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Introduction

As of 2008 1.46 billion people, or 22 percent of the World’s population, were
without electricity. Traditionally the way communities are electrified is by connecting
them to a centralized grid, but in areas where grid extension is prohibitkgEnsve,
many are left without the prospect of connection to the grid anytime soon. Unfelyunat
the portion of the population that does not have access to electricity also overlaps with
the 2.6 billion people live on less than $2 a*ddy requires innovative thinking in order
for an electrification project to sustain itself within an impoverished commuSiyall
scale hybrid power systems offer a means to quickly electrify aredsanmtittle chance
of being connected to a centralized grid in the foreseeable future. Hybrid poteensys
combine two or more electricity generation methods, like diesel engineslanganels,
into a single plant to reduce long term generation costs. While it idbjgossfind
governments or organizations to fund the capital cost of an electrification project,
recurring costs over the life of the system can be as large as or largeahahoosts.
Without a community being able to regularly generate funds to pay for salarieanfiie
replacement parts, an electricity plant will quickly cease operatirige principle
advantage of a hybrid plant is its ability to affordably extend reliabtregy access

into remote communities.

! Alliance for Rural ElectrificationEnergy Access in the World: Facts and Scenarios

2 World Bank Development Indicators, 2008



Despite the benefit that hybrid systems can bring to off-grid commuritee
are relatively few commercially installed systems. The factiylatid systems add a
layer of complexity to an already formidable problem - how to use a atand-
technology to electrify rural communities - means that designers aatldrshave not
built up the knowledge base to make hybrid power commercially available. To add to
that body of knowledge, the US Naval Research Lab (NRL) partnered wiityM
Hospital in Bo, Sierra Leone. Despite being located in a city of 400,000 people, a
significant portion of hospital resources has to be directed towards gegetattricity
for the hospital. The local utility company, The Bo-Kenema Power Supply $BKP
suffers from frequent rolling blackouts, voltage swells, and excessive line losm tGe
large number of delicate research electronics in the hospital, it mustdrass o
reliable and properly conditioned electricity. Nova Research, Inc. wexd toirdesign a
solar-diesel hybrid power system to ensure reliable power for the hospital.

The decision to incorporate renewable energy into the hybrid systévefoy
Hospital came out of the desire to reduce both maintenance costs and diesel consumpti
Solar power from Sierra Leone’s skies is an abundant potential replacemeiesel
fuel, but the incorporation of renewable energy into a mini-grid poses some problems.
Renewable energy sources like solar and wind are not available on demandhebout rat
are sporadic in their supply; a squall blowing through an area can produce aroéxcess
wind-generated electricity that must be dumped from the grid or afternoon clouds ca
cause a paucity of solar-generated electricity that will cause |lggglofoltage and
frequency. Hybrid power systems offer a solution to this inherent problem with

renewable energy sources. A hybrid system uses advanced system comt{aldogi
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known as alispatch strategyto coordinate when power should be generated by
renewable energy and when it should be generated by sources like diesebgenéiat
real innovation of hybrid power generation is the realization that cost sangot
come from using the most powerful solar panels or the most efficient dieg® emgt
by closely matching the cheapest energy production with the load. By coapting
coordinating sources together, the system provides more reliable and higltgr qual

electricity at lower costs.

Literature Review

Research on hybrid power systems combining renewable and fossil derived
electricity started 25 years ago, but few have written papers abouhsggiementation
and experimental data collection. The first papers describing renesvedstgy hybrid
systems appeared in the mid-eighties [1], but literature on hybridrsyslie not blossom
until the early 1990s. Initially, this expansion in hybrid literature was drivehéogeed
to increase grid stability and reliability as large quantiiesind power were being
added to small autonomous grids [2]. Researchers then used optimization techniques to
model how hybrid systems can reduce electricity generation costs onentional
fossil fuel systems.

There are many papers that optimize hybrid system cost and a few nbtewort
papers are mentioned here. Schmid examined the economic feasibility of cwnverti
stationary diesel plants in rural Brazil into Diesel/Battery/Photono(RV) plants and
found that conversions were economically favorable for smaller (<50 kW)-thasedt!

systems [3]. Park modeled the cost savings of converting a ferry’s gimptriom diesel

3



into PV/Battery/Diesel [4]. Chedid created his own software that peefdibe

Operational Cost of a hypothetical autonomous PV/Wind/Diesel systentfb]

concluded that the inclusion of renewable energy into a diesel power plant would
significantly reduce the Operational Cost of the plant. Nehrir usedlabMabdel to
examine the performance of a Wind/PV system and concluded that the useeatan el
hot-water heater as a dump load made the renewable-only system more ealbypomic
feasible [6]. Ashok used a Quasi-Newtonian method to find the system that prévaded t
lowest cost electricity to a rural Indian village. He finds that a
PV/Wind/Diesel/Microhydro system would provide 24 hour coverage at the costyof onl
US$0.14/kWh [7]. Nfah examined picohydro/biogas/PV systems for use in rural
Cameroon and reasoned that the inclusion of biogas would decrease the generation cost
of hybrid systems [8].

All of the preceding papers, and the majority of papers that are published on
hybrid systems, do not provide experimental validation of the designs they present. Out
of the roughly 50 papers reviewed for this thesis there are two papers that used
experimental data to support conclusions that hybrid power can produce ejectoicst
cheaply than a diesel generators [9-10]. Another two papers describestatiation of
experimental or commercial hybrid power systems, but neither providdithangial
data along with the description of the experimental setup [11-12]. Ruther converted a
diesel-only mini-grid into a hybrid system in rural Brazil. He then useeldies
consumption data to show that similar PV/diesel systems with no battagestan
reduce diesel fuel consumption in Northern Brazilian. Ruther dismisseatthsion of

battery banks into a hybrid because the losses introduced by the batteriesesdresel
4



fuel consumption. Ruther admits one limitation to the PV/Diesel systent is slodar

array’s total energy contribution to a hybrid system without energy stoesget be

above roughly 10 percent because of PV’s tendency to destabilize a grid.
Phuangpornpitak examined the economic benefit (or lack thereof) of 10 solar/wield/dies
hybrid systems installed in Thailand between 1990 and 2004. Phuangpornpitak supplied
a mix of experimental data and HOMER model data to provide information on the
technical and financial operation of the systems. This was the only paperHtiatind t
described the financial cost of actual systems and even stated thatystenessvere

more costly than the baseline diesel-only system due to overdesign. Nalydoudt,
installed, and tested a PV/diesel/battery/grid Uninterruptible Power\s(ipp) in two
locations in India. He reported roughly 24 hours of data on the system performance
including plots of the battery bank’s voltage, inverter power output, utility voléage,
system frequency, but omitted any information on system cost. He concluded that he
successfully created a system that would improve power reliability and pacter to

the load. While these four papers do use and report limited experimental dataast the c

of a hybrid system, they do not discuss system design and optimization.

Need in the Literature and Thesis Contribution

While there are a large number of papers that provide numerous optimization
techniques and optimized designs, none of those papers subsequently validate their
claims that hybrid systems provide a cheaper alternative to diesel-o@sagen. The
few papers with experimental data on hybrid system savings are not coupledoditls

thus limiting the ability for readers to draw conclusion from the experimintahgs.
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Without validating data coupled with optimization and modeling there is littneim
believe that the conclusions stated in any paper has applicability beyondibdiate
circumstances stated in each specific paper. The primary contribution dieisis to
address this gap by combining an optimization and validation of a single design in one
paper. The secondary contribution is to evaluate the cost savings engendered by
converted the existing diesel-only system at Mercy Hospital into achgbwer system.
Part 1 of this thesis is an optimization design study that is similar in form to the
papers listed in theiterature Review section. HOMER, a freely available hybrid system
optimization software, will be used to model several design alternativekemddlect
the alternative with the lowest project Net Present Value (NPV). @leetsolar/diesel
hybrid system modeling program, Hybrid2, will also be usd@airt 1 to check the
HOMER'’s results for the best design alternatifAart 2 of this thesis then validates
HOMER and Hybrid2’s models with experimental data taken from a hybrid system
installed in the Mercy Hospital. The goals of this thesis are organized hedatrhary
and secondary contributions of this thesis:
1. Optimization Design Study with Validation
a. Evaluate the accuracy of HOMER and Hybrid2 model predictions
relative to measured experimental data of the installed system.
b. Determine if either HOMER or Hybrid2 inaccurately model
specific components.
c. Provide experimental performance parameters which can be used

in subsequent modeling



2. Evaluate savings associated with conversion of the Mercy Hospital to a
hybrid power system.
a. Relate the Operational Cost savings created by the hybrid power at
Mercy Hospital to the savings other communities can realize by
doing the same.
Provide recommendations on which components will save a system the most in operating

expenses.



Part 1. Power System Design

Design Criteria

The design criteria for the hybrid power system in Mercy Hospitalsavareed as
the stakeholders taking part in the project. Each stakeholder is looking fortéra sys
perform a different function. For example, long-term cost savings arempoytant to
the funders of the system, while users want continuous, reliable power that will not
damage equipment. At the same time, researchers want to publish systemgvexéor
data. The system designers came up with several design criter@llthrabfa few broad
categories: voltage and frequency availability, system redundancy, costssaviagy
autonomy, system monitoring, and ease of maintenance. These six designacgttdre
optimization constraints that limit the search space for HOMER.

In the city of Bo, purchasing electricity is relatively inexpensivermd@mpared
to the cost of generating it with a diesel generator. In addition to the costgecurr
purchasing diesel fuel in Sierra Leone (about US$1.27 a liter in 2008 dollarsglnorm
wear and tear on a generator incurs an additional hourly cost. This meahe tieett
for the Hospital to generate a kWh of electricity is more than the US$0.262sitcost
purchase it from BKPS. The drawback of purchasing power from BKPS is kheflac
power reliability (power can be cut at any time and without notice) and the loitycpfal
electrical service (voltage levels and frequency are not well reguldbedpite these
problems Nayar has shown that grid power can be incorporated into a hybrid system to
provide reliable and affordable electricity [11]. The optimization study inclaggstem

that is grid connected and another system that is off-grid.
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The existing equipment in the hospital originated in the US, Europe, and Africa,
creating a complex voltage and frequency requirement for the system. ddgshent is
either powered from the 230V 50Hz utility service drop or from small 1000 VA
transformers that step down the voltage to 115V. While transformers are aidege c
voltage, they do not change frequency. A motor’s rotation speed is a function of both
voltage and frequency, and supplying the wrong frequency to a motor will cause the
motor to operate outside of specification. The use of several Eppendorf (Eppendorf
North America, Hauppauge, NY) centrifuges configured for North Aragrpower in
the Mercy Hospital research lab requires the system to supply both 230V 50Hz and 120V
60Hz. Much of the medical equipment employed in both the lab and the hospital is
sensitive to electrical harmonic distortion so the power supplied by tlersystist also
be in the form of a pure sine wave with a Total Harmonic Distortion (THD) sfthes 5
percent.

The system is designed as a permanent, long-term addition to the hospital. While
NRL'’s collaboration with Mercy Hospital is only short-term, it is debii@ create a
system that could be left behind and continue to benefit the hospital for years. The
majority of the components (eg. the solar panels, batteries, and investelast over 15
years so the system optimization is conducted assuming a project length afdl5 ye
This decision affects the design selection process because long terlatiostawill
tend to favor capital intensive systems with low operating costs, while short te
installations will favor low capital cost systems with higher operatosgsc

Western Africa has frequently been plagued by politically instabdity, it is

during those times when it is critical for a hospital to operate. Sierreelt@sirecently
9



emerged from a decade-long civil war that disrupted all normal operations etfysoci
including electricity production and diesel fuel distribution. It is the de$ibeth the
system funders and users to minimize outside energy usage out of security coBgerns
limiting the amount of diesel fuel the system will consume in a year to 256%) btea
210-liter barrel a month, it is possible to create an optimization constrairnpanatng

the desire to limit diesel usage. This has the effect of encouraging thesatéa

system with larger solar arrays.

I ntroduction to HOMER and Hyrbid2

There are a number of ways to design a hybrid power system, each witlgvaryi
levels of confidence that the design produces a robust system. These mathealy c
from pencil and paper calculations using rules of thumb to sophisticated computer-
generated energy production and system dynamic predictions. Improper @desigac:
to reduced battery life and inability for the system to cover the aigtliemand. With
most solar systems, the batteries are the most delicate component ofdheasybt
finding replacements is a costly endeavor. Luckily a hybrid system caoige
forgiving than a solar-only system to the casual designer. The inclusion sk& die
generator provides a hedge against not designing enough battery storagyg cdpa
solar system. The drawback is that O&M and fuel costs will increadieses runtime
increases to protect the batteries from over-discharge. In short, optmiaatl system
modeling programs are important for minimizing the cost of power systéinsgt

renewable energy.
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HOMER

HOMER stands for Hybrid Optimization Model for Electric Renewables, @1ad i
stand-alone hybrid system optimization program released by the US Ni&eamewable
Energy Lab (NREL) in 2000. The program allows for flexible renewableggreg/brid
system design using a library of components that can be inserted into the system
including a diverse set of electricity generators, energy storagdoad options.

HOMER follows seven general steps for every simulation it performstem1S
HOMER reads the electric, thermal, and hydrogen load into memory. If thedoaan
hourly profile inputted by the user rather than a year-long dataset, théR@dds
variability to the profile to generate a synthetic annual dataset. Tdosesby
multiplying each hourly value by a corresponding value, athich is defined in
Equation 1:
a=1+6, +9, Equation 1
wheredy, is a randomly generated number between -1 and 1 picked for every timestep in
the synthetic dataset adglis a randomly generated number between -1 and 1 picked
once every 24 timesteps. HOMER generates one valdg filor each day in the
synthetic load dataset from a normal distribution with a mean of 0 and a standard
distribution of 0.15. Similarlyy, is generated from a normal distribution with a mean of
0 and a standard deviation of 0.2, but a unique number is generated for each 8760 hourly
demand value in the synthetic load dataset. In Step 2, HOMER compares the electric
thermal, and hydrogen load input into the program with the system’s ability to genera

electricity, thermal power, and hydrogen using renewable resources. B, SI&§MER
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decides if the battery bank needs to be charged or discharged and what levit® ope
the generator to satisfy the electrical load. In Step 4, the fossil fudlatge tequired to
satisfy the thermal and hydrogen loads is calculated. In Step 5, the perforaaabkes
from each timestep are totaled to create a yearly system perfathogncn Step 6, the
system’s yearly performance is then multiplied by the projecthemgid financial
parameters are used to forecast the project’'s NPV. In Step 7, the ptogpanback to
through Step 2 to re-simulate systems with resized components. Systems that do not
meet the project’s constraints on requirements such as operating reseach bus
maximum annual fuel usage, minimum renewable energy fraction, emission ditoits

are eliminated. The remaining designs are listed according to their NR\sensitivity
analysis is desired then in an extra step, Step 8, the simulation is rerun irety étm
Step 1 with modified inputs. A flowchart of HOMER simulation process can be found in

Figure 1.
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Optimization
Consfrainis

Figure 1: HOMER Simulation Flowchart

Hybrid2

Hybrid2 is a software program suite that models the performance of @ singl

hybrid power system. The suite was developed by a partnership between MREL a
13



UMass-Amherst and was released in 1996. The largest component of the Hybrid2 suite
is the system modeling software, but the suite also includes an economicticaicula
module, a data synthesizer, a data gap filler, and stand-alone modeler ofreatiadfe

current variable frequency wind turbine-water pump setup. Hybrid2 servegbttysli
different purpose than HOMER. Hybrid2 is designed to provide detailed component and
dispatch strategy modeling for more realistic system performanediowts for the

model to predict performance for any length of time be it a day, month, or yaahwit
calculation timestep being minutes, hours, or days.

Hybrid2 works by calculating the energy excess or deficit on an AC and DC
power bus for each timestep. Each timestep is broken into six general steps, but the
simulation may loop back to each step multiple times before the tinestulation is
complete. In Step 1, Hybrid2 calculates the available renewable power pidjuite
hybrid system on the AC or DC bus using an available renewable energy retstass
loaded into the program by the user. In Step 2, the net load on each bus is calculated by
subtracting the available renewable power from the load. For Step 3, ifdlzepesitive
net load on either bus, power is transferred between the AC and DC bus factoring in the
bi-directional inverter’s performance characteristics. In Step 4jrthdagion will
dispatch power to a particular bus that still has a positive net load. The dispatedystr
will dictate how much power will be withdrawn from the battery bank or from tleedie
generator. Next Hybrid2 calculates the system losses and notespéeesigrgy deficits.

In Step 5, if there is excess energy on either bus then it is sourced to either secondary
non-critical loads or dump loads. The results of the timestep are recorded arnthen t

process repeats itself for the next timestep. In Step 6, Hybrid2 sums up timpede
14



parameters from each individual timestep such as diesel consumption, demand, and
production. The financial information loaded by the user is then used to extrapolate one
year’s performance out for the life of the project. A flowchart of thellsinon process

is found in Figure 2.

Hybrid2 is particularly well suited for modeling systems with sophisticate
dispatch strategies. Hybrid2 has 13 parameters that can be modified in ordate@cre
customized dispatch strategy, while HOMER only has 2. The simulations resuhea
fed into an economic module calculation that is able to provide greater flexibittye’s
analysis than when using HOMER. One large limitation to Hybrid2 is that it isnot a
flexible as HOMER in terms of system design. Hybrid2 was primarilygdesito model
systems with wind, PV, and diesel components. Hybrid2 does not allow for the inclusion
of both a generator and a grid connection in the same model. This limitation hregans t
Hybrid2 cannot be used to simulate the 50 Hz system unless it is during a time period

when it is known there is going to be either no grid electricity or no generatgpe.us

15



Figure 2: Hybrid2 Structure Flowchart

16



Assessment Trip Electricity Demand Evaluation

A three week assessment took place at the Mercy Hospital in September 2008.
Roughly a week’s worth electricity usage was recorded for both the hospitéleand t
hospital’s research lab. Electricity usage was recorded every hawgdneSeptembef™7
and September $22008 using an Elite Pro datalogger. It should be noted that both the
Hospital and the Lab receive three-phase power, but the datalogger was ordy able t
record electrical demand on two of these three phases powering the hospitder bo or
produce a conservative estimate of the daily power demand for each strhety@yer
demand on the unrecorded phase was assumed to be equal to the greater of the two
recorded phases. The total estimated energy usage for the hospital is shown in

Figure 3.
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Figure 3: Elite Pro Hospital and Lab Assessed Elegtal Demand

The average hospital demand in

Figure 3 is 50.1 kWh a day, and it changed only slightly during the week. Thecgiect
demand of the hospital's research lab was measured separately from tked'fospi

demand. The hospital’s research lab had a large day-to-day variationtiicigjec

demand, but an average demand of 33.6 kWh per day. The datalogger suggested that the
combined average electricity demand for the hospital and lab was 83.4 kWh per day. In
order to verify that the datalogger captured representative data and to check the

assumptions made about the magnitude of the unmeasured thirdphase, a second weekly
18



demand profile for the hospital and the lab was constructed using an audihef all t
equipment within the hospital and interviewing the local staff. The weeklygsofil

derived from the audit and interviews can be seen in Figure 4.

Weekly Energy Usage As Described By Local Staff
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Figure 4: Hospital and Lab demand calculated frommterviews

The interview-based load data suggested both that the hospital and lab have a
smaller combined demand and the ratio between the hospital and lab’s demands were
different than that suggested by the datalogger data. The average inteviesd load
was found to be 56 kWh per day for the hospital and 11.1 kWh per day for the lab. The
total interview-based demand was 67.1 kWh per day. A hypothetical hourly load profile
was created that averaged split the difference between the intervied/dras

datalogger-based weekly profiles. The hypothetical hourly profile also tookcictorat
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anticipated seasonal changes to the load demand. This hourly profile was thesh ente
into HOMER for the optimization. The daily demand total for this profile is 73.2 kWh

and is shown in Figure 5.
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Figure 5: User inputted 50 Hz hourly profile and satistically-modified HOMER profile

While HOMER allows the user to input a single hourly profile, it appliessttat
variability over the profile to create hours of unexpected peak demand and dageiof la
sustained demand while still ensuring that the average demand is still thassdrae
input profile. The user controls the amplitude of the stochastic variation of theAead.
described in theilOMERSsection above, there are two user adjustable varialasdody,.

For this study these parameters are left to the default standard devidiiab ahd 0.2,
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respectively. Figure 5 shows the statistically modified HOMER prtfdé the program
generates.

Accompanying the installation of the new power system into the hospital was an
upgrade of the Mercy Hospital research lab’s equipment and capability tosiéag
respiratory diseases. Much of the equipment needed for this upgrade is dalyl@ar
purchase in North America, meaning that there is a significant demand for602a¥
power. This load was quantified through interviews with the scientists in cHarge o
running samples and information from the nameplates of each appliance. Unfbrtunate
it was not possible to confirm the total energy draw of a typical sample runausing
datalogger because the experimental setup had already been broken down for transit to
Sierra Leone by the time the assessment had taken place. TheexXmesty profile of
the 60 Hz electricity demand is graphed in Figure 6. The modified HOMER prarile ¢
also be seen in Figure 6. The added daily demand from the new researcheatjuipm

anticipated to be 21.5 kWh per day.
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Figure 6: Anticipated 60 Hz hourly profile with HOM ER profile overlaid

System Setup

As a result of the voltage and frequency requirements describedDiediiga
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Criteria section, the power generation system will consist of two nearly identica

subsystems: a 230V 50Hz hybrid system that connects to the grid with a diesatagene
backup, and a 120V 60Hz hybrid system that connects to a backup diesel generator.
While wiring up the hospital with 120V 60Hz power in parallel to the pre-existing 230V
50Hz power supply is an added cost, it is beneficial on many levels: 1) The higspital
filled with various socket adaptors and transformers that lead to confusion within the

hospital staff and creates a never-ending stream of e-waste whizorétscare plugged
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into the wrong voltage. By providing the proper three-prong American bladed low
voltage plug with 120V 60Hz power, the hospital staff will get into the habit of plugging
the proper appliance into the proper plug and will reduce the number of burnt out
equipment. 2) Changing the frequency of a power supply is not trivial and without the
proper frequency, research equipment may operate out of specification. Falmedic
equipment which has to operate on 60 Hz, there are only two ways to utilize 50Hz power:
use a motor-generator or rectify the 50Hz power into DC power and then invarhgesul
DC power into 60Hz alternating current. Both methods result in a reducednefficia)

By installing two independent power subsystems, the power supply to the lab is
redundant and lab operation is able to continue even if one system failed. With a few
adjustments, mission critical cold chain loads could be transferred framtya fa
subsystem to an operating subsystem averting the costly loss of sangpteagents.

With the exception of batteries, diesel generators, and wind turbines, HOMER
will not compare different models of components in a single optimization run. For
example, HOMER will not compare one brand’s solar panels with another in arsingle
HOMER will only vary the size of the solar array. This requires the user toulliphe
optimizations, each with a different brand of panel and compare the NPV of various
optimization runs. In order to reduce the number of optimization runs presented in this
thesis, the make and model of each component has already been pre-determined.

The heart of the hospital and lab’s new power system is a pair of SMA Sunny
Island (SI) bidirectional inverters (SMA Solar Technology AG, Niest&atmany).

The SI15048 is a 230V 50 Hz inverter and the S1 5048U is the 120V 60 Hz version. Both

inverters have a nominal capacity of 5kW, but are capable of limited operatigheat hi
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power demands. The SI 5048 is connected to a transfer switch that allows either a
backup generator or the utility grid to power the hospital load and rectharbattery
bank at the same time. The inverters will only connect to an outside AC power source if
the voltage and frequency of that source are within a user-specified wiNdban not
connected to an outside source, the inverters will draw on the battery bank to produce AC
power. The SI5048U setup differs from that of the S1 5048 in that it is an off-grid
subsystem and only receives backup power from a generator. Electrstayeid in both
systems by strings of 12 4KS25PS Rolls/Surrette deep cycle flooded |dduhteries
(Surrette Battery Company Ltd., Nova Scotia, Canada) connected togetbeesn Jhis
creates a 48V DC bus which is required by the SI 5048 and 5048U. The optimization
study helps the designer decide on the number of strings to connect together. The
4KS25PS is a 4V battery with a 20-hour capacity of 1350 Amp-hours.

A pre-existing generator will be incorporated into the 50 Hz subsystem and a new
generator will be bought for the 60 Hz system. The pre-existing genisratbarster-
Petter diesel LLD 190 generator (Lister Petter Limited, Durslé&y), U'he Lister-Petter
generator is comprised of a LPW4 diesel engine coupled to a Leroy Sqruoler USA
37 SHUNT alternator that has been rewired from 3-phase to single phasat Ci
protection is in place to limit the alternator’s output to 12.2 kW. Utility power is
provided by the BKPS in the form of 230/380V-50Hz service to the hospital. HOMER is
used to select between two Cummins generators (Cummins Power Generagiocedm
Minneapolis, USA): the DSKAA and the DSKAB. It is possible to do this in HOMER
despite the fact that it has already been stated that it cannot comparenbeio/e

different models because these generators utilize the same engine fibiatcawnath
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different capacity alternators. This allows users to input the samerparfoe parameters
for both generators and have HOMER vary the size during runs. The DSKAA is rated
for 9.1 kW and the DSKAB is rated for 13.6 kW.

The operation and maintenance (O&M) cost of a hybrid system is dominated by
the diesel generator, but no records were kept of the expenses of servicingahe dies
generator. Thus, the Lister-Petter's O&M cost is estimated based contiparably-
sized DSKAB Cummins diesel generator. Expenses included for the estinratibe a
cost of replacement parts for the first 5000 hours and lubricant. Parts and lubricant for
the generator are calculated to be $1.00 per hour of generator operation.

Due to budgeting and logistics, it is necessary to install the two new systems in
several phases. The initial phase for the 60 Hz system consists of a ciesatarea
battery bank, and an inverter; hence the description “Diesel/Bat” hybridrsy3tee
initial phase for the 50 Hz system is similar to the 60 Hz system, but also inaludes
connection to the local utility, and thus is described as a “Diesel/Bat/§stEm. The
second installation phase for the 60 Hz system calls for the incorporation of 8.8ma
kW, solar array into the hybrid system. This system is called the “Dies&N8’ hybrid
system. Unfortunately, due to budget and logistic constraints, the installatientafo
hybrid systems never progresses past the 50 Hz “Diesel/Bat/Grid” 60 tHe
“Diesel/Bat” systems during the course of the project.

The original solar panels projected for use with both systems were SRalp’s
U235 F3 panel (Sharp Electronics Corp., Mahwah, USA). Each of these panels has a
peak power rating of 235 W. In the optimization model, these panels are arranged in

arrays that corresponded to the largest number of panels that can be connddi&d to S
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Sunny Boy 3000/4000 and 5000/ 6000/ 7000/8000 family of inverters. Figure 7 shows
the 50 and 60 Hz subsystems in two different configurations: “Optimum” for the 60 Hz

and “Diesel/Bat/Grid” for the 50 Hz.

50 Hz Powerhouse
Ol
AC Power Metgr Transfe:r Switch Loads
Bo-Kenama Power Supply:
Local Uitility
Battery Bank
60 Hz Powerhouse 60 Hz Lil? \

Genegrator

.

515048 fnverter

Sunny Boy Inverter
Battery Bank

Figure 7: Examples of Subsystem Setup

26



Climatic Data for Bo, Sierra Leone

Mercy Hospital is located within Bo, Sierra Leone at 7° 58’ 35.86” N and 11° 44’
14.26” W. Bo is the second largest city in Sierra Leone and is 110 miles ESE of
Freetown, the capital. The weather in Sierra Leone can be characterlzsicaad
humid, and there are only two seasons in Sierra Leone: a wet season and a dry season.
Each lasts roughly 6 months; the wet season starts in April and ends umii thie e
September, and the dry season is from October through March.

To predict solar energy availability at the hospital, the National Raivlew
Energy Lab (NREL) Climatological Solar Radiation (CSR) Solar Maslabed [13].

The model uses geographic location, cloud data, atmospheric pressure, water vapor
content, and aerosol content to produce a 40 km by 40 km grid of monthly averaged
insolation data in the area of interest. The model originally was craedacedfied for
predicting North American insolation but it has been expanded using global data. The

average daily global insoluation of Bo is shown in Figure 8.
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Daily Solar Insolation
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Figure 8: Flat Plate Solar Insolation based on NREIs Climatological Solar Radiation model

An estimated hourly temperature profile is generated for the optiorizstiidy
from a daily temperature record of Freetown. The National Ocean and Atmosphe
Administration (NOAA) has access to the Global Historical ClimatoMgiwork which
archives datasets that include the max and minimum dry bulb temperature dor Lun
Airport, the only weather station relatively close to Bo, Sierra Leotiepublically
available data. Lungi Airport is the international airport servingtbvae The dataset
spans 36 years, but is incomplete necessitating the author to generate amaaibrag
temperature profile. A sinusoidal hourly profile is then fit to the averaggdhigh and

low dry bulb temperature. This hourly profile is then used in HOMER and Hybrid2
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predicting models. A chart of the high and low daily temperatures can be fouigdiia F

9.

Average Daily Temperaturesin Freetown
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Figure 9: Averaged Daily High and Low temperaturesfrom Lungi Airport compiled between 1973

and 2009.

Theory and Calculations

The aim of this thesis is to quantify the Operational Cost savings thabhrede
as a diesel system is converted into a hybrid system. Operating Coslastsite
levelized Cost of Electricity (COE), but has the capital and replacemestafasach
component removed because these costs can only be calexiatest facto The COE

derived by HOMER and Hybrid2 includes the capital cost and the replacemeat cost
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each component over the life of the project, but in order to compare experimental data
with the optimized results a new parameter is created: Operational Costtef'sy
Operational Cost includes: diesel fuel expenses, system O&M expenses eBEénses,
and electrician’s salary.

To aid in this, HOMER and Hybrid2 are used to output hourly readouts of
roughly 30 parameters. These parameters include: total annual load, annual production of
all generators (diesel, solar, BKPS), power flow into and out of the invertergssed |
These outputted parameters are then used to calculate the results it thablgyh Table
7 and Table 16 though Table 18. These tables are organized into three géagoakesa
energy tables, efficiency tables, and financial tables. The energyiqiara are outputs
of the modeling problems and are used for calculations in subsequent tables. The
efficiency parameters are calculated using the energy dataydnde the generator
efficiency, roundtrip battery efficiency, both charging and dischargingrtiewvefficiency,
and the “well-to-electrons” efficiency which is a measure of how mudtheofiiesel
fuel's energy is converted into electricity used by the load. The finables teontain a
mix of parameters that are output by HOMER and Hybrid2 or calculated fromehgye
table, such as Operational Cost. In order to calculate the efficiencynandiél
parameters, several intermediate parameters are calculatesk ifteemediate
parameters are defined below.

The first intermediate parameter to be calculated is the totalyec@ntent of the
diesel fuel consumed during the dataBgtse; mont{in Joules):

E *LHV,

dieselmonth = Cmonth diesel Equation 2
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whereCnontnis the kg of fuel consumed by the generator in the dataset.qdskli€ the
lower heating value of diesel fuel which for this study was taken to be 43 MJ*kg
The next parameter of importance is the monthly average generator effjcien

ngen It is calculated here:

_ Eg,month
n gen — E.
dieselmonth Equation 3

Eg.monthiS the monthly energy output by the generator. The monthly average generator
efficiency is calculated rather than an instantaneous efficiency dhe tmnstraints of
the instrument.

One of the methods to calculate the average battery roundtrip chargingiefficie

is given by:

(E t EI disch: ) -
n — inv,ou oss discharge Equation 4
B,round (Einv,in - E|oss,charge)

whereE;n, outiS the inverter/charger’'s monthly energy output of the battery bank in
Joules, and s gischargdS the sum of the lost energy while discharging throughout the
dataset.Ej. in is the inverter/charger’'s monthly energy input into the batteries in Joules,
Eloss,chargelS the lost energy, in Joules, while charging the battery bank summed over the
dataset. [ss,dischargedNdEioss charge@l® found by using the instantaneous efficiency curve
published by the manufacturer of the inverter/charger [14].
An alternate equation of the battery roundtrip efficiency which is used wherziagaly
Hybrid2 results can be found in Equation 5.

E

(E +E

combgloss loss discharge Iosscharge)

E

Meround = 1— Equation 5

inv,in
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Ecombo losslS @ parameter created by Hybrid2 that is the total losses associdted wit
charging and discharging the battery bank including inverter losses.

In order to store and then provide energy to a load, energy must pass through the
inverter twice; once when charging the battery bank and again when dischheging t
battery bank#inv,charge@Nd7iny discharge@lr® the monthly average single trip efficiencies
while the inverter is charging and discharging the batteries. Thealkdated in

Equations 6 and 7.

(Exin ~ Enossanarge)
_ inv,in losscharge .
TTinv.charge = E Equation 6
inv,in
(Exvou — Essasrarge)

_ inv,out loss discharge .

Minv,discharge = E Equation 7
inv,out

The electricity generated by the diesel generator is utilized eithtbebgverter charging

the batteries or directly by the loads within the hospital. Both the absorbeeinvert
energy Egeniny @and the total monthly generated electridiysn, mont are directly

measured by the SMA SI 5048. The generated electricity consumed by theglaady

is calculated through the use of Equation 8. The unit of all three variables in Equation 8
is Joules. Note thdyen,inviS NOt the same &S,y in; the latter also includes electricity
purchased from the local utility company while the former does not.

E =E

E Equation 8

genload genmonth — —geninv

When the diesel generator produces electrical power, a portion is stored withatténg
bank while another portion is used to supply the hospital’s electricity demand. The
ultimate efficiency at which the generator and battery bank supply elgctoiche

hospital is dependent on the battery storage efficiency, the generatoianeff, and the
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fraction of energy that is used immediately versus stored for later gsatidh 9 is used

to calculate this “Wells-to-Electrons” efficiency of the hybridteyn.

* * *
_ (Egenload + UB,C ninv,charge ninv,discharge Einv,iry
Edieselmonth

T4 Total = Equation 9

Many authors have assumed that the relationship between diesel fuel consumption and

power output is linear, similar to that found in Equation 10 [1, 15-16]. V\)f'%?lse is

the fuel volumetric flow rate in meters per second, Bjid the power output of the
alternator in Watts. The setup currently lacks the equipment to measuoashents:

andp, but both Cummins and Lister-Petter published data that give fuel consungption f
various loadings [17-18]. The valuesooéndp for the Lister-Petter are 8.2*0
m**s*kW ! and 5.56*1F m*s™, respectively. For the Cummins, these parameters are
9.5*10° m*s™*kW ! and 2.9*10F m*s™ respectively.

K

iesel —

ar Eg B Equation 10
The absolute cost of providing electricity to the hospital is of interest natadi
audience, while a wider audience is interested in the per kWh OperationaicCastd
to the hospital. The Operational Cost of the hybrid system or the diesel-celyn xeer
the entirety of either dataset is given in Equation 11.
¥ oc
—

OC= 1t ik . Equation 11

> DL

1

OC s the Operational Cogt,is the number of days in the dataset, angl; P§tand for
the daily cost of the O&M costs, fuel cost, and purchased electricity Dbss the
logged daily load in kWh.
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Uncertainty Analysis

Before conclusions can be made about the savings attributed to the hybrd syste
in Mercy Hospital, it is necessary to highlight the uncertainty with HOMERrid2,
and the experimental dataset. There are three main sources of uncertaistygtuny:
measurement error due to the resolution in the inverter’s datalogger aimgettie to
the finite number of samples used by HOMER when it creates the synthdtital@set,
and a possible measurement bias that resulted from conducting equalizaty@s cha
during September 2009. All uncertainty intervals are calculated to a fe3®Ipercent
or better.

When HOMER generates the annual synthetic load data from the expeliynenta
derived hourly profiles, it introduces a stochastic randomness into the daily lnaddle
When introducing this randomness HOMER maintains the mean of the inputted hourly
profile, but only over the annual dataset. When only looking at a few days or wegks, it i
necessary to quantify the mean load difference between HOMER and#rerental
data. HOMER'’s synthetic load generation is based on the creatignvbfch is
described in Equation 1. Withinare two parameter§, anddg, which are randomly
selected from normal distributions with mean values of 0 and the standardohesvadti
0.2 and 0.15 fod,, anddg, respectively. Over the course of a day, there are 24 selections
of o, reducing the uncertainty associated with the average vatige ®he uncertainty
range associated with is:

_0,*196

u. =
h \/N

Equation 12
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oh IS the standard deviation for the normal distributiof,pN is the number of times,
is selected in a day (24), and 1.96 is the standard deviation interval required for 95
percent confidence with a normal distribution. The value, @ t/- 0.08.

A value fordy is only selected once a day, so the uncertainty associated with it is
larger. It is given by:
Uy, =04 *196 Equation 13
wheregy is the standard deviation for the normal distributiofofThe value for yis
+/- 0.29.

Both &, anddy are independent variables so their uncertainty does not
arithmetically add to yield the total average daily uncertainty for theevafa. Instead

the total average daily uncertaintyogfu,, is given by:

u, = \/u,f + uj Equation 14
The value for yis 0.30. The value,us not the same as the uncertainty, in kWh, of the

load demand over a specified number of daysis the uncertainty introduced by

HOMER over N days.

_Ua*O't(N)*E

u
H \/ﬁ

L is the average daily demand over N days,a(i) is the interval associated with the

Equation 15

double sided 95 percent confidence level of a Studdistribution with N degrees of
freedom. As seen in Equation 15, the uncertaimty HOMER introduces is not an
absolute quantity, but is dependent on the lengthl@ad of the dataset one wishes to

analyze.
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The power measurements taken by the S15048 inteedatalogger are limited to
a resolution of 0.1 kW. The uncertainty associatéh the resolution of an instrument

can be described by a uniform distribution. Theeautainty is given in Equation 16:
u = max__Tmin, Equation 16

Xmax IS the upper bound of the uniform distributior, 3kW in this case, andq is the
lower bound, or 0.05 kW when calculating the uraiaty of the datalogger resolution.
When the error in Equation 16 is integrated overdburse of the day, the result is an
uncertainty just due to the datalogger’s resoluisof/- 1.2 kWh per day.

Finally, the last significant source of error tealiss is that due to the energy that
was consumed during an irregular battery conditignest. While data for both systems
were being recorded in September 2009, non-regudantenance was being conducted
on both battery banks in an attempt to reverseilplessapacity reduction in the cells that
had resulted from atypical abuse of the batterkb#&wver the course of the 17 days
several equalization charges were used to stressethelectrodes and encourage the
reversal of sulfurization, which is the process kelhg PbSQ crystals on the cell
electrodes harden decreasing the active electuotkcs area. The inclusion of the
equalization charges in the performance data reptes bias error. During an
equalization charge, electricity enters the bajtewy the energy is used to both heat up
the battery and electrolyze the sulfuric acid witthie battery. Failure to remove this
energy error bias from the dataset throws off diesesumption and grid purchase
calculations as well as battery bank and geneddticiency calculations. The amount of

energy that is lost due to electrolyte gassingisr@ated by calculating the energy that
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continues to enter the battery after the datalaygete that the batteries have reached
100 SoC. The reason for the uncertainty in thisnegion is the inability to precisely
predict when 100 SoC occurs. However, this estongirovides the maximum wasted
energy allowing the unknown bias error to be bodral®d a resulting uncertainty to be
calculated. By assuming that the potential vafoeshe wasted energy fall within a
uniform distribution with a minimum value of 0 k\WW&hwasted, the uncertainty can be
calculated in Equation 16.

It is believed that, at most, 108 kWh's of eledtyiavas dissipated by conducting
equalization charges on the 50 Hz system. Thisuatr@presents 16.2 percent of the
total demand recorded for three week in Septenamer not accounting for such a large
fraction of the electricity purchased from BKPSgenerated by the Lister-Petter makes
the batteries appear to be a much less efficieragé medium than they actually are.
The uncertainty associated with the 50 Hz systemisalization chargese tonz IS +/-

54.0 kWh'’s. The equalization charges for the 6Gsiftem totals 111 kWh, thus the
additional uncertainty with the 60 Hz Wet SeasQmouk is +/-55.5 kWh's.

Ultimately the goal of calculating the uncertaiagsociated with the HOMER
and experimental loads is so that it is possibleatoulate the uncertainty of the
Operational Cost. It is assumed that there isno@dainty associated with the O&M and
fuel costs for any dataset. This allows the foarfol the uncertainty of the Operational

Cost, W, to simplify into the form:

ocC
Ugc = * ZU Equation 17

S DL ™
1
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OC and DL are defined in Equation 11, apdsithe uncertainty associated with the

inverter resolution andus the uncertainty with the equalization charges.

System Optimization and Selection

The number of parameters and the number of potesaiiaes that those
parameters can take determine how complicate@pteliand time consuming an
optimization study will be. There are 4 designgpaeters that can be modified while
optimizing the 50 Hz system and 440 potential desiternatives to be examined. The
60 Hz system optimization contains 5 design pararaetnd 1320 potential design
alternatives. The extra parameter found in thelB@ystem is the diesel generator size.
Table 1 and Table 2 show the optimization pararadterthe 50 and 60 Hz systems,

respectively.
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Table 1: 50 Hz Optimization Parameters

Component Design Points
PV array 11
Inverter/Charger 5
Battery Bank Size 4
Dispatch Strategy 2
Total Potential Designs 440

Table 2: 60 Hz Optimization Parameters

Component Design Points
PV array 11
Inverter/Charger 5
Battery Bank Size 4
Dispatch Strategy 2
Diesel Generator Size 3
Total Potential Designs 1320
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While it is obvious that component size affectsitedgost, Operational Cost and
component size are also interconnected. The sntl#esolar array, the more energy will
need to be generated by the diesel generator ghibdnom the utility grid. As the
battery bank is sized smaller and smaller, less ggdnerated electricity can be used
during the night or on cloudy days, again necessganore electricity from the diesel
generator or utility grid. The inverter/chargesige is important because the solar array
outputs AC power and the inverter/charger partidittates both how quickly the battery
can be recharged and how much battery power isadaito fulfill load. If the inverter
is too small to completely power the load, theni@galtal power must be sourced from
either the diesel generator or the utility gricheTsize of the diesel generator both limits
the maximum electrical power that can be sourcewh fihe generator and influences how
efficiently diesel fuel is converted into electtyci

In addition to sizing the components of the hylsiydtem, HOMER also does a
comparison between two simple dispatch strategtf8MER’s two dispatch strategies
are: Load Following and Cycle Charging. Load Relltg turns on the diesel generator
when power cannot be sourced from renewable ersengrges or the batteries and only
operates the generator at a level sufficient toggdhe load, but not the battery recharge.
Cycle Charging operates the generator either winemenewable energy sources cannot
source enough power to the load or if the battankineeds charging. The generator is

operated at a level to satisfy the load and chtdrgédatteries as fast as possible.
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Optimization Results

The 50 Hz HOMER model assumes that BKPS availahilityes with the season.
BKPS generates the majority of its electricity gsirydro-electric plants, so when
reservoirs are full during the rainiest monthsydarnd August) grid power is available 24
hours a day. During the driest months (Decembeutih February) the lack of water
reserves to run the hydro-electric turbines melheretis no grid power. The other
months of the year are considered transitional heahd BKPS power is available 6
hours a day. In addition to the O&M costs of eagimponent, a miscellaneous O&M
cost of US$724 is added to the anticipated anmgtscUS$500 of this represents the
salary of the electrician that is needed to maintla¢ system. The remaining US$274 is
to account for the BKPS monthly meter rental f8@me hindsight is also used to
account for balance of plant costs and installatmsts; for the 50 Hz system these total
to US$26,300. Using these additional inputs aedctipital and Operational Costs of
each system component, a single optimum desigelested from a total of 440 possible
designs. The component sizes are listed in Table 3

Table 3: Optimum 50 Hz System Sizing

PV Array Size 21 kwy

Inverter/Charger Size 10 kw

Battery Bank Size 182 kWh (2 strings of 12)
Dispatch Strategy Cycle Charging
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The 50 Hz system is designed to satisfy an anoaal bf 26,720 kWh. The PV array
generates 70 percent of the total generated enetalg the generator generates only 7
percent of the total generated energy. The balsnoeught from BKPS at roughly
US$0.262 a kWh. The generator operates a tobhours each year and consumes
823 liters of fuel.

The initial capital required to install the optinsistem is US$137,300 which
includes the cost of the battery bank, solar airasgrter, generator, and shipping and
installation expenses. Figure 10 shows how much eamponent costs as a percentage

of the capital cost.

Breakdown of 50 Hz Optimized System Capital

Cost By Component
Sh';ﬁ'ng Labor
Battery Bank “ 4% Replacement Parts
21% 2%

Halance of Plant
9%

Inverter
6%

Solar
53%

Figure 10: Component Cost of 50 Hz System as Perdage of Capital Cost
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The NPV of the 50 Hz optimal design is US$246,20@ad over 15 years. Figure 11
shows the component cost as a percentage of thetdtB\project cost. The cost of
components change as a result of the need to eeptats, ongoing O&M costs, and fuel

costs.

Breakdown Of 50 Hz Optimized Net Present
Value By Component

Salary Shioping Labor

Diesel Generator Replacement
99, 3% 3% Balance of Plant

Figure 11: Component Cost of 50 Hz System as Perdage of Total Project Cost

The optimized PV-diesel hybrid system saves rougt8$225,900 over the diesel-only
baseline, which has an NPV of $472,000.

The COE from the system is US$0.61 per kWh, whicthné NPV of the project
divided by the total electricity delivered to tloadt over the life of the project. The
Operational Cost for the 50 Hz system is US$0.X&\#h, and is broken down in

Figure 12.
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5018 Opmitized System Operational Cost Breakdown
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Figure 12: Per kWh cost of Operational costs for bdt 50 and 60 Hz systems

The 60 Hz system is a completely new system tliabesinstalled into the
hospital and is to be completely off-grid. As awsystem, the generator size is now a
design parameter that HOMER has to include in thienagpation making a total of 5
design parameters in the 60 Hz optimization stuly.seen in Table 2, HOMER will
pick the design with the lowest net present vatomf1320 total potential designs. The
60 Hz system has the same US$500 per year techisigiary cost as the 50 Hz system
because it is assumed that the electrician wiit 8pgir time equally among the two
systems. The BKPS monthly meter rental fee ismmbtided because the 60 Hz system is
off-grid. The balance of plant and installatiorstsoof the 60 Hz system totals to

US$27,070; a little larger than for the 50 Hz systeAfter the optimal system is found
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using HOMER, the system performance is checked Mytbrid2 to see if the two
programs predict noticeably different performancé eosts.

According to HOMER, the Optimal 60 Hz system is saum&t smaller than the
50 Hz system, but this is logical since the loachded is less than a third that of the 50
Hz system. The optimum 60 Hz system is detaileGaible 4.

Table 4: Optimum 60 Hz System Sizing

PV Array Size 7.8 kW

Inverter/Charger Size 5 kW

Battery Bank Size 91.2 kWh (1 string of 12)
Dispatch Strategy Cycle Charging
Generator Size 9.1 kW

The 60 Hz system is sized to supply an annualredattdemand of 7,850 kWh, of
which HOMER predicts 92 percent comes from the Re8yar HOMER also predicts that
the generator operates 154.0 hours and burns Bi&2s3of fuel each year. The
distribution strategy for the Hybrid2 model allotie battery bank to be completely
charged every 2 weeks according to the manufatuerommendations, while
HOMER distribution strategy does not. The resulihas is that more power is generated
from diesel fuel at the expense of PV. Accordimdfibrid2, only 89 percent of the load
is satisfied by the PV array. The generator asoth operate longer and burn more fuel
each year: 250.0 hours and 405.3 liters. The @agist of the 60 Hz system is
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US$83,800, and Figure 13 shows the percentageeafapital cost each component

represents.

Breakdown of 60 Hz Optimized System Capital
Cost By Component

Generator Shipping
10% 8%

Labar

Replacement Parts

Battery Bank
y 6%

18%

Inverter
6%

Salar
34%

Figure 13: Component Cost of 60 Hz System as Perdage of Capital Cost

HOMER predicts the total net present value for B&1@ system over 15 years is

US$122,500. Hybrid2 does not differ greatly fro®@MER in predicting the 60 Hz

system’s net NPV. Figure 14 shows each compongr@nse as a percentage of the total

project's NPV. The savings over the life of thejpct by installing the hybrid system
rather than simply relying on a diesel generaterl#$230,900 according to HOMER,
while Hybrid2 predicts the savings are greater: 2/8$500. The levelized COE is
US$1.04 per kWh. The Operational Cost of the 6G¥ytem, both HOMER’s and

Hybrid2’s predictions can be seen in Figure 12.
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Breakdown Of 60 Hz Optimized Net Present
Value By Component
Salary Shippirg

6% 5y, Labor
5%

Diesel Generator Replacement Parts

13% 4%
Balance of Plant
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Battery Ban
25%
Solar

26%

Inverter
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Figure 14: Component Cost of 50 Hz System as Perdage of Total Project Cost

Table 5 shows the predicted electricity demandegsion, and diesel generated
electricity by all three optimized systems over tbherse of a year. Table 6 shows all the
relevant component efficiency values for both thamal 50 and 60 Hz systems. Table 7
shows the NPV of the optimal designs as well a®uarcost subdivisions, COE, and

Operational Cost.
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Table 5: Optimization Results Energy Table

System Dataset Program AC Primary Load Grid Electricity PV Energy  Generator Production Diesel Consumption Generator Operation
kWh/yr kWh/yr kWh/yr kWh/yr L/yr hrs/yr
60 Hz Optimal HOMER 7,848 NA 9,287 766.0 272.3 154.0
Predicted Hybrid2 7,848 NA 9,254 1,091 405.3 250.0
Optimal
50 Hz . HOMER 26,720 8,168 25,330 2,544 822.9 361.0
Predicted

Table 6: Optimization Results Efficiency Table

System| Dataset  Program  Generator  Bat.Round Inverter Efficiency Well-to-Electrons
Efficiency  Trip Efficiency Charge Discharge Efficiency
60k Optimal HOMER 28.2% 80.0% 91.0% 91.0% 20.3%
Predicted Hybrid2 27.5% 92.7% 89.3% 86.6% 25.0%
Optimal
50 Hz . HOMER 31.6% 80.0% 91.0% 91.0% 24.1%
Predicted
Table 7: Optimization Results Finance Table
System Dataset Program NPV Initial Cost Replacement Cost Fuel Cost O&MCost ~ COE  Operation Cost
$ $ $ $lyr Shyr S/kWh  $/kWh
60Hz |Optimal Predicted HOMER $ 122533 § 83838 $ 23,165 S 345 $ 690 $ 104 $S 0.13
Hybrid2 S 126016 $ 83,838 § 23,165 S 540 S 790 S 107 S 0.17
50Hz |Optimal Predicted HOMER S 246,191 $ 137,311 § 3,748 S 3185 S 1,157 S 061 S 0.16

Design Sensitivity Analysis

The optimum design depends on the interplay betweearal important input

variables. In an environment where these inputscbange, it is useful to know how

sensitive the optimum design is to the variatiotheSe variables. Two separate

sensitivity analyses are conducted in this thésesdesign’s dependency on load and the

design’s dependence on several generation cosis first sensitivity analysis looks at

how component size and dispatch strategy chartge ibad demand for the 50 and 60

Hz systems are larger or smaller than expectedyséem designer may wish to install a

hybrid system in stages to gain design flexibilityight of higher or lower loads than

48




expected. A designer in this situation would denested in knowing how module
components (solar and inverter) and non-modulampoorants (generator and battery
bank) change over a range of possible loads. ddmslused in the sensitivity analysis
are listed in Table 8.

Table 8: Load Sensitivity Input Table

Load Percent 60 Hz System Loads 50 Hz System Loads
kwWh/day kwWh/day

150 % 32.3 110

125 % 26.9 91.5

100 % 21.5 73.2

75 % 16.1 54.9

50 % 10.8 36.6

25% 5.4 18.3

Based on the resulting optimal designs giventHer@0 and 50 Hz in

Table 9 and Table 10, there are a few loads whiatkmajor changes in both systems’
design. Table 9 shows that at low loads (<16.1 ki&¥), the optimal 60 Hz system is
solar-only rather than a hybrid. Above that Ioae optimal system is a hybrid system,
but only the solar array size changes not the tavsize or battery bank capacity. A
designer may choose to initially install a solalysystem and add a diesel generator
later, but there is the drawback to this approdtkhe load is larger than 16.1 kWh/day
and the system lacks a diesel generator, the 68/stem will suffer brownouts when

solar insolation is low. If a designer choosem$tall a generator with a battery bank, a
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“Diesel/Bat” configuration, then the load analysi®ws that the optimum design will
never need more than 1 string of batteries and/ ibkerter.

As the average daily load demand increases fds@hdz system, optimal solar
array size reaches the upper limit of what is tidgasible to install at Mercy Hospital
(21.1 kW) when the daily load demand reaches 78/B/day. As a result, there is a
trend in Table 10 where the optimal hybrid systeba@tery bank and inverter start at 1
string and 5 kW, double in size, but then reduck lslown to the original 1 string and 5
kW inverter at the highest load (110 kWh/day). ti¢ highest load HOMER has also
eliminated all systems that utilize the grid. Thest common reason that HOMER
eliminates a design alternative is if that desigeraative is unable to generate enough
electricity to satisfy the electricity demand witha timestep. Note that the optimal
system for the 110 kWh/day load requires the digsekrator to consume 8,200 liters of
fuel a year which is over the fuel limit statediwe Design Criteria section. In order for
HOMER to output a feasible design at this load eithe fuel constraint or the maximum
solar array size must be relaxed. As the dailg lmathe 50 Hz system decreases to 18.3
kWh/day, the optimal solar array size drops to kW6and the dispatch strategy changes
to Load Following. This strategy minimizes generatintime as well as ensures that
expensively generated electricity is directed ®ltad rather than lost as a result of the
inverter and battery bank inefficiencies. The drawek of this strategy is that it relies on
unpredictable renewable energy sources to rechiegeattery bank. The 50 Hz load
sensitivity analysis shows that a designer hastefally weigh the benefits and

drawbacks of the system’s battery bank capacitypattery bank’s capacity cannot easily
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be changed once it is installed and Table 10 shbatghe optimal number of battery

strings changes with load.

Table 9: 60 Hz Load Sensitivity Analysis Designs

Design Load PV Size | Battery Inverter Generator | Dispatch
(kWh/day) | (kW) Bank Size (kW) | Size Strategy

(no. of (kW)

strings)

A 32.3 13.2 1 5 9.1 Cycle
Charging
B 26.9 10.6 1 5 9.1 Cycle
Charging
C 21.5 7.76 1 5 9.1 Cycle
Charging
D 16.1 6.58 1 5 9.1 Cycle
Charging
E 10.8 5.17 1 5 None Cycle
Charging
F 54 2.82 1 5 None Cycle
Charging
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Table 10: 50 Hz Load Sensitivity Analysis Designs

Design Load PV Size | Battery Inverter Grid Dispatch
(percent) | (kW) Bank Size (kW) | Usage Strategy

(no. of

strings)
G 110 21.1 1 5 No Cycle
Charging
H 91.5 21.1 2 10 Yes Cycle
Charging
I 73.2 21.1 2 10 Yes Cycle
Charging
J 54.9 15.5 2 10 Yes Cycle
Charging
K 36.6 10.6 1 5 Yes Cycle
Charging
L 18.3 7.76 1 5 Yes Load
Following

The second sensitivity analysis conducted fordpismization study examines

how four cost parameters will change the optimatesy design. A two-level, four-

factor sensitivity analysis is used to look atitifuence of diesel fuel cost, electricity

cost, diesel generator replacement cost, and dieselrator O&M cost on the optimized

design. These four parameters factor into theivelaost difference between fossil fuel
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generation and renewable energy generation. HigHaw values for each variable are
input into HOMER, and the program re-runs the opation study for all 16
permutations. Table 11 shows the values of thie &gl low values of these four

variables that will be used during the sensitianalysis.

Table 11: Sensitivity Study Multipliers

Diesel Cost | Electricity | Generator Generator
(USS$/L) Cost Replacement | O&M Cost

(US$/kWh) | Cost (US$) | (US$/hr)

High Value $1.27 $0.52 $15,000 $1.00

Low Value $0.63 $0.262 $7,500 $0.75

While the optimal 60 Hz system design does not geavhen any of the four
variables are changed, the optimal 50 Hz systengrnetanges significantly depending
on the combination of variable changes that arenexed. The original optimal 50 Hz
setup is given in Table 12 as Design | with foderate optimum designs. Design
Alternate M is the optimum design for a number afasamostly involved when the cost
of electricity is doubled. Design Alternate N orztn the singular instance when the
diesel cost remains the same but every other Vangitchanged. On the flip side, Design
Alternate O is the optimum in the singular instamten the diesel cost is the only
variable that is changed. Design Alternate P acgenerally when the price of
electricity is fixed at its original value and degost is cut in half. Table 13 catalogues
the results for the 50 Hz system sensitivity analys
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Table 12: Alternate Optimum Designs

Design PV Size Battery Bank | Inverter Size | Grid Usage
(kW) (no. of strings) | (kW)

| 21.1 2 10 Yes

M 21.1 2 10 No

N 21.1 1 5 Yes

@) 18.3 2 10 Yes

P 13.2 1 5 Yes

Table 13: Sensitivity Analysis Results

Diesel Cost = $1.27/

| Diesel Cost = $0.63/

| Diesel Cost = $1.27/U

Diesel Cost = $0.63/

Design Alternatives Electricity Cost = Electricity Cost = Electricity Cost = Electricity Cost =
$0.52/kWh $0.52/kWh $0.262/kWh $0.262/kWh
Generator Replacement 5
$15,000 ! M I o
Generator O&M = $1.00/
Generator Replacement 5 " : | s
$7,500
Generator O&M = $1.00/
Generator Replacement 5 M | | p
$15,000
Generator O&M = $0.75/
Generator Replacement 5
N M | P

$7,500

Generator O&M = $0.75/|
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Part 2: Experimental and Modeled System Performance

Due to the results of the sensitivity analysisyats thought prudent to install both
the 50 and 60 Hz systems in phases allowing forimamx flexibility if electrical
demand and generation costs vary significantly ftbose assumed in the optimization
model. As a result, the experimental validatiotada recorded when the 50 and 60 Hz
systems do not resemble the optimal setup descimdggtern Optimization and
Selection. A single 5 kW SI5048 inverter and a battery beakprised of 1 string of 12
Rolls 4KS25PS batteries were coupled with a digeekrator in both systems. The 50
Hz system also maintains its connection to BKP8ugh a transfer switch producing a
“Diesel/Bat/Grid” system configuration. The diegeherator for the 60 Hz system is the
Cummins DKAB 13.6 kW generator making a “Diesel/Batstem configuration. The
decision to install half the inverter and batteayk capacity stated in the optimal design
was made in light of the sensitivity analysis coctdd inPart 1. By picking the smallest
battery bank and inverter size listed for the raofggesign alternatives in the sensitivity
analysis, a flexible system platform can be insththat can later be added to as
knowledge about the load and system costs improeg. to the system composition
discrepancy between the optimal systems and thdz5@iesel/Bat/Grid” and the 60 Hz
“Diesel/Bat” systems, new validation models areated in HOMER and Hybrid2.
While Hybrid2 is not able to model the grid conmeactof the 50 Hz, it is used to model

the “Diesel/Bat” configuration of the 60 Hz system.
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Datasets

The SMA SI 5048 and SI 50348U log 106 separateopadnce parameters every
minute, providing a rich source of data from whaete can use to analyze the 50 Hz and
60 Hz systems’ performance. The most useful afghregularly logged parameters are
aggregated to allow for the comparison between HOMERrid2, and the actual
performance of the system installed in Sierra Leohiee fact that the dual power
systems installed at Mercy Hospital are not devesgrerimental setups, but field
systems installed in Africa, hampered our abilitteate large seasonal datasets.
During the first year after installation the twes®ms alternated between operational and
non-operational with little overlapping time whdreth systems ran simultaneously. This
complicated finding suitable datasets. As a rasuibhe holes in the data collected by the
inverters, it was necessary to approximate the arperformance of the two systems by
averaging the performance of the systems in twasg#s$ recorded in separate seasons.
The wet season in Sierra Leone is characterizeddwily available power from the grid,
but almost daily storms that reduce solar insafatiburing the dry season power is
severely rationed between city districts, but ckaes provide higher solar energy
availability.

Both the 50 and 60 Hz systems have a datasetdowéh and dry season, and
each is 21 days long except for the 60 Hz Wet Sedataset which is only 15 days long.
This is because there are no dates recorded [B80thiz system during the wet season
that overlap with the 50 Hz data records for mbentl5 days. The dates that the

datasets span can be found in Table 14. For sgstgtin the available data that extends
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beyond the dates listed in Table 14 an effortkenao confirm that the parameters
calculated in the truncated dataset are the salne g@a the parameters calculated using

the entire available data.

Table 14: Dataset Timeframes

Wet Season Dry Season

50 Hz | Sept 12— Oct 2, 2009 Mar 10 — Mar 30, 2009

60 Hz | Sept 13 — Sept 27, 2009 Mar 10 — Mar 30, 2009

HOMER and Hybrid Validation Loads

The 50 Hz “Diesel/Bat/Grid” system and the 60 Haé'§el/Bat” system were
installed in Sierra Leone assuming that the denpaofile they would satisfy looks
similar to Figure 5 and Figure 6. After examinthg datasets for both the 50 Hz and 60
Hz, one realizes that the hourly demand profilesfach dataset is much lower than the
demand either system had been designed for. Tkedrastic case was the 50 Hz Dry
Season dataset where Mercy Hospital implementevaenmergy policy limiting when
electricity was available. During the Dry Seadtwe, 50 Hz system was only supplying
power to the hospital six days a week from roughB0 am until 5:30 pm and again
between 7:00 pm and 10:00 pm.

In order to account for the changes in both denmaofile shape and the
reduction in average daily demand, new load prefillee generated for each dataset. The
average daily electricity demand in each datasedl=ulated and a single day’s hourly
load profile with the same demand is selected poesent that season. These
representative days and their respective loadssaed in Table 15. An annual load is
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created by assuming the hourly profile would mithie representative wet season day
between April and September and the representdtiveeason day between October and
March. As described in th&ssessment Trip Electricity Demand Evaluation portion of

Part 1, HOMER then adds statistical noise over the inplutieurly profile to create a
synthetic annual demand datalog. The HOMER-gereddgmand datalog is later loaded
into Hybrid2 so that the two programs have the egbectricity demand. The
experimental total demand, in kWh'’s, will be cldsé not identical to the demand of
either program.

Table 15: Representative Load Profile Days for Datsets

Wet Season Dry Season
50 Hz September 26, 2009 March 14, 2009
31.8 kWh 20.9 kWh
60 Hz September 23, 2009 March 23,2009
9.2 kWh 3.7 kWh

Results

50 Hz Baseline System Predictions and Performance

The 50 Hz baseline system performance and cagtlasibns are derived from
two different sources: a HOMER model with only thster-Petter described in the
System Setup portion, and the 50 Hz “Diesel/Bat/Grid” experimardata. It is assumed

that the experimental demand will be satisfiedhw®yltister-Petter and the generator’s
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fuel consumption curve is used to convert the ld@thand into fuel consumed. The
number of hours that the generator is operatindgritartes to the O&M cost of the
generator, and it is assumed that the same teehrticat would be employed to monitor
the optimum system is employed at the same ratiéobaseline system. The Operating
Costs for baseline cases derived from the expetahand HOMER data are found in
Figure 15. HOMER predicts that the 50 Hz baselystesn fills an annual load of 8,610
kWh. The generator runs 6,580 hours a year burdy®g0 liters of fuel. HOMER
predicts that the generator operates at an aveféigency of 22.8 percent. The 50 Hz
system is a conversion of a pre-existing dieseksysso there is no capital cost for the
baseline system, but the 15-year NPV of the basslystem is very high: US$269,600.
The expenses that comprise the project’'s NPV cdoured in Table 18. The high NPV
is a result of the yearly fuel and O&M costs thango US$12,000 a year. HOMER
predicts the annual Operating Cost of the 50 Helbas system to be US$1.39 per kWh.
Note that the Operating Cost does not include #iptal cost or the replacement cost of
the diesel generator. The replacement cost fob@hidz baseline system is significant;
generator manufactures usually recommend that gemerbe completely overhauled
every 6,000 hours and according to the HOMER mdudgMould be required every
year.

Only limited inferences on the annual performaoicthe baseline system can be
drawn from the experimental data in the two datasEbr comparison purposes with the
HOMER results, an annual Operational Cost is caledlay averaging the Operational

Costs calculated for each dataset. The averagebexperimental Operational Cost is
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US$1.11 per kWh shown in Figure 15. For the enegfficiency, and financial data

calculated for the baseline in each datasets pks@able 16, Table 17, and Table 18.

50 Hz Baseline System Cost Breakdown
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Figure 15: A Comparison of Experimental and Prediced Operational Costs for 50 Hz baseline

System

50 Hz “Diesel/Bat/Grid” System Predictions and Rerhance

With no solar power available to recharge the biadethe battery bank must
either be recharged by purchasing power from BKPfgom electricity produced by the
Lister-Petter generator. HOMER’s annual electridéynand is 8,760 kWh which is
satisfied by purchasing 8,179 kWh of BKPS eledlyiaind producing 2,772 kWh with

the generator. As a result of the inclusion oflibeery bank and the inverter system, the
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generator has to produce electricity in excesb®idad in order to compensate for losses
in the extra components. This leads to the conuEefWell-to-Electrons” efficiency,

which is an attempt to measure how much of theetlfegl’s energy is converted into
power used by the hospital. HOMER predicts the ‘MteElectrons” efficiency of the

50 Hz system during the Dry Season to be 22.4 perd¢OMER predicts the NPV of
“Diesel/Bat/Grid” system to be US$133,200 whiclsignificantly smaller than that of

the baseline system. The HOMER'’s predicted Opagd&iiost of the 50 Hz
“Diesel/Bat/Grid” system is US$0.53 per kWh whishawer than the 50 Hz baseline
system, but still quite a bit higher than the optif®perating Costs displayed in Figure
12. ltis predicted that the “Diesel/Bat/Grid” 831, creates a reduction of US$7,400 per
year savings in fuel and maintenance costs aloaetbhe baseline system. These
predicted parameters are summarized in Table IeT&, and Table 18.

Figure 16 shows the experimentally measured et#gtdemand for each day in
the Dry Season and how that demand is satisfietthe Igenerator is operating or if grid
power is available during the day, they power tbgpital’s load but at other times of the
day power must be drawn from the batteries. Figéralso shows the generated or
purchased electricity that did not power the Idad,recharges the battery bank for later
use. Note that even though battery bank is reeldbagmost every day when the “Battery
to Load” value is higher than the “Battery Rechadegergy” for that day, the result is a
net removal of energy from the battery bank. Tdieltexperimental demand over the
Dry Season is 434 kWh, or an average of 20.7 kWidag. A repeating weekly trend is
discernable with large electricity demands on Mosdayd Tuesdays that decline until

reaching a minimum on Sunday when the hospitabi®pen to outpatients (Figure 16).
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Total Daily Load and Battery Bank Recharge
for
50 Hz Dry Season

35.00

30.00 —

25.00 i

2000 i1 3 AT ; -

Electricity Utilized, kWh
e,
|

1000 Hi [ B S (] y i | il ||

il 2

500 i H e LE
0.00 ¥ L= %

\Y Y L \Y \Y L g N \Y X
ST A o ~é\ A A ‘@%@‘i\@‘*%@’*q&g’
N NT RN NN '\ '& \r '\- 'L 4 "L B P M P P P R V)

[0 Ballery Recharge Energy O Ballery To Load OGeneralu o Lyad O Grid L Luad

Figure 16: Experimental 50 Hz Dry Season Dataset &ttricity Demand

During the Wet Season there is no policy limitimgegy usage in place;
electricity is available almost 24 hours a dayeathan the 12 hours in the Dry Season
database. This results in an average experimeletztiicity demand of 31.8 kWh per
day or 667 kWh over the entire dataset. FigursHoivs that the Wet Season’s weekly
electricity demand profile is similar to the Dry&3en’s, but the weekday peaks are
larger and the weekend troughs are shallower caitimigin a 54 percent increase in
average daily electricity consumption. The figalso shows that most of the hospital’s
electricity during the Wet Season comes from BKH8e Lister-Petter generator runs

for only for 3 hours over the course of two daysegating a total of 19 kWh.
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Total Daily Load and Battery Bank Recharge
for
50 Hz Wet Season

50.0
45.0 — =
400 — = —
250 =EuEY =
= —
L30.0 - — - Lot
= : i — .=' k.
250 — A . —
o= 1 3 .'-_ ] ' . % .-'l
geeo =il i o I S|
§15,0 E RN i LAk
=100 l S DB —
5.0 e ) H»
CI,O T 1 1 1 T T 1 : T 1 T T 1 1 1
S & Q?J H 90\ S H S ® 90} S 0‘-3 S S) 005 903 QS)Q 00) QQ! QQ
c)cf?' C’Q‘f\)’ ;329 ‘__éq’ ,;)Q,Q & e?l {,)eQ Pl 5399 (,)e?’ qa,Q r_)éf Q' (_Jeq 599 of cje,q 0 O
g U NG SIS S R il i S S S
O Ballery Recharge Energy  OBallery W Load O Generalor W Load O Grid W Load

Figure 17: Experimental 50 Hz Wet Season Dataset HEgicity Demand

In general, the diesel generator runs more efftran the “Diesel/Bat/Grid” case

than in the baseline case, 31.1 percent versusp&dcent in the Wet Season and 30.6

percent versus 29.3 percent in the Dry Seasorthbuhefficiencies introduced by the

battery bank

negated the those efficiency gaims. bbth datasets, the “Well-to-

Electrons” efficiency of the 50 Hz hybrid systemareund 27 percent.

The Operational Cost during the logged datasessW&$0.77 in the Dry Season

and US$0.40 in the Wet Season resulting in an drawesage of US$0.58. When one

compares the experimental average Operating CastH@MER’s predicted annual

Operational Cost shown in Figure 18, one can seBIHR underestimates the annual

Operational Cost of US$0.05, or 11 percent.
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50 Hz Diesel/Bat/Grid System Cost Breakdown
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Figure 18: A Comparison of Experimental and Prediced Operational Costs for 50 Hz

“Diesel/Bat/Grid” System

60 Hz Baseline System Predictions and Performance

A diesel-only baseline system is generated fron6thelz experimental data
similar to how a baseline is generated for the 3&¥ystem. The annual load is 2,285
kWh all of which is supplied by the Cummin’s gennera HOMER predicts that the
generator runs 8,759 hours and burns a total 1if&t2 of diesel fuel in a year. Hybrid2
predicts slightly fewer liters of fuel consumed947? a year. Table 17 shows how the
baseline setup is very inefficient at generatinggofor the 60 Hz system: 9.5 percent

for the baseline rather than 19.6 percent for thmid system. The capital cost of the 60
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Hz baseline system is low, $39,800, but the ulte®V is even higher than the 50 Hz
system, $312,000. Obviously, running the diesakgator continuously to fulfill the
small instantaneous 60 Hz loads is a not an idaglaf providing 24 hour power. Both
Hybrid2 and HOMER predict the annual Operationalt@asthe 60 Hz baseline system
to be to US$5.15 and US$5.22 per kWh, respectivEhe average annual experimental

Operational Cost is US$5.66 per kWh. These vataeshe reviewed in Figure 19.

60 Hz Baseline System Cost Breakdown
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Figure 19: A Comparison of Experimental and Predicéd Operational Costs for 60 Hz baseline

System
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60 Hz “Diesel/Bat” System Predictions and Perforroan

Analysis of the 60 Hz system allows a direct conguar between the outputs of
both Hybrid2 and HOMER due to the fact that thistegn is not connected to the local
grid. HOMER and Hybrid2 may be run using the sapagl linput data, but they might
not conclude the same system performance and @pebCost. In the Wet Season,
Hybrid2 predicts that the generator works both aaehd longer (215 kWh generated
while running a total of 43 hours) than what HOMERdcts (193 kWh in 36 hours).
During the Dry Season, the results of the two paow predict similar generator outputs.
The HOMER simulation requires the generator to pcedll8 kWh in 30 hours, while
Hybrid2 anticipates the generator to produce 11hkw28 hours. These generation
rates and runtimes are to cover loads of 138 kWh/&kWh for the Wet Season and the
Dry Season respectively. These results are showalble 16.

Even though the 60 Hz Wet Season load is largertth@ Dry Season load, it is
important to realize that the 60 Hz Wet Seasonftemee is shorter than the other
datasets. The 50 Hz datasets and the 60 Hz DspSelataset are 21 days long, but the
60 Hz Wet Season is the only dataset that is 15 lbayg. When comparing the results
shown in Table 16 care must be taken to realizettiga\Vet Season dataset is actually 29
percent smaller than the other sets despite tgerdoad. One can infer that the average
load during the Wet Season is much larger thamtieeage Dry Season load.

Table 17 shows the efficiencies of various comptseanthe 60 Hz system. The
two programs show similar efficiencies for the gamer, but have different efficiency

values for the inverter and battery bank as a redullybrid2’s more detailed approach
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to their modeling. HOMER uses values input byuker that are assumed to be constant
with the battery bank power throughput. Hybrid2slmot make the same assumption,
but instead models the losses in the invertentalily increase with inverter throughput.
When calculating battery losses, Hybrid2 attempitsaiculate a theoretical resting
voltage based on the battery bank’s State of CH&g€) and then calculates losses
based on the difference between the terminal velgagl the resting voltage. In
HOMER'’s component library the Rolls/Surrette 4KS25R8eries used for the Mercy
Hospital system have a roundtrip battery chargifigiency of 80 percent. Hybrid2’s
loss calculations reveal that the battery bankageannual roundtrip efficiency is 88.8
percent. An inverter charging and dischargingeedficy of 91 percent was input into
HOMER based on preliminary experimental data thppsetted this value. Hybrid2
calculates the inverter's annual average chardiingency to be 90.8 percent efficient
when charging the battery bank and 86.3 percemiait when discharging the battery
bank. Ultimately, HOMER predicts a slightly highetal “Well-to-Elections” efficiency
than Hybrid2, 19.3 percent versus 17.9 percentither case the “Well-to-Electrons”
efficiency of the 60 Hz system is much lower thia@ 50 Hz system.

The decision to install the 13.6 kW Cummins gerweredther than the smaller 9.1
kW generator was based on the desire to cover gxenmum load rating of the inverter
should it ever be required. The fact that the k8\6generator is larger than the
generator size recommended by the 60 Hz Optimizatiody does not necessarily mean
that HOMER or Hybrid2 will predict larger Operatidr@@osts for the 60 Hz “Diesel/Bat”
system. This is because in the two programs bertiergtors have identical fuel

consumption curves, and so will burn the identasabunt of fuel for a given load. The
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two generators differ in their capital cost, reglaent cost, and capacity. Figure 22
shows the predicted Operational Cost for the 60Diesel/Bat” system using HOMER
and Hybrid2. HOMER predicts an annual Operatioragt@f US$1.18, and Hybrid2
predicts an annual Operational Cost of US$1.28.

The Dry Season data corresponds to the perio@ftestthe system was installed,
before many users were using the 60 Hz lab equipmEme Wet Season database was
recorded 6 months after the Dry Season dataset thieesystem had more equipment to
power. The inverters were also set up with sligttfferent setpoints between datasets
SO it was necessary to create separate modelsgfdi/et and Dry Season in both
HOMER and Hybrid2. Unlike the 50 Hz system, theH&0system is always operating
24 hours a day. The generator typically runs Hgder one day and then the system
runs off batteries for one or more additional ddgpending on the load. In addition to
increasing the efficiency and decreasing the nme tf the generator, adding the battery
bank has another advantage that is not modelathgr ¢1OMER or Hybrid2: running a
diesel generator at less than 30 percent load reavept the engine from reaching its
designed operating temperature resulting in acatldrwear, reduced generator
performance, and increased unburned hydrocarbossemi

The total electricity demand during the Dry Seafawrthe 60 Hz is 79 kWh, or
3.8 kWh per day. The Cummins generator ran 26usshover the course of 21 days and
produced 114.1 kWh of electricity to cover the 860 Hz demand. These values can be
compared with the predicted HOMER and Hybrid2 vaineBable 16. The inverter
efficiency during the Dry Season is 92.2 percentermtharging the battery bank and 87.4

when discharging the battery bank. The batterkbaunndtrip efficiency is calculated to
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be 83.0 percent. The “Well-to-Electrons” efficigns 21.0 percent. These values can be
compared with others in Table 17. Figure 20 shihwesdaily demand for each day in the
dataset and also clearly shows the frequency whilsiwthe generator operated to
maintain the battery bank’s charge. Unlike théHz0system, the 60 Hz demand does not
vary much with the day of the week because the niyajof loads on the 60 Hz system

are loads that never shutdown, such as computdrsetwork equipment.
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Figure 20: Experimental 60 Hz Dry Season Dataset &ttricity Demand

Table 16 shows that more kWh’s are consumed iMteeSeason dataset than in
the Dry Season Dataset. This is because of th@ddf more equipment, such as cold

chain refrigerators and freezers, to the 60 Haidisc The total energy generated by the
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system is 137.7 kWh, or 9.2 kWh per day. Thisisnarease in load of 142 percent in 6

months. The generator operated a total of 48 hdwniag the 15 days of this dataset.

Total Daily Load and Battery Bank Recharge
for
60 Hz Wet Season
25.00
< 20.00
2
™
$ 15.00 i —
E e
= N ] 3 E H
5 1000 0 I S ; T
g mi
“ 500 - |
0.00
S P P P L P P P P P
& F R F R
NN N N S RN N SRS oSS S A S
O Battery Recharge Energy  OBattery to Load O Generator to Load

Figure 21: Experimental 60 Hz Wet Season Dataset HEicity Demand

As a result of the larger instantaneous power deimduring the Wet Season
dataset, the baseline system operated with a heffielency, 16.3 percent, than during
the Dry Season. The hybrid system still operatiéls avhigher “Well-to-Electrons”
efficiency: 18 percent. The inverter is 88.3 pataficient when charging the battery
bank and 93.6 percent efficient when dischargiregadittery bank. These values can be
reviewed in Table 17. According to the correctathgdthe roundtrip efficiency of the
battery bank is 94.6 percent efficient, but thisnber is significantly higher than the

efficiency of the batteries calculated 6 monthdieaand the batteries operating in the 50
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Hz system. In addition, verbal conversations \thih battery manufacturers suggested

that the maximum efficiency battery bank is 87 patc

60 Hz "Diesel/Bat" System Cost Breakdown
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Figure 22: A Comparison of Experimental and Prediced Operational Costs for 60 Hz “Diesel/Bat”

System

The Operational Cost for the 60 Hz system is latigen that of the 50 Hz system
because the former produces significantly lessmtdy. Figure 22 shows how the
hybrid system drastically decreases the per kWhafate 60 Hz system largely though
reductions in O&M costs and to a smaller extent @irelrges. The estimated annual

experimental Operational Cost is US$1.04.
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Table 16: Installation Results Energy Table

System Season Dataset Program  ACPrimary Load Grid Electricity Generator Production Diesel Consumption Generator Operation
kWh kWh kWh L hrs
HOMER 138 - 138 85.2 360
Baseline Hybrid2 138 - 138 85.2 360
Wet Experimental 138 - 138 86.1 349
HOMER 138 - 193 69.5 36.0
Diesel/Bat  Hybrid2 138 - 215 78.0 43.0
Experimental 138 - 168 78.1 48.5
HOMER 78.3 - 80.4 80.7 504
Baseline Hybrid2 77.0 - 77.0 78.7 496
60Hz | Dry Experimental 79.0 - 79.0 87.0 496
HOMER 78.3 - 118 43.5 30.0
Diesel/Bat  Hybrid2 77.0 - 117 44.6 28.0
Experimental 79.0 - 114 39.3 26.6
HOMER 2,290 - 2,310 1,710 8,760
Baseline Hybrid2 2,280 - 2,280 1,700 8,690
Annual Experimental
HOMER 2,290 - 3,280 1,190 673
Diesel/Bat  Hybrid2 2,280 - 3,580 1,315 756
Experimental
. HOMER 584 - 584 268 481
Baseline
Wet Experimental 667 - 667 292 475
Diesel/Bat/Grid HOMFR 585 751 18.9 6.78 6.00
Experimental 667 764 18.9 6.20 3.07
) HOMER 446 - 446 182 252
Baseline
Experimental 434 - 434 157 189
S0Hz | Dry HOMER 463 559
Diesel/Bat/Grid )
Experimental 434 240 264 88.3 51.2
) HOMER 8,610 - 8,610 3,860 6,580
Baseline
Experimental
Annual
. ., HOMER
Diesel/Bat/Grid )
Experimental
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Table 17: Installation Results Efficiency Table

Diesel/Bat/Grid

Experimental

System Season Dataset Program Generator Bat. Round
Efficiency  Trip Efficiency
HOMER 16.6%
Baseline Hybrid2 16.6%
H 0,
Wet Experimental 16.3%
HOMER 28.3% 80.0%
Diesel/Bat  Hybrid2 28.3% 88.9%
Experimental 22.0% 94.6%
HOMER 10.2%
Baseline Hybrid2 10.0%
60Hz | Dry Experimental 9.3%
HOMER 27.8% 80.0%
Diesel/Bat  Hybrid2 26.8% 88.3%
Experimental 29.6% 83.0%
HOMER 13.7%
Baseline Hybrid2 13.7%
Annual Experimental
HOMER 28.2% 80.0%
Diesel/Bat  Hybrid2 27.8% 88.8%
Experimental
. HOMER
Baseline £ . tal
Wet H)g)l\j:;qen i 28.5% 80.0%
Diesel/Bat/Grid i =2 —
Experimental 31.1% 80.7%
. HOMER
Baseline e . tal
50Hz | Dry H’g’&:?en =
Diesel/Bat/Grid )
Experimental 30.6% 85.8%
. HOMER
Baseline £ . tal
Annual xperimenta
HOMER
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Inverter Efficiency
Charge

91.0%
90.9%
88.3%

91.0%
90.8%
92.2%

91.0%
90.8%

91.0%
90.8%

92.4%

Well-to-Electrons

Discharge Efficiency
16.6%
16.6%
16.3%
91.0% 19.5%
88.1% 18.6%
93.6% 18.0%
10.2%
10.0%
9.3%
91.0% 18.8%
83.4% 16.5%
87.4% 21.0%
13.7%

13.7%

91.0% 19.3%
86.3% 17.9%

91.0% 21.6%
94.2% 26.7%

92.9% 26.9%




Table 18: Installation Results Finance Table

System | Season Dataset Program NPV Initial Cost Replacement Cost Fuel cost O&M Cost COE Operation Cost
S S S $/yr or $/dataset S/yr or $/dataset $/Wh $/kWh
HOMER S 108 $ 360 S 3.39
Baseline Hybrid2 108 $ 389 S 3.60
Wet Experimental S 81 § 370 S 3.27
HOMER S 88 § 57 S 1.05
Diesel/Bat Hybrid2 S 99 S 72 S 1.24
Experimental S 51 § 49 S 0.72
HOMER S 103 $ 504 S 7.78
Baseline Hybrid2 S 100 S 525 S 8.12
60 Hz Dry Experimental S 110 S 524 S 8.03
HOMER S 55 S 59 S 1.46
Diesel/Bat Hybrid2 S 57 S 57 S 1.48
Experimental S 54 $ 57 S 1.40
HOMER S 312,879 S 2,175 S 9259 $ 913 S 5.00
Baseline Hybrid2 $ 311,559 $ 39,770 S 101,600 S S 9191 $ 911 S 4.97
Experimental S 5.65
Annual

HOMER $ 119,686 $ 1,512 $ 1,173 $ 349 ¢ 1.18
Diesel/Bat  Hybrid2 $ 123299 $ 59,594 $ 19,824 1,256 S 3.60 $ 1.28
Experimental S 1.06
Baseline HOME_R 5 5 5 1.46
Wet Experimental S S S 1.31
Diesel/Bat/Grid HOME_R 5 5 5 e
Experimental S S S 0.40
Baseline HOME_R 5 5 > 115
Experimental S S S 0.96
SoHz | Dry HOMER $ $ $ 0.41

Diesel/Bat/Grid ) ’
Experimental S S S 0.77
Baseline HONIE.R S 269,595 $ ) $ 90,000 S S 7075 S 209 S 1.39
Annual Experimental S 1.14
HOMER 133,192 1,290 1.01 0.53

Diesel/Bat/Grid . 2 S 45175 $ 18,924 > 2 >

Experimental S 0.58
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Discussion

The two main goals of this thesis are to condwt#sign optimization coupled
with experimental validation and use the validatiaga and models to predict the
savings associated with converting Mercy Hospdal solar diesel hybrid system. To
support these two aims this thesis has five goals:

1. Evaluate the accuracy of HOMER and Hybrid2’s abiidyredict the

experimental results observedRart 2.

2. Determine if HOMER or Hybrid2 inaccurately model quonents within a hybrid
system.

3. Provide experimentally derived performance pararadteat other system designs
can use when modeling systems.

4. Relate the Operational Cost savings converting Welaspital to a hybrid system
to the savings other communities can realize wiettising to hybrid power.

5. Make recommendations as to which components yieldattyest Operational

Cost reductions.

These five goals are covered in the four discusipits that follow. The first
topic Accuracy of HOMER and Hybrid2 and Measurement Equantifies the known
uncertainty in the Operational Cost, the metricduee calculating the hybrid system
savings over a diesel-only baseline, for both sgystelncluded in the section is also an
attempt to explain why the certain predicted HOM&R Hybrid2 results may be outside

the boundaries of the experimental data’s unceptaange. The second topic,
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Comparison between the 50 Hz and 60 Hz Experim&atta with Literature covers the
experimental papers mentioned in theerature Review section to provide a reference
point with which one can judge if the experimermtaia recorded in Sierra Leone is valid.
This section supports both the first goal, to \etlkdHOMER and Hybrid2, and the third
goal to provide experimentally derived parametersuker in future modeling. The third
topic Inverter and Battery Modelindiscusses the observed discrepancy between
HOMER and Hybrid2’s DC bus loss calculations andséhobserved experimentally.
Thelnverter and Battery Modelingection also explains the potential consequence of
HOMER and Hybrid2’s inaccuracies in battery and rteteloss modeling beyond the
trivial consequence of wasting money by wastingegated electricity. The fourth
discussion topid=xpected Operational Costgses the Operational Costs observed in
models and experimentally to predict the savings tther communities can realize if
they switch to hybrid power. If HOMER and Hybrid2 groven sufficiently accurate,
the two software programs are used to fill in gapke experimental data used for
calculating the successive reductions in OperatiGonat as components are added to the
transitioning hybrid system; thus tBgpected Operational Cossgction addresses goals
4 and 5 simultaneously. The third goal of providexperimental data for use by
designers in future modeling is primarily addressgdhe data in Table 16, Table 17, and
Table 18. The most useful of which may be Tablevhich provides various
experimentally calculated efficiencies of the irteerbattery bank, diesel generator, and

system as a whole.
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Accuracy of HOMER and Hybrid2 and Measurement Error

Before HOMER and Hybrid2 can support the experimetdta in quantifying the
reductions in Operational Cost created by the iddial components of a PV/Diesel
Hybrid system, their accuracy must be establishethe Operational Cost predicted by
the software programs do not fall within the unamitty bounds of the experimental data,
then there is either a problem with how the modedsformulated or a problem with the
models that the programs use. Using the averagks lfivom the Wet and Dry Season
datasets and the equations given inUheertainty Analysisection inPart 1, the bounds
for the HOMER and experimental Operational Costcateulated. The symmetrical
uncertainty ranges for the HOMER and experimentar@jmonal Cost is given in Table
19.

Table 19: Uncertainty Analysis Results

HOMER Experimental
Operational Uncertainty Operational Uncertainty
Cost Cost
Wet Baseline | $ 339 S 0.04|$ 327 | $ 1.75
60 Hz Operational Cost Wet Hybr'ld S 1.05 (S 001]$ 072 $ 0.39
Dry Baseline | $ 778 | $ 0.05]|$ 8.03|S$ 2.56
Dry Hybrid S 146 | S 001]|S 140 S 0.45
Wet Baseline | S 146 | S 001]|S 131 S 0.16
. Wet Hybrid S 043 | S 0.00|$ 040 | $ 0.05
50 Hz Operational Cost -
Dry Baseline | $ 1.15 1| S 001]|S 096 1| S 0.06
Dry Hybrid S 0411 S 0.00|$ 077 | $ 0.04

Figure 23 shows the uncertainty ranges graphedtivifaddition of the
Operational Cost of Hybrid2. While Hybrid2 calcdsa different Operational Costs than
HOMER, the uncertainty for Hybrid2 is the same bsedooth programs use the
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HOMER derived synthetic load dataset. Figure 23vshibat the experimental
uncertainty on the 60 Hz system is quite high.a4ssult of the large uncertainty, all the
HOMER values are within the expected uncertaintgeanAll the Hybrid2 values, save
the 60 Hz Wet Season Hybrid model, are within tkgeeeimental uncertainty as well.

The consistently high Hybrid2 Operational Costug do the addition of the bi-monthly
complete battery recharge dispatch strategy destriOptimization Results Part 1.

This recharge ensures that the battery bank red€@=SoC at least every other week, as
recommended by the manufacturer, but as a resuititt/ requires the generator to
operate longer and consume more fuel than the HOMB&e! or, apparently, the

experimental results.

Errorin Experimental Operational Cost
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Figure 23: Experimental Measurement Error for Operational Cost
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The uncertainty ranges associated with the exmatiah 50 Hz Operational Costs
are much tighter than those associated with thdz8ystem. While the HOMER
Operational Costs for the 50 Hz Wet Season fahiwithe experimental uncertainty
range, the fact that the HOMER values for Dry Seaseroutside the experimental
uncertainty ranges suggests that there is a probiémhow the model is set up. One
possibility is the way in which grid electricity aNability, or lack thereof, is modeled in
the HOMER model. In order to mimic the partial daaility of BKPS, the model
assumes that the electricity is available from &8mMQo 2:00pm in March and from
12:00pm to 6:00pm in September. There is, howevprpblem with this method: the
availability of BKPS electricity is completely urgatictable. Figure 24 shows the
cumulative electricity difference between the HOMEBdel and the experimental
datasets. A positive difference means that the HENEedicts more electricity is
consumed by the system than the experimental tatass Figure 24 shows that the
experimental setup uses 319 kWh less than HOMER®@Iig@ron resulting in a higher
experimental Operational Cost than predicted by H®ME

For most datasets and system configurations HOMERerational Cost
predictions falls within the 95 percent uncertaibbunds of the experimental data
suggesting that HOMER is more accurate in predidDpgrational Cost than can be
measured by the current setup. In the exceptias® of the 50 Hz dry season, our
inability to predict the [random] availability ofk8°S power means that HOMER over
predicts the hybrid system’s consumption of BKP8 ander predicts the Operational
Cost. If HOMER had the ability to input an hourlgtdlog of when electricity is

available, then it would probably be within the@&cent uncertainty bounds of the 50
79



Hz Dry Season as well. The Hybrid2 is as accuaatd OMER, but due to a slightly
different dispatch strategy that requires a lafgaation of the system’s annual electricity
to be generated by the Lister-Petter diesel gemenatalculates a slightly higher
Operational Cost for all 60 Hz systems in Figure Bi¥brid2 also predicts higher

Operational Cost than HOMER for the 60 Hz Optimusteymn shown in Figure 12.
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Comparison between the 50 Hz and 60 Hz Experim&atta with Literature

Most of the literature on hybrid power systems if$vgare optimization studies;
only a few papers publish the performance of expental or commercial hybrid
systems. The four papers that do include expetahdata are written by Ruther [9, 12],
Nayar [11], and Phuangpornpitak and Kumar [10]thRureported on the conversion of
a diesel-only powered mini-grid in Northern Braniio a Diesel/PV hybrid system
through the addition of a 20.5 kW array. The ngnd served a small rural community
rather than a hospital, so electricity demand th#h&’'s hybrid system served was much
higher than that at Mercy Hospital; roughly 700 k\d&y compared to 32 kWh/day.

Prior to installing the solar array two 54 kW diegenerators ran continuously.
Following the solar array installation, the loadtba two generators was reduced during
the day to the point where one could be shut davimg the operators both fuel costs
and maintenance costs. The solar array was desggmthat it would produce 10 percent
of the daily electricity demand. In a second papRerther does on to estimate the fuel
savings resulting from installing this type of higbsystem across Northern Brazil, but he
does not provide cost data which can be compardtetoy Hospital’'s Operational Cost.

In 1997, Nayar installed hybrid PV/battery/grid tgyss into two separate sites in
India. The components within his hybrid systemewver2.5 kWY solar array, a 10 kVA
inverter, and a 28.8 kWh battery bank. Nayar dt#tat the solar array that was installed
was able to provide about 40 percent of the loawheoted to the inverter and the balance
was provided by the grid. Nayar’s inverter alsoyided power factor correction for the

load. Although Nayar does not mention the systeamérage load, data within the paper
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suggests that continuous draws of 2 to 2.6 kW wgrieal. The value of this paper lies
more in its statement of concept rather than datetually provides; Nayar provides very
little data. The main interest is that his hyduieS system is similar in size to the
optimized hybrid system designed for the hospile to the lack of financial data
presented, it is not possible to calculate if Nayhybrid system resulted in Operational
Cost savings.

Phuangpornpitak and Kumar [10] detailed the tediraad financial performance
of two hybrid power plants in Thailand: Phu Kradwangl Tarutao national parks. Each
system incorporated roughly 10-17.5 kW of both sated wind power generation, and
derive roughly 75 percent of their electricity nedédm renewable sources.
Phuangpornpitak calculated the efficiencies ofa@icomponents within the both hybrid
system, but the only parameter that can be direathypared to data taken at Mercy
Hospital is the battery roundtrip efficiency. Phparnpitak found that the average
battery roundtrip efficiency to be 88.5 percentlioth plants. The data collected at
Mercy Hospital indicate that the average batterydbup efficiency is 86.0 percent.
These values are close to the 87 percent roureffriggency value reported by the battery
manufacturer. It is Phuanpornpitak’s financiallgsia of the hybrid systems at Phu
Kradung and Tarutao that make the paper extrenseful Based on system records she
stated the capital cost for each system, in 199ardpwas US$198,500 and US$201,500
for Phu Kradung and Tarutao respectively. BetwE290 and 2000, the operation and
management expenses for each system totaled thlydu§$2,900. Although
Phuangpornpitak does not explicitly calculate Openal Costs for the two sites, it is

possible to estimate them after assuming a conatemnage demand. The resulting
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Operational Cost estimation is about US$0.22/kWtbfiith systems. This value is on
par with the Operational Cost of US$0.15/kWh expedtom the 50 and 60 Hz
optimized systems at Mercy Hospital. The savings avdiesel baseline systems
obtained by installing hybrid systems at Phu Krapand Tarutao were calculated to be
$1,800 and $3,200 per year. Phuangpornpitak aghirittat the system at Phu Kradung
had lower savings because of increased diesel gieneisage to offset a larger than
anticipated average electricity demand. Tabledifipares the systems described in

these experimental papers with the system indtdleaicy Hospital.

Table 20: Literary Comparison Table

Renewable | Backup Average | Renewable | Capital Annual
Generator | Generator Load Penetratio | Cost Savings
n
Ruther 20.5kW 2x 54kwW ~700 ~10 %
Solar diesel kWh/day
Phu 7.5kW Solar | 42kVA diesel | 36 ~75 % $198,500/ $1,800
Kradung | 2.5kW Wind kWh/day (1999 (1999
US$) US$)
Tarutao | 7.5kW Solar | 48kVA diesel | 36 ~75% | $201,500 | $3,200
10kw Wind kWh/day (1999 (2999
US$) US$)
Nayar 2.5kW Solar| Grid ~40 %
Mercy — 12.2kW 20-31 — $44,700 | ~$3,600
Hospital diesel kWh/day (2008 (2008
50 Hz Grid US$) US$)
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Inverter and Battery Modeling

It is important for modeling programs to accuateccount for DC bus losses for
reasons other than the obvious desire to reclagrggrthat was being wasted as heat
within inefficient components. In situations whegestem designers use battery banks for
short-term “ride though” capacity while the systgansitions from one generational
source to another, unexpectedly high losses caragwdamage a battery. Lead acid
batteries are not designed to be discharge inthessan hour, but designers who are cost
sensitive may try to push their battery bank beywhdt they are normally designed for.
When a system is designed to discharge a battekyibdess than an hour, the batteries
are subjected to high rates of discharge and kngegy dissipation within the battery
itself. Figure 25 shows the percent of energyestavithin a Rolls/Surrette 4KS25PS
battery that is dissipated into the battery foneeig discharge current. Note that if a
designer is intending to discharge the 4KS25P S@tdnps, roughly 75 percent of the
battery’s stored energy heats up the battery’s ésatpre. If a designer under predicts
that the DC bus losses, due to inaccurate modedimgjdesigns a system that routinely
requires large discharge currents available oi@dus then the current leaving the
batteries can be much larger than those predigtadfiware. The unexpectedly large
discharge current can quickly raise the batterywalsafe operation temperatures and

possibly destroy the battery.
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Energy Dissipated into Battery Bank
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Figure 25: Energy Dissipation into a Rolls 4KS25PS

In order to understand how HOMER and Hybrid2 actéamthe losses on the
DC bus, it is necessary to understand how they himth the inverter and the battery
bank. Both programs use the same battery modwed Kinetic Battery Model (KBM)
[19-20]. The KBM splits the energy stored in thétdry into two categories: available
energy and bound energy. Figure 26 shows a diagfdnmow the KBM separates the
total electricity stored in a battery into avaikalind bound energy. Available energy can
be released to the DC bus within a timestep, wiolend energy must be transformed
into available energy before it can be dischargHatee parameters are inputs into the

model: Qmax, battery bank’s total storage capakityhich relates the rate at which

85



energy is transferred between energy categoriesc ahe ratio of the available energy to

the bound energy with the battery.

< Pmax
calculation

SMA Inverter !
i Available Energy Bound Energy
. A qua2
| Qmax=Q1+Q2

Figure 26: Kinetic Battery Model Diagram

Hybrid2 takes the KBM one step further by calculgtihe battery terminal
voltage (and by extension the DC bus voltage)fasetion of SoC and current. It does
this by assuming a hypothetical internal cell vgdtahat is a linear function of the battery
bank’s SoC. The internal voltage source (E) isneated in series with a constant
resistor. If the battery is being discharged tbkage drop in the resistor reduces the
terminal voltage (V) to a value below that of thgabthetical cell voltage. A diagram of
Hybrid2’s model for the battery bank’s terminal tage is given in Figure 27. The

theoretical internal voltage calculation is basedwork presented by Hyman [21-22] and
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is dependent on having detailed battery termintihge data during charging and

discharging.
Internal to Battery
I
Fan)
I ‘ /\/V\/ | P
RO Positive| Terminal
' 1
| Battery +
DC Voltage E v
| Source —
I
I ' | Ay
Ly
Negative Terminal

Figure 27: Hybrid2's Terminal Voltage Model Diagram

Due to the different approach to battery bank madethe two programs
calculate the battery losses differently. HOMER@inassumes that the battery bank’s

discharge losses are given by:

LOS%ischarge,HOMER = y/"78.round *Viom * Idischarge Equation 18
MB.round IS HOMER’s user inputted value for the battery muip efficiency, Womis the

DC buses nominal voltage, angldargels the current removed from the battery in amps.
The value fomg roungin HOMER is 80 percent for the Rolls/Surrette 4KB35 Hybrid2
calculates the losses associated with discharbmbattery by:

LOSSyscharge Hybridz = (B =V) * | iscrarge Equation 19
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E is the hypothetical internal cell voltage ands\the terminal voltage shown in Figure
27, and dischargelS the battery’s discharging current in amps.

Both HOMER and Hybrid2 calculate the inverter lodsgsssuming the inverters
are black boxes with an associated loss. HOMERw@ssunverter efficiencies are
constant and requires the user enter a value.ffireacy value of 91 percent is used for
the SMA SI5048 inverter based on calculations froetiminary experimental results.
HOMER'’s constant efficiency leads to a linear ineeem losses starting from zero Watts
at no load up to a maximum value at 100 percent Idastead of assuming constant
inverter efficiency, Hybrid2 assumes losses initiverter increase linearly from a
constant no load value (25W based on data avaitedste the manufacturers of the
S15048) up to a known maximum when the invertdully loaded (again based on
manufacturer’s data). As can be seen in Figuréh28losses predicted by Hybrid2 are
similar to the losses predicted by HOMER, but neitleeurately predicts the actual
losses shown in Figure 28. The actual invertesdegraphed in Figure 28 are derived
from Figure 29 which is published in SMA'’s instaltat and operation manual for the
inverter [14]. According to Figure 29, the highefftciency does not occur at full load,
but rather at 20 percent load. The inverter isgihesl this way to maximize the

efficiency for an inverter which spends the majoat its operation at partial load.
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Models Predictions of Inverter Losses
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Figure 28: Loss Prediction and Actual losses withithe SI15048 inverter
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Figure 29: Inverter Efficiency Curve published by SMA Solar Technology AG
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Comparison between the efficiency results for HOMBRyrid2, and the
experimental results in Table 16 show that theayeround trip battery efficiency is
somewhere between the values used by HOMER andd®/bHOMER assumes a
constant round trip battery efficiency of 80 pettcamd an inverter discharge efficiency
of 91 percent. When compared to the experimeratia, HOMER always overestimates
the losses on the DC bus. When the four exper@heatasets are averaged together the
battery bank round trip efficiency is to 86.0 pertcend an inverter discharge efficiency
of 92.0 percent. The Hybrid2 predicts round trditéry efficiencies around 88.7 percent
and an average inverter discharge efficiency d8 @&rcent. Hybrid2 is predicting a
higher battery roundtrip efficiency than the expental results, thus is under predicting
the losses associated with the battery bank. €ipgestigation reveals that the cause of
these low efficiencies is excessively low discha@ages, not the excessively high
discharge rates that have the potential to damatjeries.

The reason for this over estimation in battery bamind trip efficiency by
Hybrid2 may lay in the breakdown of its assumeddinrelationship between the
theoretical cell voltage and battery bank SoC adbtitery bank approaches 100 SoC.
Due to differences in the manufacturing processh eall within the battery bank has a
different charge and discharge characteristic.s T¢ads to differences in each cell’'s SoC
when the battery is recharged. Some cells rea@lp&tcent charge before others. These
cells start to dissipate energy in the form of gagswvhich is when the water within the
sulfuric acid electrolyte begins to be electrolynetd hydrogen and oxygen. As more
and more cells start to gas, the charging effigiesfdhe battery drops because energy is

not going to increase the battery bank’s SoC, thefectrolyzing the battery’s electrolyte.
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Expected Operational Costs

Hybrid systems are able to reduce the high OmeralttiCosts of traditional diesel
power plants that have been one of the hurdlegrad electrification. Hybrid systems do
this in two ways: generation of electricity usingal resources, and intelligent dispatch
of electricity to the load. Conventional diesamils require large quantities of diesel fuel
to be transported to the power generation sitet oMty is diesel expensive in its own
right, but the transportation costs of the fuelemote areas is a significant expense.
Using renewable energy sources like wind, soladrdwyand biomass to generate
electricity, the burden of “fueling” the electrigigeneration is shifted from distant
resources to local ones. The system controlldras able to maximize the benefit of the
local generation of energy by ensuring the systelizes electricity that is generated by
the lowest cost source available at any given time.

If the social cost of supporting an electrificatjoroject is not explained to the
stakeholders who will be in charge of supportinghé project may fail. These
stakeholders can include local and national governis the community members, local
electricity users, and the system installers. @aitommunity may be lucky enough to
get continuing subsidization of their electricitgrin the other project stakeholders, they
need to be prepared for supporting the projectsab#tose subsidies are withdrawn. The
main reason behind examining Operational Cost rattam the levelized Cost of
Electricity ( COE) is the difficulty of quantifyinthe replacement cost of all the system
components, which is required for the calculatiohthe COE, during the operation of

the project. By examining the Operational Cost bfybrid system with differing
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configurations and loads, this thesis generateghthsito the potential cost of a system
to a community.

The experimental data recorded at Mercy Hospitdltae models developed to
support the design and installation of Mercy Hogydorid system can provide insight
into the Operational Cost savings that other comtimsncan expect to realize if they
switch to hybrid power. This thesis uses data ftamm hybrid power systems to generate
two baseline diesel-only power systems: one pragidip to 10 kWh a day and a second
providing up to about 30 kWh a day. HOMER and HgBrare also used to model
baseline systems with demands up to 70 kWh per Hag.clear from the results in
Table 18 that the Operating Costs of remote povatp relying on diesel generators are
very costly. The Operational Cost of diesel-detietectricity varied between US$1.14
to US$5.65 per kWh. The later is from the lighttgded 60 Hz Cummins generator and
the former is from the more heavily loaded 50 Hatéli-Petter generator. Generator
loading plays a large factor in the Operationalt€osalized by a system. The O&M
cost of a diesel generator significantly adds #dbst of diesel-derived electricity
because it is accrued whether or not current wifig through the wires. Compounding
the problem is that diesel generators running uhglet loads are less efficient and so
use more fuel to generate each kWh as well. Kimhgltly loaded diesel generators may
also never reach their designed operating temgerathich increases wear within the
engine. Generators with low loads are producimgefekWh's, but are still accruing
costs just by running yielding large per kWh costs.

Shutting down diesel generators during parts ofidnewhen they would be

running at low loads reduces Operational Cost. @athod to do this is to only run the
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generator during the hours that electricity is mmestded. In one of the datasets, the 50
Hz Dry Season dataset, the hospital reduced tiseldienerator runtime to only 12 hours
aday. This resulted in a US$0.35 drop in ther@jmnal Cost, from US$1.31 to
US$0.96 per kWh. That is a 27 percent drop in @jmamal Cost solely from using load
management to shift the load to when it is moshenucal to run the diesel generator.
While restricting generator runtime is a low costthod to reduce Operational Cost, it is
possible to reduce Operational Cost further byngthe generator charge a battery bank
and then turning off to allow low loads to be d&i$ by the battery bank. This approach
also has the advantage of providing 24 hours powhke 60 Hz system benefited the
most from the addition of a battery bank. The @penal Cost dropped from an annual
average of roughly US$5.21 per kwWh down to US$1aldrop of 77 percent. The 50 Hz
system already had a lower Operational Cost tha®@hHz system resulting from the
larger loads placed on the 50 Hz generator. Aljhawot experimentally measured, a
HOMER model was created to quantify the Operati@ueat resulting from adding a
battery bank into the 50 Hz baseline system. Aokiygtical 50 Hz “Diesel/Bat” system
results in an Operational Cost reduction of 35 @et,cfrom US$1.39 down to US$0.91.
After adding a battery bank to create a “Diesel/lBgstem, the natural
progression is to add PV solar arrays to creaf@iestl/Bat/PV” system. There is no
experimental data for either system in a “Diesaif®d”’ configuration, but HOMER and
Hybrid2 models are developed to help provide insidfor both the 50 Hz and 60 Hz
systems a 0.85 ky\solar array is added. The fuel reduction realizgddding a PV
array depends on the PV penetration of the systevhpenetration is the total annual

solar output divided by the total annual electyicilemand. For the 60 Hz system the PV
93



penetration for a 0.85 k\array is 48 percent. For the 50 Hz system, vighlarger

load, the PV penetration for the same array is @0l percent. The percentage savings
in Operational Cost due to offset fuel costs cameofarger than these values. The
addition of the solar array results in 33 percenpdn Operational Cost for the 60 Hz
system, from US$1.17 to US$0.82 per kWh, and ar@né drop for the 50 Hz system,
from US$0.91 to US$0.83 per kWh.

The 50 Hz system grid connection allows for thengxation of how being
attached to a grid can reduce Operational Cosis.ekpected that access to a grid, even
an unpredictable grid, has the potential to drabBficeduce system Operational Costs
provided that the kWh price of grid power is substdly lower than that of the diesel
generator. Experimental data on the 50 Hz syssdinoim the “Diesel/Bat/Grid”
configuration. This yielded an average calculd@®gerational Cost of US$0.55 which is
a 39 percent reduction from the Operational Costh@®50 Hz “Diesel/Bat”
configuration. A HOMER model for a hypothetical B2 “Diesel/Bat/Grid”
configuration yielded a similar reduction in theddgtional Cost, 46 percent, when
compared to a “Diesel/Bat” configuration.

The lowest possible Operational Cost that the SD&#hHz systems can obtain
are given by the optimum system configuration foumBart 1 of this thesis. Table 7
states the Operational Costs for both the 50 Hz6@ndz optimal configurations are
US$0.15 and US$0.16. These both represent OpeahtBost reductions of 82 and 81
percent over the “Diesel/Bat/PV” system for both 6D of 50 Hz systems. There are
two main reasons for these reductions: 1) the @taonfigurations have higher loads

such that time dependent costs (e.g. salary, matéal charges, and generator O&M
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costs) are spread over a larger demand resultitoyver per kwWh costs and 2) the PV
penetration for both optimal systems approach Hidgnt. Figure 30 shows the average
HOMER, Hybrid2, and experimentally derived OperagioGosts of the systems
discussed in this section. The percentage redscticeated by adding each component

into the 50 or 60 Hz systems are given in Figure 31
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Figure 30: Savings of Additional Hybrid System Compnents
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Operational Savings by Component
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Figure 31: Percentage Reduction of Operational Codty Component

If a designer wishes to covert a diesel-only syst@o a hybrid power system in
stages, they have a decision to make in regarttetorder in which components are
added to the re-designed power system. Most liltleé/systems users are eager to
realize the largest Operational Cost savings dsafapossible. The major conversion
decision hinges around should PV or battery be gtlul@ system first. A secondary
conversion decision is whether to incorporate uaoéd or unregulated grid power if it is
available to a hybrid system. The purpose of tebabank is to correct for a temporal
mismatch between electricity generation and elgtgrdemand. This makes battery
banks superfluous for sources of energy that halagively low O&M costs and can be

continuously run at a required power level. NeaitR¥ nor diesel generators fall under
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these two categories, so they greatly benefit fnawing a batter bank. In addition,
Ruther mentions in his paper that grids will becamstable in a PV array with a PV
penetration of greater than 10 percent is adddabwita battery bank [9]. Momentary
fluctuations in solar radiation on the solar aroagur too quickly for the diesel generator
to compensate for and the grid voltage and frequent fluctuate as more or less power
is generated on the AC bus. The ultimate effeedofing a battery bank is to reduce the
overall O&M cost of a generation system. As oppdseal battery bank, a PV array
directly offsets the energy that needs to be geeethereby reducing the fuel costs of a
system. However, in order to take advantage oél&etricity generated by the PV array
the electricity demand must overlap with the arsayéneration when the sun is out.
When transitioning a system from a diesel genetatarPV/Diesel hybrid system, it is
usually recommended to add a battery bank befer®tharray unless the system fuel
costs are high in relation to the O&M costs andsiblar array is planned to have a
penetration of less than 10 percent.

The inclusion of grid power into the hybrid powgstem depends on several
factors; some of which are hard to explicitly quignt terms of Operational Cost (e.g.
spontaneous loss of power or poorly regulated gelja The cost of protecting the
system from voltage surges and unregulated powar & utility company can be
significant. The cost to protect the 50 Hz systeoam poorly regulated BKPS power was
approximately US$8,300 not including replacememtspaTlhe per kWh price of the
utility power is usually lower than the OperatioQasts calculated for the “Diesel/Bat”
or “Diesel/Bat/PV” systems in Figure 30, so incbrsf grid power into a hybrid system

is usually recommended provided that the systengdesd maintenance technician are
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knowledgeable about the local requirements anadigional design complexity

associated with a grid-tied hybrid system.

Conclusion

Designing a hybrid power system is a complicatediesys engineering problem.
A hybrid system is comprised of multiple techno&sgeach mature in their own right,
but it is their combination that allows for sigieint reduction in the cost of electricity to
communities currently far from the grid. In moases, hybrid power systems are
flexible platforms that can provide cheaper eletfrithan systems using only one energy
source. While there are many papers describingapimization techniques and
optimized hybrid power system designs, none coaptanization with experimental
validation. This thesis fills that literary gap ggnerating an optimized hybrid system
design for Mercy Hospital and subsequently collacid compares the system
performance with that predicted by HOMER and Hybridle second contribution of
this thesis is quantifying the savings engendetetthé conversion of the diesel-only
power system in Mercy Hospital as components sudtatisries and solar panels are
added. Due to the need to compare the systemériexgntal performance with
HOMER and Hybrid2’s predicted performance, a mdardhe combining the O&M and
fuel costs of generating electricity is createde@pional Cost.

By comparing the predicted and actual Operatiomat ©f the Mercy Hospital
hybrid system, it is possible to validate HOMER &tyibrid2’s predictive accuracy. Itis
shown that HOMER and Hybrid2’s accuracy is gredtantthe experimental data

measured by the system’s dataloggers. HOMER’s @peed Cost predictions largely
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fell within the 95 percent uncertainty range of éxperimental data except for one
instance: the 50 Hz Hybrid System Dry Season. ysmlon that dataset showed that
HOMER'’s accuracy is limited by our ability to pretiibe availability of electricity from
BKPS, the local utility company. HOMER predicts thailability of BKPS power is
such that the operation of the diesel generatooisiecessary, when in fact the 50 Hz
experimental system generates 264 kWh, roughlyes@ent, of the demand using the
diesel generator. This results in HOMER predicargignificantly smaller Operational
Cost than that of the experimental data: US$0.4kMfsus US$0.77/kWh. Hybrid2
predicts higher Operational Costs than HOMER asualtref an addition of a bi-monthly
full battery recharge which increases the proportibelectricity that is generated by the
relatively expensive diesel generator.

Validating HOMER and Hybrid2 also involves searchioginaccuracies in the
way either program models the components withiglaitd system. It was observed that
HOMER'’s battery loss model typically over predidis tosses associated with the
storage and conversion of electricity, while HyBtgdunder predicts them. Experimental
data yields an average roundtrip battery efficienic6.0 percent, while Hybrid2
predicts battery efficiencies of 88.7 percent, tredvalue inputted into HOMER is 80
percent. In specific hybrid system designs whertéeby discharge currents are very
large in comparison to the capacity of the batbenyk, Hybrid2’'s underestimation of the
internal battery losses could result in batterykoawerheating.

The thesis also predicts the Operational Cost tezhgcthat one can expect when
building a PV/diesel hybrid system and provids expental data on battery performance

for others to incorporate into their modeling. §akegenerators have the highest
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Operational Costs primarily as a result of the O&bdtathat is accrued irrespective of the
generator’s power output. Operational Cost ford@eHz diesel-only baseline system is
calculated to be higher than US$5/kWh while theebiag 50 Hz system is calculated to
produce power for roughly US$1.25 per kWh. By addian inverter and battery bank,
these Operational Costs can be reduced betweemd3b/gpercent depending on system
loading and temporal mismatch between the generatid consumption of electricity.
Other authors who have built hybrid power systemshused them as grid-tied UPS
systems, so it is of interest to evaluate the redliof Operational Cost due to
incorporation of grid power into our hybrid systeifhe result is an additional 39 percent
reduction in Operational Cost. Although solar gsrevere not added to the experimental
system in Mercy Hospital, models are used to shaivttte inclusion of solar arrays
offers less cost savings than adding a battery.bdhkough the use of HOMER and
Hybrid2, it is seen that optimized hybrid systemsexpected to obtain Operational

Costs of US$0.16 per kwWh.
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