar resource inputs to calculate the P\ array power for each hour of the year. Enter the latitude, and
either an average daily radiation value or an average cleamess index for each month. HOMER uses the latitude value to
calculate the average daily radiation from the cleamess index and vice-versa.
Haold the pointer aver an element or click Help for more information.
Location
Lattude | B | 45' & Noth © South  Time zone
eroine m. W. © East ¢ West |[GMT+DE:E|J]Novosibirsk,Ehutan, SriLanka LI
Data source: + Enter monthly averages ¢ Import time series data file Get Data Via Intemet
Baseline data
Month Cleamess | Daily Radiation 7 Global Horizontal 10
Index (kiwh/m2/d)
January 0.569 5.222 =8 ] —
2 0.8
February 0.641 6.269 . i 1 Ml -
March 0612 6313 ,5_ [ T [T I 3
march | g L
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November | 0552 13 Dsily Radiation == Cleamess Index
December 0550 4914
Average: 0540 5.355 Plat... Expot...
Scaled annual average (KWh/n/d) 536 {} Hep | Cancel |[ 0K |

Figure 5-2 Pattern of solar radiation over the year — As an input to HOMER tool

The tool HOMER s capable of modeling the system against a time varying load; but
here the load of a site is considered as constant over the time. Below Figure 5-3 shows

the same as an example.

Primary Load Inputs
File Edit Help
Choose a load type [AC or DC), enter 24 hourly values in the load table, and enter a scaled annual average. Each of the 24 values in the load table is the
average electric demand for a single hour of the day. HOMER replicates this profile throughout the year unless you define different load profiles for different
months or day types. For calculations, HOMER uses scaled data: baseline data scaled up or down to the scaled annual average value,
Hold the pointer over an element or click Help for more information.
Label |Primary Load 1 Loadtype: " AC & DC Data souice: (% Enter daily profile(s) " Import time series data file mport File
Baseline data
Month  |January ¥ Daily Profile :N‘ i
Daytype |Weekday v 'h V‘{ =
L e .4‘
Hou | Load (kW) |« ey
= * 0.988
0.918
Wiy ,ﬁ \ .!n A
e ”Ihlﬁ‘ El
1.10 max
E108 1 =] T T T | gadaily high
=
iv.oor - . — o BB [Fmen
8085 . ! ! daily low
0.50 ! ! ! min
v| oss
Jsn | Feb | Mar Oct ' Nov ' Dec = Ann
Random variability
Day-to-day 2% | Baseline | Scaled | Efficiency Inputs...
Time-step-to-time-step 2% T‘:@L E:V\;]hld] 029492 1240'0] ‘
verage .
= Peak (kW) 110 110 _Pot. |[ Ewor. |
oaled el avstone () A Losdtacte %05 095 Hep | Cocel | ok |

Figure 5-3 Input of load data
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5.2 Development of mathematical model

In the process of developing a mathematical model for the behavior of the system,
separate equations were derived for the technical function of each system component

and the cost behavior of same.

The behavior of each system component was considered in the process of deriving the
mathematical equations to represent the technical functionality. In the meantime, as the
output of the study is to be with the techno-economic feasibility of the proposed concept,
the cost components entangled with the system were modeled by taking the accounting

concepts of CAPEX, maintenance cost, fueling cost and depreciation etc.

5.2.1 Solar PV panels

Solar PV panels hold the responsibility of converting the energy incident on the panel in
the form of radiation in to the electrical energy. The efficiency of the panels, solar
incident angle based on the geographic location of installation, employment of solar
tracking mechanisms were the factors which required a special consideration when

building up the mathematical equations.

Cost of maintenance, repairing, fueling are the factors to be considered under general
operational expenditure. Under the case of solar PV panels, by nature of the operation,
all of above factors are very negligible when the value of depreciation is considered.
Hence only the conceptual cost of depreciation was considered as the total annual OPEX

of the component.

Below Figure 5-4 shows the building up of the two-equations derived for the functions

of solar PV panels.

o Electrical energy produced

e OPEX per annum
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Solar PV

Installed Capacity — Sc

Factor for Solar incident angle — 0.6
Plant factor — Spe

Capacity factor - Sc

Correction for solar tracking - Sty
Initial CAPEX - S

Life time - S;+

Solar Intensity — S,

Installed Area — S,

Annual Maintenance Cost — Sy

Electric Energy Produced, E¢,
E'So=f0.6x Scx SI x SFF X SCA X STR x SAdt

OPEX per year, OP,

OPSO = SCX + SMA
sLT

Figure 5-4 Mathematical Equations - Solar PV

5.2.2 Fuel cell

Fuel cell is the component introduced in to the system for the purpose of extracting the
chemical energy stored in the form of Hydrogen gas. When the gas Hydrogen flows
through the fuel cell, the flow is arranged in a manner so that it gets contaminated with
Oxygen to react and form water vapor. When the chemical reaction between Hydrogen
and Oxygen, the flow of electrons forms an electric current with an energy equal to the
enthalpy difference between the 2 forms of the matters, ie. O, + 2 H, 2 2 H,0

Similar to the case of solar PV panels, the equations on the operational functions of the
fuel cell were derived as depicted in below Figure 5-5. Here, for the case of fuel cell, the
annual OPEX includes a considerable portion of maintenance cost and hence the same
was taken in to the account when the equation for the representation of cost factors was

deriving.
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Fuel Cell

Installed Capacity — F¢.
Efficiency — F¢

Initial CAPEX — Fex

Life time — Fe 1

Annual Maintenance Cost = Feyu

Electric Energy Produced, E
EFC=/FCX Fee xdt
OPEX per year, OP,.

c>PFC = FCX * FCMA
ECLT

Figure 5-5 Mathematical Equations — Fuel Cell

5.2.3 Hydrogen storage tank

Since there is no power generation linked with the Hydrogen storage tank, only one
equation is to be derived linking to the same and that is for the operational expenditure
(OPEX) of the tank. Here in this case the annual depreciation value of the tank as per the
accounting books was considered as the total OPEX of the storage tank assuming the
cost to be incurred on the maintenance work is minimal when compared with the
depreciation of the capital investment. Figure 5-6 shows the derivation of the equations

of Hydrogen storage.

Hydrogen Storage

Tank Capacity — H,
Initial CAPEX — Hycx
Life time — H, 1

OPEX per year, OP,,,

0PH2 = HZCX
HZLT

Figure 5-6 Mathematical Equations — Hydrogen storage

5.2.4 Converter

The functionality expected by the converter in the system is to manage the
synchronization of the system between AC and DC power usage of components. Hence
there will not be a generation or production of power from the converter, but it uses a
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considerable energy to carry out its functionality and operation. Therefore, differing
from other components discussed so far, the equation related to energy is to be derived
to represent the energy consumption of the converter. The same scenario is applicable

for the electrolizer as well. This is explained under 5.2.5

Still the concept of mathematical equation on the cost components of the converter
remains equal to the other scenarios discussed with other system components. Refer to
Figure 5-7.

Converter

Installed Capacity — C.
Efficiency — C¢

Initial CAPEX — C
Life time — C+

Electric Energy Loss, E¢
E. = /Fx (1-Cy) xdt

OPEX per year, OP,

OP . Cy
C LT

Figure 5-7 Mathematical Equations — Converter

5.2.5 Electrolizer

Electrolizer also a component which uses the energy from the system to carry out its
operational functionality. Hence similar to the concept explained for the converter under
5.2.4, the energy consumed by the electrolizer was taken in to the consideration when
the equation is derived. Refer to Figure 5-8
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Electrolyzer

Installed Capacity — E

Initial CAPEX — Ecx

Life time — E

Power Rating— Epy

Annual Maintenance Cost — Sy,

Electric Energy Consumed, E-

EEC=fEPRdt

OPEX per year, OP,

OPso - Eoy + Sy

E LT

Figure 5-8 Mathematical Equations — Electrolizer

5.2.6 Diesel generator

The diesel generator is included in the system as a component for the purpose of
maintaining the continuity of the power supply as the solar PV is not considered as a
type of dispatchable. Hence the diesel generator is supposed to function as a backup

power source.

When the factors on diesel generator is considered for derivation of equations, being
different to other system components, diesel generator uses fuel from outside of the
system. In addition, by the operational nature of the device, diesel generator is tagged
with a substantial cost on maintenance irrespective of the level of operation. Hence, the
cost of fuel and cost of maintenance occupy a considerable portion of the operational

expenditure of diesel generator per a m. Refer to Figure 5-9
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Diesel Generator

Installed Capacity - DG
Efficiency — DGg¢

Initial CAPEX — DGy

Life time — DG+

Fuel Consumption Rate — DG g
Cost of Fuel - DG

Annual Maintenance Cost — DGy,

Electric Energy Produced, E.
Eyo=/Fox Fg xdt

OPEX per year, OPp¢
OPy - DGy, + DGy + ./ DGy x DGrox dt

LT

Figure 5-9 Mathematical Equations — Diesel Generator

Once the derivation of the equations was done, the economic model was to be
formulated once the technical feasibility of the concept is tested against the practical on

field conditions and the expectations of the industrial requirements.
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6 GENERATION OF TEST CASES

A typical system with the employment of a Hydrogen storage is shown in the below

Figure 6-1

Hybrid power solution
~  controller

Wind Power

Figure 6-1 Sample system with a Hydrogen storage

Under the study, searching for the possibility of omitting the requirement of employing a
battery bank at the bases station site for the purpose of backup power is a major
objective targeting to make the proposal attractive to the industry in terms of financial
performance. Hence the modeling of the system was started omitting the function of a
battery bank and tested the performance of continuity of power supply with solar PV

system, Hydrogen storage, fuel cell, converter and the diesel generator.
The testing cases were defined based on 2 parameters,

e The geographical location of the bases station site

e Power load of the site
6.1 Geographical Location

Selected 3 sites in the network from 3 different regions of the island. The solar pattern of
3 locations were expected to be different from one another up to a considerable extent.
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Therefore the 3 sites were selected at least with a separation of 1 degree of latitudes.

Refer Figure 6-2.

This was because of the necessity to test the concept against the climates of whole island

to the maximum possible extent.

Site Name Administrative District Coordinates
Amunakole Kurunegala 7945 N; 80° 18" E
Nelumkulama Vavunia 8943 N: 80° 22" E
Gavaragiriya East Rathnapura 6°39°N; 80° 15" E

Figure 6-2 Selected base station site locations
Below figures shows the geographical locations (Figure 6-3, Figure 6-5, Figure 6-7) and

the distribution of solar radiation (Figure 6-4, Figure 6-6, Figure 6-8) relevant to each of

the selected base station sites respectively.
6.1.1 Amunakole - Base station site

One of the fairly sunny area in the dry zone of the island with a considerable sun shine.
In general, the location receives a level of solar radiation which encourages the

investment on solar PV systems to harvest the freely available renewable energy.
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Figure 6-3 Geographical location of Amunakole site
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Solar Resource Inputs
File Edit Help
@ HOMER uses the solar resource inputs to calculate the PV amay power for each hour of the year. Enter the latitude. and
% |either an average daily radiation value or an average clearness index for each month. HOMER uses the latitude value to
calculate the average daily radiation from the cleamess index and vice-versa.
Hold the pointer over an element or click Help for more information.
Location
Latitude : 45 @ North © South  Time 2one
Longiude [ @0 [ 18° & East € Wes [(GMT +06:00) Novosibisk, Bhutan, Si Lanka ~|
Data source: (¢ Enter monthly averages  Import time series data file Get Data Via Intemnet
Baseline data
Cleamess | Daily Radiation . Global Horizontal Radiation
Manth 7 1.0
Index [Kw'h/m2/d)
January 0.569 5222 =8
2 0.8
February 0.641 6.269 E, -
March 0612 6313 & £
= = 06 £
April 0566 5.930 —4 .
May 0523 5.374 E . E
June 0462 4659 3 0.4 &
July 0479 4848 = s
August 0485 5.009 z 0o
September 0526 5.424 i
October 0532 5.255 o Lt - 0
TEverier 0552 5123 an "Feb Mar T Apr hayJun Tul TAug TSep jov ' Dec
Dsily Radistion === Clgarness Index
December 0550 4914
Average: 0.540 5.355 Plot . Expart
Scaled annual average (Kiwh/n?/d) 536 {1} Help | Cancel | oK I

Figure 6-4 Annual distribution of solar radiation - Amunakole

6.1.2 Nelumkulama - Base station site

Nelumkulama is also an area belongs to the dry climate zone of the country. Since the
area has a lesser rainfall when compared to Amunakole, the period which the solar
radiation impacts is fairly higher than Amunakole. This situation leads for the possibility
of harvesting an additional level of energy per annum when compared with previous

option.

Hence Nelumkulama site was selected along with Amunakole site for a test case, giving

an additional weight to the dry zone areas.
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Figure 6-5 Geographical location of Nelumkulama site

Solar Resource Inputs
File Edit Help

@ HOMER uses the solar resource inputs to calculate the Py array power for each hour of the year. Enter the latitude, and
ither an average daily radiation value or an average cleamess index for each month. HOMER uses the latitude value to
calculate the average daily radiation from the cleamess index and vice-versa.

Hold the pointer over an element or click Help for more information.

Location
Lattude | B[ 43' @ Noth C South  Timezone
i W % [—22 ' ® East ¢ West I[GMT+05:[I]] Novosibirsk, Bhutan, Sri Lanka _'.I

Data source: & Enter monthly averages ¢ Import time sefies data file Get Data Via Intemnet
Baseline data

Month | Cleamess | Daily Radiation | - Global Horizontal Radiation o
Index | (kWh/m2/d) i
January 0.559 5.056 =8 — 4
| 3 — s 0.8
| February 0625 £.059 'L UL LL I B ) ==
Mach | 0606 5233 & i = §
Apiil 0574 6.022 24 Pt L 0.8 -
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Juy 0435 5.052 2 | s
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October 0532 5.218 0 M TR . St e B 00
s < 1 Jan el ar pr ly Jun u UQ >ep C
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| Decem . :
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Scaled annual average (kwh/nt/d) | 537 {1} ] Hep | Cancel |[ 0K |

Figure 6-6 Annual distribution of solar radiation — Nelumkulama
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6.1.3 Gawaragiriya East - Base station site

Gawaragiriya East is a site location situated in Rathnapura district which belongs to the
wet climate zone of Sri Lanka, with considerably a high annual rainfall records. Here the
demarcation of the solar capability between these 3 candidate sites locations is
determined by the effective period of the solar radiation throughout the year. Since
Gawaragiriya area is more inclined to rainy weather, the possible annual energy for
harvesting is comparatively less than that of other 2 candidate site locations. Hence,
Gawaragiriya East site location also selected to generate practical test cases for the

purpose of testing the technical viability of proposed concept.

Figure 6-7 Geographical location of Gawaragiriya East site
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File Edit Help
@ HOMER uses the solar resource inputs to calculate the PY aray power for each hour of the year. Enter the latitude, and
# either an average daily radiation value or an average clearness index for each month. HOMER uses the latitude value to |

calculate the average daily radiation from the clearness index and vice-versa.

Hold the pointer over an element or click Help for more information.

Location
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Figure 6-8Annual distribution of solar radiation — Gawaragiriya East

6.2 Power load of the site

When the distribution of the power demand among the sites in the network is
considered, it was found that the majority of the sites consume a power load less than 2
KW. It is 1455 in number and accounts to a share of nearly 50% of total 3039 sites in the

network. Figure 4-2

Hence defined 3 levels of power demands to represent the 0-2 kW demand interval
considering the fairly distribution of test cases among the entire sample space.

e 05kW
o 15kW
o 18kW
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In addition to the above 3 power demand levels, 1 demand level was defined so that it
falls in the demand interval of 2-4 kKW.

o 25kW

Did not consider accommodating a test case to represent the 3™ demand interval of
above 4 kW, as the interval contains on 304 sites which is just 10% of the total sample

space. Figure 4-2.

In addition to above, the network specific information and requirements were considered
for this exclusion. In general, a site with a higher power demand means that the site
serves for an extensive number of equipment working within its premises. Basically
these additional equipment are microwave transmission links which are used to connect
the other site locations to the transmission network. Higher this number means that the
subjected site location acts as a hub location in the network and obviously a critical
location for the network belonging to the aggregation layer or the core layer of the
network. In other words, the operation of this site location affects the performance of the
other segments of the network. Hence, when the business perspective of the incurring
cost is considered, this type of site would not be mandatory to run on renewable energy,
as the Engineers are much concerned on the overall big picture on the network

performance rather limiting to the electricity cost of a particular bases station site.
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7 TESTING OF TECHNICAL VIABILITY AGAINST THE TEST
CASES

Based on the criteria defined for test cases as described above, there are 12 unique test

cases available for the testing of the technical viability of the proposed concept.

PR v | v | v | s

Amunakole Test Case 1 Test Case 2 Test Case 3 Test Case 4
Nelumkulama Test Case 5 Test Case 6 Test Case 7 Test Case 8
Gawaragiriya East Test Case 9 Test Case 10 Test Case 11 Test Case 12

Figure 7-1 Table of test cases

12 test cases were built in the HOMER tool in line with the above and tested the

viability as depicted in Figure 7-1.
7.1 Testcasel

e Site location : Amunakole
e Demand load : 0.5 kW

The result given by HOMER under the Test case 1 is given in Figure 7-2, Figure 7-3,
Figure 7-4 and Figure 7-5 below.
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System architecture

PV Array 30 kW
Diesel Generator 1 kW
Fuel Cell 1 kW
Inverter 1 kW
Rectifier 1 kW
Electrolyzer 20 kW

Hydrogen Tank 80 kg

Cost summary

Total net present cost 572,741
Levelized cost of energy | § 1.299/kWh
Operating cost 5 2,3990yr

Figure 7-2 Optimum System Architecture - Test case 1

Electrical
Production | Fraction
Component +
(KWhiyr)
P\ amray 47,300 BE%
Diesel Generator o 0%
Fuel C=ll 2226 4%
Tatal 48,8168 100%
% Monthly Average Electric Production
ER
5 —
=+
i) i
24 N R
1 4
5 dan Faeb Msr Apr May Jun  Jul Aug Sep Dot Hov Dac
Consumption | Fraction
Load
(EWhiyr)
D primary load 4 380 9%
Electrolyzer load 43,402 1%
Tatal 47,872 100%
Guantity Value Uniiiks:
Excess electricity 1.744 | KWhiyr
Unmet load 0.000000208 | KWhiyr
‘Capacity shortage 0.00 | kKWhiyr
Renewable fraction 1.000

- Dicssl Genemtos
=== Fual Call

Figure 7-3 Summary of electricity generation - Test case 1
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Diesel Generator

Quantity Value | Units
Hours of operation 0 | hriyr
MNumber of starts 0 | startsfyr
. Operational life 1,000 | yr
Capacity factor 0.00 | %
' Fixed generation cost 0.610 | $/hr
Marginal generation cost | 0.250 | HkWhyr

Figure 7-4 Operational summary of Diesel Generator - Test case 1

Fuel Cell
Cluantity Value | Units

Hours of operation 4 547 | hriyr

| Number of starts 375 | startsiyr
Operational life 330 | yr

. Capacity factor 254 | %
Fixed generation cost 0.433 | $/hr
Marginal generation cost | 0.00 | S/k&Whyr

Figure 7-5 Operational summary of Fuel Cell - Test case 1

7.1.1 Discussion on result — Test case 1

When the above result is being analyzed, it was easily found that the power supply was
fully based on the harvesting of solar energy, making the renewable factor equals to
unity. Further, when the Figure 7-4 Operational summary of Diesel Generator - Test case 1 is
studied, the diesel generator had neither been started nor run for the entire year, meaning
that the diesel generator is not a mandatory component in the system to maintain an
uninterruptable power supply to meet the demanded load of 0.5 kW.

The fuel cell had been operated for 4575 hours throughout the year (52% of time period)
meaning that the base station site was powered by the energy stored as gas Hydrogen for
more than 50% of time while the rest was managed directly by the output of the solar PV
panels.

The system was modeled purposely omitting the presence of a battery bank and the

HOMER simulation suggests that the diesel generator is not necessary to be included in
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the system. Hence it can be concluded that, under the test case 1, the Hydrogen storage
is effectively viable to be use with the solar PV panels to maintain an uninterruptable
power supply. The cost benefits are yield through the savings gained by exclusion of

capital and operational expenditure on batteries and diesel generator.

The next best solution given by HOMER simulation under Test case 1 is as below.
Figure 7-6

According to the results, there is no Hydrogen storage mechanism and hence the diesel

generator has to be operated throughout the year under prime operation.

System architecture

P\ Array 2 kW Diesel Generator
Diesel Generator 1 K r
Irvarter 1 Ht"ﬂ Quantity Walue | Units
Rectifier 1 KW Hours of operation 8,760 | hrtyr |
Mumber of staris 1| startsiyr
Cost summary Oiperational life 171 yr
Total met present cost 3 84,580 Capacity facior 481 | %
Levelized cost of energy | § 1.511/EWh - Fized generation cost 0.610 I $hr
Operating cost | 50,375 - Marginal generation cost | 0.250 . FRWhyr .

Figure 7-6 Next best solution — Test case 1

7.2 Testcase 2

e Site location : Amunakole
e Demand load : 1.5 kW

The result given by HOMER under the Test case 2 is as below. Refer Figure 7-7, Figure
7-8 and Figure 7-9.
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System architecture

PV Amray 25 kW
Diesel Generator 2 kKW
Fuel Cell A .
Inverter 2 B Electrical
Rectifier 2 kW Production | Fracti
Electrolyzer 20K Component |
Hydrogen Tank 30 kg (KWWu'yr)
P\ array 30482 B2%
Cost summary -
Diesel Generator 7,389 15%
Taotal net present cost 5167232
- Fuel Cell 1,083 2%
Levelized cost of energy | § 0.9968/KWh
Operating cost | $0,0824yr Total 47 844 1003% .
Consumption | Fraction
(KWVhfyr)
DC primary load 13.140 30%
Electrolyzer load 30,5988 TO%
Total 44,138 100%
Quantity Value Units
Excess electricity 2,703 | KWhiyr
Unmet load 0.000127 | KWhiyr
Capacity shortage 0,00 | KWhiyr
Renewable fraction 0.848

Diesel Generator

Figure 7-7 Optimum System Architecture - Test case 2

Cluantity Walue | Units
Howrs of operation 4,892 | hr'yr
Mumber of starts 380 | startsfyr
Operaticnal life 320 | yr
Capacity factor 421 | %
Fixed generation cost 1.22 | 3hr
Marginal gemeration cost | 0.250 | 3EWhyr

Figure 7-8 Operational summary of Diesel Generator - Test case 2

Fuel Cell
Cluantity Walue | Units

Hours of operation 4 885 | hryr
Mumbser of starts T2T | startsiyr
Operaticnal life 3.20 | yr
Capacity factor 124 | %
Fizxed generation cost 0.433 | &hr
Marginal generation cost | 0.00 | 3&Whyr |
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7.2.1 Discussion on result — Test case 2

According to the results of the HOMER simulation, the Hydrogen storage concept is

technically viable to deploy under the scenario of Test case 2.

When the demand load reaches the value of 1.5 kW, the diesel generator should be
employed in the installation as the energy harvested from solar radiation is not sufficient
to meet the demand. Still the operational time of the diesel generator is 4692 hours per
year (53% of the period) with a share of 15% in electricity generation. The share
accounted by the solar PV panels for electricity generation is 82%, leaving just a share
of 2% for fuel cell.

In addition to above, when the focus is given to the number of starts taken place for
diesel generator (380 starts) and fuel cell (727) separately along with the hours of
operation for both components (approximately 4700 hours), it is understood that the
Hydrogen storage was utilized to feed the balance requirement of demand when the
system runs on diesel generator. Further, the Hydrogen storage had managed to fill the
function of a battery bank to maintain the uninterruptable power supply to the load,
while at the switching of power sources between solar PV and diesel generator. The
saving was derived by employing a diesel generator with a capacity less than the
demanded load, utilizing the grace of having a Hydrogen storage.

Similar to the result obtained under Test case 1, the next best solution for the scenarios
of test case 2, there is no Hydrogen storage mechanism and hence the diesel generator

has to be operated throughout the year under prime operation as shown in Figure 7-10.
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System architecture Diesel Generator

PV Amray 4 kW T
Diesel Generator 2 km Cruantity Value | Units
Inuerter 2k Howrs of cperation B.760 | hn'yr
Rectifier 2 W
) Mumber of staris 1| startsfyr
Cost summary Operational life 1.71 | yr
Taotal net present cost s 180,100 || Capacity factor B5.8 | %
Levelized cost of energy | 3 1.072Wh || Fized generation cost 1.22 | 'hr
Operating cost | $ 13.804/yr || Marginal generation cost | 0.250 | $&Whyr

Figure 7-10 Next best solution — Test case 2

7.3 Testcase 3

e Site location : Amunakole

e Demand load : 1.8 kW

The result given by HOMER under the Test case 3 is as below. Refer Figure 7-11 and
Figure 7-12.

Electrical
Production | Fraction
Component .
(KWWt yr)
P\ aray 6.319 32%
Diesel Generator 13.1886 68%
Taotal 18,515 100%

. Diczel Generstos

System architecture

P Array 4 kW
Diesel Generator 2 k
Inverter 2k :
Rectifier 2 kW Load | Consumption | Fraction |
: (KWhiyr)
DC primary load 15,318 100%
Cost sumimanry Total 15216 |  100% |
Total met present cost 3 185,555 Qm"m’,'_ Value | Units |
| | | Excess electricity 2,301 | KWhiyr
Levelized cost of energy | § 0.048/KWh | | Unmet load 453 | Kihiyr |
. | | Capacity shortage | 1.341 | KWhiyr
Operating cost | ¥ 14.0300r | [ Renewabie fraction | 0.324 '

Figure 7-11 Optimum System Architecture - Test case 3
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Diesel Generator

Cluamntity Value I Uniits
Houwrs of ocperation B, 7a0 . iy
Mumber of staris 1| startsfyr
Operational life 171 | yr
Capacity facior 5.3 | %
Fixed generation cost 1.22 I Fhr
Marginal gemeration cost | 0250 . IEWhyr |

Figure 7-12 Operational summary of Diesel Generator - Test case 3

7.3.1 Discussion on result — Test case 3

At the point of reaching to 1.8 kW in demand, the Hydrogen storage concept had turned
to be not the optimum under the scenarios defined under Test case 3.

Under the optimum solution, the diesel generator is supposed to run on prime basis,
while the solar PV panels supply its harvest to the load under non-dispatchable basis.
Therefore, the diesel generator had to be sized at a 2kW rating, in order to be sufficient
to meet the demand when solar PV panels does not supply the electricity.

The result obtained for Test case 3 depicts that the Hydrogen storage option does not
yield the best solution at every case and hence it’s viability is to be tested under the

applicable scenario, prior to make the decision on investment.

7.4 Testcase 4

e Site location : Amunakole
e Demandload : 2.5 kw

The result given by HOMER under the Test case 4 is as below. Refer Figure 7-13,
Figure 7-14 and Figure 7-15.
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System architecture

W Array 30 kW
Dhiesel Generator4 KW
Fuel Cell 1 KW
Imverter 4 kW
Rectifier 4 kW
Electralyzer 3 kW
Hydrogen Tank 10 kg

Cost summary

Total met present cost

Electrical

Levelized cost of energy | 5 0 8327KWh

Operating cost

Production | Fraction
Compaonent .
(KWhiyr}
PW array 47,300 TT%
Diesel Generator 14.004 23%
Fuel Cell ar3 1%
Total G1.768 100%
10 Konthly Average Electric Production
P
2 | . Dizzel Cenemstsr
g — Fusl Call
=
‘% 4
2
0 Fab Mar Apr sy dun Jul Aug Sep Dot Nov Dec
| consumption | Fraction |
Load imption | Fraction
(KWhyr)
D primary load 21,863 55%
Electrolyzer load 18.173 45%
Total 40,038 100%
T ] Guantity Value | Units
3 260,534 — 1
Excess slectricity 18,630 | KWhiyr
Unmet load 0.000323 | kWhiyr
Capacity shortage 0.00 | kWhyr
| F 17508097 | [Renewable faction | 0773

Figure 7-13 Optimum System Architecture - Test case 4

Diesel Generator

Value

Cruantity Uniits
Haours of operation 5,035 | hrtyr
Number of starts 410 | startsiyr |
Operational Iife 208 | yr '
Capacity factor 40.0 | %
Fixed generation cost 244 I hr
Marginal generation cost | 0.250 | S3&Whyr

Figure 7-140perational summary of Diesel Generator - Test case 4

Fuel Cell
Quantity WValue I Uniits

Hours of operation 3,725 [ hirtyr .
Mumber of starts 408 | startsfyr
Operational life 4.03 | yT |
Capacity factor 4.28 [ %
Fixed generation cost 0.433 [ Bhr
Marginal generation cost o.oo I FEWhyr .

Figure 7-15 Operational summary of Fuel Cell - Test case 4

7.4.1 Discussion on result — Test case 4

Under the conditions defined under Test case 4, the concept of having a Hydrogen

storage had being selected as technically viable according to the simulation results of the

HOMER tool. Under the test case, system requires a diesel generator to be employed in
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the system along with the solar PV panels, Hydrogen storage, fuel cell and the

electrolizer.

The next best solution does not contain the Hydrogen storage option and designed the
system so that the diesel generator runs on fulltime basis while the solar PV panels
provide a non-dispatchable supply while the fuel cell contributes with a 1% share to the
whole electricity requirement. Refer Figure 7-16.

System architecture Diesel Generator

P Amray 4EW Cruantity Value | Units
l.:::;?eneramrj :m Haours of ocperation B.7G60 | hriyr
Rectifier 4 KW Number of staris 1| startsiyr
Cost summary Operaticnal life 1.71 | yr

~ ; g
Total met present cost 5 347 556 Capacity factor 583 + *
Levelized cost of energy | § 1.244/KWh Fixed generation cost 244 | Fhr

Operating cost $25,53-;5.-r' Marginal generation cost | 0.250 . FEWhyr .

Figure 7-16 Next best solution — Test case 4
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8 Testing the viability using Developed mathematical model

According to the mathematical equations derived according to the description given
under the Development of mathematical model, a model was developed using Microsoft
Excel spreadsheet application. The below Figure 8-1 shows the Graphical User Interface
(GUI) of the developed mathematical model.

Site Power Load (kW)
elecom Energy
IConsumption (KWh/Yr)

[Total Capex - Net Present ($)

[Total Capex - Annulaized ($)

ITotal Generation (kWh/Yr)

[Total O&M

[Total Consumption (kWh/Yr) Fuel Cost
uel

Excess Electricity Generated

(kWh/Yr) [Total OPEX

Figure 8-1 GUI of the mathematical model to test the viability

The test cases which the system modeling was finalized by simulation using HOMER
tool, were re-tested using the above mentioned mathematical model developed as a part
of this study.
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Test case 1

Option 1~ Configuration [ option2-Configuration
Installe
Annual Fuel lled - Annual Fuel
i Operated Time| Opex Electrici
Capex ($) ng.:e(r:;:drs) O([;x d ) EIectncltyJ Consumptio Capex ($) pe[Hnurs] (F; Capacity Generat:vd Consumption
n (kg/¥r) (kw) (ke/¥r)
(kW)
Solar PV 20,000 4368 30 30 |48,841 [Solar PV 2,000 4368 102 2 3,256
Fuel Cell 5,500 4547 455 1 [2,300 920| [Fuel Cell - 0 - 0
Hydrogen Storage 480 80 80 Hydrogen Storage = = 0
IConverter 1600 40 1 L IConverter 600 40 1
Electrolyzer 15,000 40 20 |(41,400) Electrolyzer - - 0
Eieselﬁenerator 500 0 100 1 | Diesel Generator 500 8760 4,480 1 4,030
Isite Power Load (kW) 0.5) Site Power Load (kW) 0.5]
[Telecom Energy [Telecom Energy
[Consumption 4380 IConsumption (kWh/Yr) |(4,380)
L, o Comparrison Cutptict
c ) Output of = HOMER
CIL IR HOMER Total Generation
[Total Generation kWh/Yr) 7,286 7,196
kWh/Yr) 51,141 149,616 otal Consumption
otal Consumption kWh/Yr) 4,380) 1,380
kWh/Yr) 45,780) 147,872 cess Electricity
[Excess Electricity enerated (kWh/Yr)  [2,906 2,343
enerated (kWh/Yr) |5361 1,744
Total Capex - Net
[Total Capex - Net PPresent 3,100 3,100
Present ($) 2,080 Total Capex -
[Total Capex - Annulaized 43
lAnnulaized ($)
[Total O&M 14,622 14,383
[Total 0&M 566
[Fuel Cost 2,002 1,710
Fuel Cost
[Total OPEX ,093
[Total OPEX 66
Total Annual Cost ($)
Total Annual Cost ($) (Option 2) 6,864 6,336

4,004 | 3,858 |

(Option 1)

Figure 8-2 Comparison of the results with HOMER — Test case 1

When the above Figure 8-2 is studied, it clearly shows that the selection done through
the developed mathematical model fits with the simulation result of the HOMER tool on
Test case 1.

Similarly, the developed mathematical model was tested against the simulation results of

the HOMER tool for several other test cases.

In addition, below Figure 8-3, Figure 8-4, Figure 8-5, Figure 8-6, Figure 8-7 shows the
fitness of the mathematical model against the HOMER result under the test cases 2, 3, 4,

5 and 9 respectively.
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Test case 2

[Site Power Load (kW)
elecom Energy
onsumption
kWh/Yr)

(kWh/Yr]
(kWh/Yr]
ienerated (kWh/Yr]

[Total Capex -
lAnnulaized (S|

[Total OPEX

Total Annual Cost ($)
(Option 1)

[Site Power Load (kW)
ITelecom Energy

[Consumption (kWh/¥r) |(13,140)

) Output of
Output of HOMER
otal Generation

17,808

[Total OPEX

Total Annual Cost ($))
(Option 2)

Figure 8-3 Comparison of the results with HOMER — Test case 2
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Test case 3

Option 1 - Configuration

($) (Option 1)

Figure 8-4 Comparison of the results with HOMER — Test case 3
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lled . .. | Annual Fuel Annual Fuel
Operated | Opex | Electricity N ici
Capex(8) | (. [capactty P Ccapex ($) o"’(:‘ed 1)—"“9 o('S" Capacity :'m':t':"d Consumption
(kw) n (ke/¥r) IR (kw) | e (ke/Yr)
|solar PV 4,000 4368 4 4 6,512 lar PV 4,000 4368 204 4 6,512
[Fuel Cell 5,500 0 0 1 Fuel cell 0 - 0 a
Hydrogen Storage - 0 Hydrogen Storage NA = 0
[Converter 1,200 80 2 nverter 1,200 80 2
Electrolyzer 6,000 12 6 (2,221) Electrolyzer = 0
ﬁiesel Generator 1,000 8760 8960| 2 111,388 Diesel Generator 1,000 8760 8960 | 2 [11388
[Site Power Load (kW) 1.8 Isite Power Load (kW) 1.8|
Telecom Energy [Telecom Energy
Cl?\:\‘l;l}l‘?ptmn (15,768) [Consumption (kwh/Yr) |(15,768)
) A Output of
utput o
Comparrison H0’I’V|ER HOMER
— otal Generation
[Total Generation (kwWh/Yr) 17,900 19,515
kWh/Yr) 12T BEl otal Consumption
[Total Consumption (kwWh/Yr) (15,768) 15,316
kWh/Yr) (15,768) 17,536 Excess Electricity
[Excess Electricity enerated (kWh/vr) [2,132 2391
Generated (kWh/Yr) 2,132 1,979
[Total Capex - Net
Total Capex - Net Present 6,200 6,200
Present ($ 17,700 [rotal Capex -
Total Capex - lAnnulaized 85
IAnnulaized ($
[Total 0&Mm 9,244 8,766
[Total O&M 19,056 8,778
Fuel Cost 14,005 14,701
Fuel Cost 14,005 4,701
[Total OPEX 13,467
[Total OPEX 13,479
[Total Annual Cost (S)
t
Total Annual Cos 15'041‘ . 4,ss4| {Option 2) 13,729 13,952



Test case 4

ISite Power Load (kW)
elecom Energy
onsumption

kwh/Yr)

(kWh/Yr)
(kWh/Yr)
ienerated (kWh/Yr]

[Total Capex -
lAnnulaized (3]

[Total OPEX

Total Annual Cost ($)
(Option 1)

Output of
HOMER

‘otal Generation
138,340

Total Annual Cost ($)
(Option 2)

Figure 8-5 Comparison of the results with HOMER — Test case 4




Test case 5

elecom Energy
onsumption
kwh/Yr)

(kWh/Yr] 'otal Consumption
(kWh/Yr] _ cess Electricity
——
enerated (kWh/Yr;

Total Ca - Net
Total Capex - Net Presentm

Total Capex -
Annulaized

Output of

otal Generation
(kWh/Yr) 7,200

Total Capex -
Annulaized ($)

[Total OPEX

[Total OPEX

Total Annual Cost ($) otal ‘:;mtual Czosl ($)
(Option1) (Option 2)

Figure 8-6 Comparison of the results with HOMER — Test case 5
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Test case 9

Annual Fuel
Operated | Opex | Electricity 5 o) ed Ti o Electrici Annual Fuel
Capex ($) apacity| ca perated Time| Opex » lectricity .
pex ($) Capacity Consumption
Time (Hours)| ($) (kw) Generated (ke/¥r) (Hours) (8) (kW) Generated (ke/¥r)
ISolar PV 20,000 4371 30 30 148,966 ISolar PV 2,000 4371 102 2 3264
IFuel Cell 5,500 4447 445 1 [,248 899 |ruel cell I o . o | ol
Hydrogen Storage 180 30 30 Hydrogen Storage L = 0
IConverter 600 40 1 |Converter 600 40 1
Electrolyzer 15,000 40 20 |(40,455) Electrolyzer B _ 0
Diesel Generator 106 612 | 4 119 Diesel Generator 500 8760 4480 1 4030
sitle Power Load (kW) [Site Power Load (kW) 0.5
|Telecom Energy [Telecom Energy
IConsumption (kWh/Yr) IConsumption (kWh/Yr) |(4,380)
e ) Output of Output of
omparrison HOMER HOMER
otal Generation
[Total Generation (kWh/Yr) 7,294 7,143
{kWh/Yr) 51,408 |48 840 ‘otal Consumption
[Total Consumption (kwh/Yr) (4,380) 1,380
{(kWh/Yr) (44,835) 46,122 [Excess Electricity
[Excess Electricity Generated (kWh/Yr) [2,914 2,288

|Generated (kWh/Yr) 6,573 2,699
[Total Capex - Net

[Total Capex - Net Prese IPresent 3,100 ,100
($) 3,280 [43,280 [Total Capex -

[Total Capex - Annulaized IAnnulaized 43
($) 3,386

[Total O&M 14,622 14,383

[Total O&M 1,197 743

[Fuel Cost 2,002 1,711
[Fuel Cost 97 66

[Total OPEX 1809

[Total Annual Cost ($)
4,195 | (Option 2)

Total Annual Cost ($) 6,864 | 6,337|

(Option 1)

4,841

Figure 8-7 Comparison of the results with HOMER — Test case 9

When the figures of results obtained from mathematical model is compared closely with
that of HOMER tool, a slight deviation is observed. There is a rational behind these

deviations with sound backing up for the validity of the developed model.

Just refer to the Figure 8-3, which gives the comparison pertaining to the Test case 2.
Below given Figure 8-8 summarizes the deviations in above mentioned comparison for

the ease in discussion.

When the mathematical model is being developed, the annual solar radiation was
calculated using the scaled average considering the total energy incident on the panels,
rather than accounting for continuous variations. Actual radiation pattern is in the form

which depicts in Figure 6-4.
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Option 1 - Configuration — 1.5 kW

Capex ($)

Operated Time
(Hours)

OPEX ($)

Installed
Capacity
(kw)

Solar PV

17,000

4368

25

25

40,701

Electricity Generated

Output of
HOMER
39,491

Fuel Cell

5,500

4685

469

1

1,615

1,083

Hydrogen Storage

180

30

30

Converter

1,200

80

2

Electrolyzer

15,000

40

20

(29,070)

30,996

Diesel

[Total Generation (kWh/Yr)

46,632

1,000

4692

4,892

2

3,284

7,369

Comparison Output of
P HOMER

47,944

ITotal Consumption
(KWh/Yr)

(42,210)

44,136

Excess Electricity Generated
(kWh/Yr)

4,422

2,703

When the calculations for the function of the diesel generator is modeled, the efficiency
was considered as a flat function even it is obvious that it varies with the load. Further,

the efficiency of diesel generator and the fuel cell was considered unchanged even at the

startup time period.

Above reasons led to the results obtained from developed mathematical model to be

Figure 8-8 Comparison of results - Test case 2

deviated slightly from that of HOMER.

Still the deviations are not significant and does not sufficient the make an impact on the

designed ratings of the components. On the other hand, even the deviations in

commercial figures do not sufficient to exert an impact on the investment decision.
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9 INCORPORATE THE MATHEMATICAL MODEL FOR
DECISION MAKING

This is the stage which the outcome of the research work meets the practical expectation
of industry. As explained under section 2.1, at present DAP adhered to the traditional
way of decision making on the composition of system components for the solar PV
system once the financial viability is confirmed. Irrespective of the site load and the
solar radiation pattern at the site location, the rating of the diesel generator is fixed to the
value of 10 kVA and the capacity of the battery bank is fixed as 600 VA.

This situation leads to fixed figures for capital investment as well as operational
expenditure irrespective of the base station specific data.

This section explains the methodology to be used with the developed mathematical
model to determine the economic viability of the proposed concept based on the context

at base station site.

Below given Figure 9-1 explains the methodology to be followed when the proposed
model is used in the process of decision making to check the techno-economic viability

regarding the investment on renewable energy to power the base station sites.

1. Input the site-specific information in to the model developed in HOMER under
this research
a. Coordinates of the site location
b. Demanded power load
2. Obtain the optimum system configuration for the case using the model developed
in HOMER.
3. Input the result obtained under above 2 in to the Mathematical Model developed
using MS Excel as an outcome of this research.
4. Follow the steps defined in the flow chart depicted in Figure 9-1
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(SIART )

YES
Presence
of

"\ Grid

NO

Coordinates of Site Location
Telecom Load

Prices of Equipment

Prices of Fuel

Technical Parameters of Equipment

Proposed sizes of Equipment
Proposed Composition of Equipment
Total Requirement of Generation
Total Potential of Generation
Generated Excess Energy

Total Capex Requirement

Total Opex Requirement

NO
Electric Energy

>0

/
yd
_/Total Cost of Proposed

/

Configuration

YES
<

/

Concept

Does NOT Viable

"\ Total Cost of Existing
_ Configurason

Implement the Proposed
Hydrogen Storage
System

NO

Use the Trad itional Setup

Figure 9-1 Flow chart - Decision making algorithm

51




Let’s take the Test case 9 as an example. Figure 9-2 below shows the techno-economic
output of the traditional configuration while the Figure 9-3 depicts the same for

proposed concept under Test case 9.

lar PV 2,000 4368 102 2 3,262

Battery - LiFePO4 3,000 = 0.6

Diesel Generator 2190 4,480 10 3,285

Site Power Load (kW)
ITelecom Energy
Consumption (kwh/Yr) 4,380

[Total Generation

(kWh/Yr) 6,547
ITotal Consumption

(kwh/Yr) (4,380)
Excess Electricity

IGenerated (kWh/Yr) 2,167

[Total Capex - Net Present |13,000

I

[Total Capex - Annulaized

ITotal O&M 14,582
Fuel Cost 2,002
ITotal OPEX

Total Annual Cost (S)
(Option 2)

:

Figure 9-2 Techno-economic output for traditional configuration - Test case 9
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Configuration with Proposed Concept
Capex ($) Operated | Opex S—— Electricity szl Fu_el
Time (Hours] Generated Ea
Hours)| (51| iy (ke/¥r)
ISolar PV 20,000 4371 30 30 148,966
Fuel Cell 5,500 4447 445 1 2,248 899
Hydrogen Storage 180 30 30
IConverter 600 40 1
Electrolyzer 15,000 40 20  [(40,455)
Diesel Generator 2,000 106 612 4 195
Site Power Load (kW) 0.
[Telecom Energy
IConsumption (kWh/Yr) (4,380)
Comparrison LI LI
P HOMER
[Total Generation
(kWh/¥r) 51,408 |48,840
otal Consumption
(kWh/Yr) (44,835) |46,122
Excess Electricity
enerated (kWh/Yr) 6,573 2,699
[Total Capex - Net Presei
() 3,280 |43,280
[Total Capex - Annulaized
($) 3,386
[Total O&M 1,197 743
Fuel Cost 97 66
[Total OPEX 809
Total Annual Cost ($)
4841 4,195

(Option 1)

Figure 9-3 Techno-economic output for proposed concept - Test case 9

Excess Electricity Generated under Proposed Concept

Once the values for the decisive parameters are obtained using the developed models,

comparison between them are performed as depicted in Figure 9-4 below.

Financial

Total Annual

Cost of Proposed Concept

4,841

Total Annual Cost of Existing Traditional Method

9,484

Figure 9-4 Comparison of decisive parameters
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viable to be implemented under the conditions of Test case 9.

Hence the decision can be made as the proposed concept is technically and economically




10 SENSITIVITY ANALYSIS

When the analysis is extended beyond the technical context towards commercials, the
sensitivity analysis plays a great role when the validity and the utility of the model is
concerned. Here for the techno-economic analysis carried out under this research work,
incorporated major economic variables are price of diesel, tariff for commercial

electricity and cost of Hydrogen.

Based on the proposed technological concept, the required Hydrogen volume is supplied
within the site by electrolyzing making the decision insensitive to cost of Hydrogen.

Even the proposed concept is extendable to the grid-connected base station sites with the
facility of net-metering, the scope of the study was limited to the off-grid scenarios.
Hence the tariff of commercial electricity does not make a change on the economic
viability of a particular case. In other words, the decision on investment does not
sensitive to the cost of commercial electricity.

Finally, the only commercial factor which holds a control over the economic

performance of the solution for a particular case, is the cost of diesel.
The below mentioned sensitivity analysis is done against the price of a liter of diesel.

Figure 10-1 and Figure 10-2 in page 55 and page 55 provides the sensitivity analysis
pertaining to the conditions of Test case 9 when the price of 1 liter of diesel is 1 $ and 0
$ respectively. When the result is observed, it is self-explanatory that at any price of

diesel, the proposed concept is commercially viable under Test case 9.
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Proposed Concept

[Total Generation (kWh/Yr)

50,496

[Total Consumption
(kwh/vr)

(44,835)

Excess Electricity Generated|

5,661

I(klvh[w]

otal Capex - Net Present
pex - Annulaized ($

Fuel Cost

Total Annual Cost ($)
(Option 1)

4,841

Excess Electricity Generated under Proposed Concept

[Total Generation (kWh/Yr) 6,547
[Total C (kWh/Yr) (4,380)
[Excess Electricity Generated

{(kwhy/¥r) 2,167
[Total Capex- Net Present ($ 13,000

Total Annual Cost ($)

(Option 2) 9'484‘

Annual Fuel
OperatedTime Installed |  Electricity Installed L
Capex($) Opex(S) = Operated Time : Electricity
(Hours) c Generated | “°CRPY Capex($) (Hours) | OPex(8) f‘l::‘n"' Generated
Isolar PV 20,000 4371 30 30 48,054
Fuel Cell 5,500 4447 445 1 2,248 899 |Solar PV 2,000 4368 102 2 3,262
Hydrogen Storage 180 30] 30 = 0 =
|Converter 600 40 1 = 3,000 = 0.6 =
1 l 15,000 0] 20 (40,455) IDiesel Generator 2190 4,480 | 10 3,285
[Diesel Generator 2,000 106 612 4 195
[Site Power Load (kW)
Site Power Load (kW) 0.5 elecom Energy Consumption
[Telecom Energy (4,380) [EE - (kWhy/Yr) (4,380)
[Consumption (kWh/Yr) B Ty
Comparrison

Excess Electricity Generated under Proposed Concept

Financial

ITotal Annual Cost of Proposed Concept
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Figure 10-2 Sensitivity - Test case 9 - 0%
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11 CONCLUSION

The concept was proposed to produce and store Hydrogen gas through the process of
electrolyzing of water using the harvested solar energy to provide an un-interruptible
power supply for telecommunication base station sites in Sri Lanka. The network
operated by Dialog Axiata PLC was selected to carry out the research study as it owns
the highest number of base stations among all of the Sri Lankan operators with the

widest spread all over the island.

The concept can be confirmed as viable based on the results obtained against 9 test cases

with entirely different scenarios.

The economic viability of the proposed concept was achieved through various
improvements introduced through the concept over the traditional approach of designing

the solar PV system for a base station site.

1. The traditional concept of employing a battery bank setting to run full deep
discharging cycles can be completely omitted with the introduction of proposed
concept. This was explained in Generation of test cases in page 25.

2. The rating of the diesel generator can be substantially optimized under scenarios
of all the test cases when compared against the traditional composition of
components used as at present. Refer to 7 Testing of technical viability against
the test cases.

3. For some of the scenarios, the diesel generator can be completely omitted in the
design and hence in the investment. Refer Figure 9-2.
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