
SANDIA REPORT
SAND2013-6185
Unlimited Release
Printed 29 July 2013

Venetie, Alaska Energy Assessment

Richard Jensen, Michael Baca, Ben Schenkman, Jim Brainard
Sandia National Laboratories

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia National Laboratories is a multi-program laboratory managed and operated by
Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energys National Nuclear Security Administration under contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.



Issued by Sandia National Laboratories, operated for the United States Department of Energy
by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government, nor any agency thereof, nor any
of their employees, nor any of their contractors, subcontractors, or their employees, make any
warranty, express or implied, or assume any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or rep-
resent that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government, any agency thereof, or any of their contractors or subcontractors.
The views and opinions expressed herein do not necessarily state or reflect those of the United
States Government, any agency thereof, or any of their contractors.

D
EP

ARTMENT OF ENERG
Y

•
 •
U
N

IT
ED

STATES OF AM

ER
I C

A

2



SAND2013-6185
Unlimited Release

Printed 29 July 2013

Venetie, Alaska Energy Assessment

Richard Jensen, Ph.D.
Geomechanics Department

Sandia National Laboratories
P.O. Box 5800

Albuquerque, NM 87185-0751
rpjense@sandia.gov

Michael Baca
Military & Energy Systems Analysis

Sandia National Laboratories
P.O. Box 5800

Albuquerque, NM 87185-1108
mbaca2@sandia.gov

Ben Schenkman
Military & Energy Systems Analysis

Sandia National Laboratories
P.O. Box 5800

Albuquerque, NM 87185-1108
blschen@sandia.gov

Jim Brainard
Geotechnology & Engineering
Sandia National Laboratories

P.O. Box 5800
Albuquerque, NM 87185-0751

jrbrain@sandia.gov

Abstract

This report summarizes the Energy Assessment performed for Venetie, Alaska using the principals
of an Energy Surety Microgrid (ESM) The report covers a brief overview of the principals of
ESM, a site characterization of Venetie, a review of the consequence modeling, some preliminary
recommendations, and a basic cost analysis.
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Chapter 1

Executive Summary

In 2012, the Department of Energy’s (DOE’s) Office of Indian Energy (OIE) tasked Sandia Na-
tional Laboratories (Sandia) to provide technical assistance to the Alaskan village of Venetie on
their electrical system. In response, a preliminary assessment was done using the Energy Surety
MicrogridTM (ESM) assessment concept applied to the electrical power system. The report covers
a brief overview of the ESM concepts and details of the analysis.

The village of Venetie is located approximately 160 miles north of Fairbanks, Alaska. The
village is isolated with travel to the village only available through air traffic. The village has a
population of 200 people, which fluctuates during the year. Diesel generators supply, almost
exclusively, the electrical energy for the village. There are three generators located in the village
powerhouse, a 125 kW, a 180 kW, and a 190 kW units. The 180 kW and the 190 kW generators
are currently in service, and the 125 kW unit failed with no plan to put back into service. The
generators are housed in a sub-standard, tight building at the center of town next to a washeteria.
Combined heat and power is utilized by sending the generator waste heat to the washeteria to sup-
plement the heating requirements of the boilers. The generator building is due to be replaced in the
near future. Venetie has kept fairly extensive generator fuel logs including generator loads. How-
ever, there is no detailed load data available. The average summer load (May-August) fluctuates
around 60 kW. The load during spring is 80 kW. The winter load fluctuates from 140 - 150 kW
and the load during the fall is around 110 kW. The generators feed a 12,470/7200 kV overhead
distribution system. The three-phase distribution system splits out and distributes throughout the
village and is not equally balanced, which causes some undue frequency fluctuations and power
quality issues. The loads in the village comprise a couple of relatively large loads, such as the
school, with the balance from residential housing. Each home uses from one to two kW load, on
average. The bottom line is that the powerhouse and generators need to be replaced in order to
increase the safety, reliability, and efficiency of operation. The village is on the Alaska Energy Au-
thority (AEA) list for Rural Power System Upgrade Program and should be eligible for assistance
from AEA in replacing the existing system. How far out in the future the replacement will take
place is not known exactly, but the process should begin to take place within the next two or three
years.

The village of Venetie is located in a region in which there are few renewable energy resources
available. The region has a mean wind velocity too low to make wind power a practical solution.
Although Venetie is located along the Chandalar River, the river is braided and is too shallow to
be an option for hydrokinetics. Additionally, during the winter, the river freezes over. Venetie is
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located in a boreal forest, so biomass (woodchips) is an option, though electric generation in a
rural, isolated village does not have a precedent and therefore is experimental and costly. Lastly,
there is no known geothermal source in the area. PV is a viable alternative with commercial, off-
the-shelf components available, though there are some significant drawbacks. Due to its location
near the Arctic Circle, for approximately three months of the year, centered around the winter
solstice, there is limited to no sunlight at the village. Unfortunately, this time period coincides
with the villages greatest power demand. Although the sun does shine continuously during the late
spring/early summer months, it is during the time period of low power demand in the village.

The system was investigated and an extensive consequence model was created. While the
model was created for Venetie, the basic foundation of the model can be extended and applied,
with some modifications, to similar villages in Alaska as well as in rural areas of the continental
United States. Seven different generator configurations were modeled, including the configuration
that exists in Venetie at this time. The most important takeaway from the configuration runs was
that running the one lone, over-sized generator constantly allows for significant savings through
more efficient operation of the generators. Additionally, the models were created that included
various PV penetrations ranging from 7% to 100% penetration. When the PV systems got to be
larger than 23 kW (which corresponds to a 20% PV penetration), energy storage was needed. A 46
kW PV system (40% PV penetration) required a 40 kWh battery and a 92% kW PV system (80%
PV penetration) required a 250 kWh battery.

Three design options were given. The first option was to relocate the powerhouse to near
the airport and the existing bulk fuel storage area. This would require a new powerhouse and
attendant electrical power generation equipment as well as an upgrade of the distribution line from
a single-phase, 7.2 kV medium voltage distribution line to a three-phase 12.47 kV medium voltage
distribution line from the village to the airport. To match the electrical power demand of the village
more closely, the best combination was found to be one 125 kW diesel generator and two 60 kW
diesel generators. This combination gives redundancy as well as allows for the seasonal peak
demand to be efficiently met. The annual reduction in fuel used, solely through more efficient
operation, is nearly 3000 gallons. The approximate cost for replacement will be between $2.25
and $2.5 million dollars. The second and third options start from the basis that the existing electric
power generation will be replaced. Design option two calls for addition of PV but without energy
storage, which means a system of 23 kW in size. The installed unit cost of the system was assumed
to be $10/W, which gives a cost of the system at $161,000 (assuming that federal tax credits are
utilized). At that cost point, assuming the consequence model calculated net annual savings of
$16,531, a simple payback was ten years and a benefit to cost ratio of 1.23. However, $10/W cost
is very uncertain and could easily be higher.

Design option three assumed a PV system with energy storage incorporated. A system with
46 kW and a 40 kWh battery was determined to have an investment cost of $346,000, based on
$10/W for the PV and $874/kWh for the battery. Under this scenario with a net annual savings of
$23,284, the simple payback was nearly 15 years with a B/C ratio of 1.0. The larger system of 92
kW PV and a 250 kWh battery had a cost of approximately $800,00 with a net annual savings of
$32,332, resulting in a simple payback of 25 years and a B/C ratio of 0.60.

Additionally, levelized cost of energy analysis was done on the three options and compared to
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the existing diesel genset system and to a new diesel genset and powerhouse.

Based on these numbers, the most cost effective system would be the 23 kW PV system without
any energy storage. Caution needs to be taken to ensure that any system installed would have
adequate support from the community and that the community is willing and capable of assuming
the responsibility for the system, both financially and technically. Additionally, for any installed
system to have long-term benefit to the community, it should match the community’s ability to
operate and maintain the system. It is also important to note that the recommendation is contingent
upon replacing the existing generators. If the existing generators were to be used, during the low
peak-load summer season, running the generators when coupled with a 23 kW PV system would
result in forcing the generators to operate in a inefficient, motor damaging mode.
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Chapter 2

Project Scope

This project provides technical assistance to the DOE/OIE program for the power system at the
village of Venetie, AK. Here we present background information on Sandia National Laboratories
Energy Surety MicrogridTM (ESM) concept as applied to remote Alaskan villages, characterization
of the Venetie electrical system and a preliminary set of recommendations for improvements for
the village that follow the ESM concept.

The results of this study are based on data collected during a site visit the first week of July
2012. This data includes 1) monthly sold energy starting April 2011 and running through March
2012, 2) energy use by categories, 3) generator fuel consumption, 4) generator resources, 5) fuel
storage capacity, and 6) information on the distribution system. Although considerable background
data was collected during this visit, additional data is still required for a complete and thorough
characterization of Venetie’s electrical energy use patterns necessary for a detailed, complete, and
robust ESM design. In particular, measured load data is extremely desirable. Because the analysis
of Venetie’s power system contained in this report does not include measured load data, the con-
ceptual design presented here provides only high-level design options with our best estimates of
generator requirements. As such, this report is meant to be a precursor to a complete conceptual
and engineered design that may be undertaken at a future date.

A more exacting design requires accurately measured, high temporal resolution load, voltage
and frequency data obtained for at least one week during each season, but preferably taken on a
continuous basis for a full year. The full year dataset would provide both normal power demand
and abnormal demands such as unusual peaks or lows. Due to the significant variation of peak
loads from winter to spring to summer to fall, the full year dataset would significantly reduce
design uncertainties and allow for a more optimal sizing of new generators. Other needed data
includes high temporal resolution solar radiation and wind velocity measures.

This report includes the following topics:

• A brief review of the ESM concept as applied to remote Alaskan villages

• Characterization and description of the current Venetie Electric Utility system

• First order recommendations for improving the generation system and estimated cost esti-
mates
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• An example of a consequence model approach to illustrate and explore potential design
options

Also discussed in this report are data, modeling, and other information requirements for a
more extensive analysis leading to a complete and thoroughly vetted microgrid design. These
requirements include the following:

• A more complete analysis made possible through accurately measured data.

• First order load-flow model required to investigate potential instabilities to provide guidance
design details

• Performance/reliability modeling that optimizes system components such as generators, elec-
trical load, renewable generation, switches against cost and reliability.

• More extensively developed consequence model that includes input from PV and/or wind
generation to provide detailed analysis of generator duty cycles and resultant generator per-
formance measures given accurate and high temporal resolution load data and accurate solar
radiation and wind velocity data.
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Chapter 3

Energy Surety Microgrid Design Analysis

3.1 Introduction

The Sandia-developed Energy Surety MicrogridTM (ESM) methodology directly links five energy
surety principles (safety, security, reliability, sustainability, and cost effectiveness) with critical
power needs. It does this by integrating distributed energy resources (DERs), including backup
generators, photovoltaic (PV) systems, small wind turbines, electrical energy storage, etc., into a
local electrical distribution service area (microgrid) and controlling those resources to optimize
system performance. Although the ESM methodology was designed for grid-tied smaller distri-
butions systems such as those of military bases where critical functions must continue during grid
failure, some of the methodology can be applied to stand-alone microgrids such as those at remote
Alaskan villages. It is necessary to note that the extent of the ESM Design Analysis is dependent
on the size, complexity, and service requirements of the microgrid. For example, a large military
base with numerous critical missions requiring uninterruptible electrical service and with a variety
of armed service tenants, each with different load service priorities, will require a more complex
and larger microgrid than a small Alaskan Village with few absolutely critical loads and limited
renewable energy resources. A key ESM design feature that is applicable to Alaskan village mi-
crogrids is active, real-time management of interconnected generator resources for producing the
required power in the most efficient, reliable, and cost effective manner. This interconnection al-
lows for matching the load to generator resources, and immediate access to backup generators in
case of a generator failure. Here we present a high level description of the ESM Design Analysis
process we have implemented for complicated microgrid systems required by the most complex
facilities where the ESM process has been implemented. It is presented in this form because much
of the process is applicable to small remote Alaskan villages such as Venetie even though these
villages do not require extensive control and cyber security systems.

3.2 ESM Energy Surety Principals

The five energy Surety Principles (safety, security, reliability, sustainability, and cost effectiveness)
are discussed individually in this section to provide the groundwork for the ESM Design Analysis
that follows this section.
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The Safety principle is that the ESM will not create any new safety hazards and will, in fact,
reduce safety risks associated with the operation of a complex microgrid. A functioning and well
designed ESM is safer than a system that relies on human intervention during contingencies be-
cause the ESM is designed to respond to contingencies automatically. This cuts down on the need
for human intervention and the risks associated with judgment errors made under duress.

Reliability of a power system is the ability to provide sufficient power; especially during con-
tingencies. Achieving complete 100% system reliability is often impractical due to the prohibitive
costs associated with a system designed to meet all contingencies, no matter how unlikely they
may be. However, significant reliability gains can be achieved by designing ESM systems that
match load with generation resources while providing additional back-up generation and with a
robust control system designed to effectively respond to contingencies.

Security refers to having a power system resilient to all threats including intentional sabotage.
Recently, grid security has become a pertinent issue, due to the threat of cyber attack. Given that
an ESM requires significant levels of software, control, and networking, cyber security becomes
a salient element of the ESM microgrid design. The ESM design process promotes incorporation
of cyber security standards such as encryption, firewalls, strong password requirements, and other
measures that enable command and control of the microgrid.

Sustainability is the ability to sustain the power system for an indefinite period of time, but
doing so in a manner that does not compromise future demands on the system. ESM systems are
commonly based on diesel generation. It is widely recognized that the use of diesel fuel is not sus-
tainable because it is not a renewable energy resource. However, reducing the rate at which diesel
fuel is consumed results in a more sustainable system from both the long-term resource availability
and value proposition points of views. ESM systems conserve fuel by matching loads to generator
resources and automatic switching of generators to efficiently meet the load. Optimal switching of
generators has other sustainability paybacks such as reduced diesel generator maintenance costs
and longer generator life cycles. A second way to conserve fuel is through the addition of renew-
able generation resources. High penetration of intermittent and variable renewables such as wind
and photovoltaic (PV) generation is made possible with an ESM system.

Cost effectiveness has to be a key component to an ESM system as applied to remote Alaskan
villages. Cost effectiveness can be attained through ESM designs that significantly improve fuel ef-
ficiency, decrease maintenance costs, and lengthen life cycles of generators through control of gen-
erators to optimally meet loads. Incorporation of renewable generation can significantly increase
cost effectiveness depending on the intensity and reliability of the renewable resource, system cost
and service expectancy, and installation and maintenance costs.

A second strategy for meeting cost effectiveness goals involves the philosophy of using exist-
ing infrastructure to the extent possible to meet the objectives of the ESM. Decisions to alter the
existing system are base on an understanding in the tradeoffs between component replacement and
associated costs and the impacts of reusing existing equipment on ESM performance.
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3.3 Pre-ESM System Characterization

Development of a full ESM implementation following the principles described above involves en-
gineering analyses for the facility for which the microgrid will be designed. This process involves
characterization of the system, analysis of system design options through modeling, cost analysis,
and design and performance analysis. The following sections give an outline of the ESM process
as applied to remote Alaskan villages.

The first task in the design process is to gain an understanding of the current system and the load
requirements of that system, both for normal and contingency operation such as loss of load due to
failure in the distribution system or potential load not served due to generator failure. In the first
case, an appropriate generator must be on-line to meet the reduced load and for the second case,
it might be feasible to select specific loads that would be served by the reduced generation. These
loads could be selected based on a triage of the negative impacts that reduced generation could
have on the community as a whole. These and other design considerations are realized through a
systematic site characterization process where consideration is given to the unique circumstances
of each village:

• Load Characteristics: Discussions with the power system operators yield information on
load characteristics, measured data availability, and additional data required for modeling
efforts. Discussions with the community result in an understanding of which functions are
critical within the community for times when generation is curtailed.

• Characterization of existing electrical system: The design and state of repair of the current
system is investigated and evaluated with the help of on-site operators and electrical contrac-
tors. This effort results in an understanding of the strengths and limitations of the current
system and this understanding is used as the starting point in the ESM design process.

• Characterization of potential new energy sources: This effort includes an evaluation of avail-
able renewable energy sources such as wind and PV generation and may also include a
cost/benefit analysis of energy storage

• ESM capability requirements: Once the above three efforts are completed, various ESM
designs can be explored where cost and need are balanced to produce an acceptable design
that meets the principles of the ESM.

• Information technology (IT) requirements: The IT requirements are driven by the ESM de-
sign as well as the benefits of incorporating the village network (if present) into the design
and, if incorporated, the vulnerability of the village network to cyber attacks.

3.4 ESM Electrical System Modeling

Electrical system modeling includes load flow, performance/reliability, grid dynamic and conse-
quence modeling. Load flow modeling uses grid dynamic tools such as PSLF, MATLAB, etc., to
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build a load flow model of the microgrid design to calculate voltages and flows based on generation
and loads to initially examine if there are any voltage issues introduced by the microgrid.

The grid dynamic model is a more detailed load flow model which involves microsecond scale
grid dynamics modeling based on inputs such as generator capabilities, inverter characteristics, sys-
tem protection capabilities, etc., to better design microgrid control algorithms, investigate required
generator ramp rates and potential storage requirements necessary for the microgrid - particularly
important when renewables are incorporated, and to mitigate any stability issues which might be
discovered by the model.

A performance/reliability model uses data obtained for the load flow model to develop a se-
quential Monte Carlo model to optimize key microgrid components against cost under a variety
of contingencies including weather, maintenance, component failure, and failures from cyber at-
tack. The output of the model is statistical quantification of the performance of the microgrid for
different combinations of microgrid components.

The consequence model uses systems dynamics software (like PowerSim Studio R©) to track
microgrid performance under varying load scenarios. This modeling paradigm complements the
performance/reliability model results because the consequence model illustrates how the optimal
combination of components interacts in time series plots and the performance metrics can be com-
pared to that of the performance/reliability model results as a means to build confidence in the
modeling.

For the consequence model, time sequence load data are used as input to the model as well as
generation from renewable resources such as PV or Wind. Within the model the load is distributed
among user defined diesel (or other fuel based generation) generator resources according to user
defined generator duty cycles. Impacts on generator performance from other energy sources such
as energy storage devices and fuel cells can be investigated along with various penetration levels of
wind and PV. The model quantifies the generator performance in terms of fuel consumption, power
output intervals, ramp rates, and stop-start cycles. This output takes the form of histograms, time
series line plots, stacked plots showing generator duty cycles, and tables. Model runtimes vary
from several seconds to 3 minutes depending on the simulation time duration. The choice of sim-
ulation duration is dependent of the objective of the project and the available data, but commonly
the duration ranges from a few hours, a day, a week, a month or a year. As such, the user can run
multiple design scenarios in a matter of minutes making what-if scenarios very easy to undertake.

Consequence modeling is not strictly necessary for the microgrid process itself, but the results
can help one understand the tradeoffs between different design options, help guide the design team
toward the optimal ESM design, illustrate principles to non technical people, and help stakeholders
understand why a particular microgrid design was chosen.
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3.5 Cost Analysis

Accurate cost estimates need to include as much information as possible on the costs for the design,
engineering, construction, as well as overhead costs associated with implementing a microgrid.
Maintenance requirements should also be considered in the costs for the microgrid. The design
costs include all of the costs necessary for a design firm to survey the electrical system, do sup-
porting analysis, and create design drawings to outline the changes in the existing grid necessary to
implement the microgrid. The engineering costs include all of the additional support to review and
oversee the design and construction of the microgrid and additional analysis necessary for the mi-
crogrid implementation not performed by the design or construction firms. The construction costs
include the costs associated with the procurement of the microgrid equipment, the labor costs to
install and test the equipment, and any overhead costs associated with a general contractor assigned
to oversee the construction.

Our cost analysis approach is to first estimate base costs for all the equipment to be installed in
the ESM as a springboard for developing other cost estimates. Once the base equipment costs are
estimated, the labor costs are estimated and added to the base cost to obtain overall base costs to
install the equipment.

Rules of thumb for obtaining rough estimates of cost as borne out from our experience and from
industry practices are as follows: The construction management oversight costs are estimated to be
20% of the overall equipment costs. The engineering and design costs are estimated to be 12.5%
each of the construction equipment costs. A 25% contingency is required to take into account
the lack of complete information at the conceptual design level. As more complete information
is available, the level of contingency for the estimate decreases. Not included in the estimates are
any additional facility overhead costs associated with the project. Note that the multipliers applied
above are generally for projects in the contiguous United States and that the cost multipliers for
Alaska are higher and would vary according to the remoteness of the installation. Our cost estimate
approach is summarized as follows:

• Calculate construction baseline costs (C): Includes equipment procurement costs and labor
cost to install the equipment

• Calculate construction management cost: (CM=0.2*C)

• Calculate design cost (CD=0.125*C)

• Calculate engineering cost (CE=0.125*C)

• Sum all costs: CT=C+CM+CD+CE

• Multiply CT by 0.25, add to CT to obtain an upper limit on cost: CR=CT+CT*.25

• The cost range is CT through CR.

• Add any overall facility overhead costs to these estimates or estimate it to be 10% of CR
costs)
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For example, if it is determined that the overall costs for procuring and installing equipment
including labor for a small project is $1000K, then the construction management costs can be esti-
mated to be $200K. The design and engineering costs are estimated to be $125K each. Therefore
the overall minimal costs for this ESM will be $1450K, and the range of costs including a contin-
gency will be $1450K - $1800K. Additional facility overhead costs if known or estimated can be
added to these cost ranges. Table 3.1 below, shows an example cost breakdown using the above ap-
proach for a facility with three major pieces of equipment. The table illustrates that at least 45% to
90% of additional costs must be budgeted above the equipment procurement and installation costs
(Compare Equipment and Installation Costs with Total Costs and Total Costs with Contingency).

Obtaining cost estimates for electrical equipment and labor includes some of the following
resources and strategies:

• General electrical equipment and installation cost data can be obtained with estimate re-
sources such as RS Means

• For equipment not included in these, published reports or equipment manufacturers can be
consulted for additional cost estimate information

• Regional Davis-Bacon labor wage rates can be used to modify the basic installation labor
costs for the equipment for specific regions

• An additional labor productivity adjustment of 15% for construction costs is included to
take into account for any additional costs associated with military safety and security re-
quirements and training needed to work on a military base

• Labor overtime is not included in the estimates

The estimates typically used in this analysis are for generic equipment based upon resources
available like RS Means, published reports, or manufacturer information. Actual estimates for
equipment to be used in an ESM are typically based on quotes from bids made by engineering
design and construction firms. Also, labor rates using Davis-Bacon can be modified through pro-
ductivity factors to adjust for lower productivity in difficult environments. Labor rates will also
vary between firms and may be impacted by travel requirements. One of the principal objectives
of a conceptual design process is to obtain estimates of the range in costs rather than a firm cost
range. In the case of a conceptual design, many of the details of an actual design and construction
process need to be more fully scoped. Thus the conceptual design process is used to get a better
idea about the range of costs associated with a project.

3.6 Design Analysis

The design analysis phase involves compiling all of the information from the activities described
above and analyzing the information to specify microgrid components, network controls and pro-
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Table 3.1: Example cost estimates for a facility.

Equipment & Construction Design Engineering Total Costs w/
Installation Overhead Overhead Overhead Total Costs Contingency

Equipment Costs (20%) (20%) (20%) (20%)
($K) ($K) ($K) ($K) ($K) ($K)

Equip. A 200 40 25 25 290 363
Equip. B 300 60 38 38 435 544
Equip. C 500 100 63 63 725 906

Total Costs 1000 200 125 125 1450 1813

tection, and detail required level of cyber security design analysis as described below. The com-
ponent Design Analysis includes the following determinations: 1) optimal generation capacities
of renewable and diesel generators, energy storage, and the electrical distribution system; 2) opti-
mized placement of microgrid components such as generators, switches, and transformers, and 3)
the required microgrid control system.

3.7 Microgrid Controls

The microgrid controls and protection design analysis uses its own set of analysis tools to de-
velop the control/protection strategy for the proposed microgrid. Controls/protection can include
micro-EMS, SCADA, pilot or network-enabled adaptive relaying, AMI, energy efficiency mea-
sures, and direct load control as determined by the analysis. Cyber security analysis uses other
described analysis as well as independent analysis to evaluate the cyber security for the proposed
microgrid. The analysis includes available options for network protection (firewalls, VPNs, QOS,
etc.), access control (passwords, multi-factor authentication, RBAC, etc.), logging, forensics, and
administrative and procedural security controls and options to implement these. The analysis in-
cludes consideration of possible attack vectors as well as both the prevention and recovery aspects
of cyber protection to better minimize effects from potential cyber-attacks.

3.8 Performance Analysis

Performance analysis evaluates design, controls, and IT options in terms of quantified costs and
benefits. All of the previous analysis techniques and/or results from these techniques are used to
quantify the required metrics for this analysis:

• Likelihood of un-served critical load
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• Generator fuel requirements

• Reduced emissions

• Reduced possibility of cyber-attack

• Reduced loss of loads

Performance analysis, while not strictly necessary to develop a microgrid, can provide the value
proposition required to justify the need for a microgrid while determining an optimal microgrid
design.
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Chapter 4

Venetie Electrical System Characterization

4.1 Introduction

Venetie is located approximately 160 miles north of Fairbanks along the Chandalar River, a trib-
utary to the Yukon River. According to the 2010 census, the village of Venetie has a population
of 166 people, but the population fluctuates during the year. Venetie village covers approximately
20.8 square miles. All travel to and from Venetie is via air traffic via 4,400 ft. airstrip located
approximately 1.5 miles south of the center of village.

Sandia personnel visited the village of Venetie, Alaska July 1st and 2nd, 2012, to begin the
process of characterization of the existing electrical infrastructure. Connie Fredenberg and Grace
Oomituk, both employed by MarshCreek, LLC provided a tour of Venetie Village. MarshCreek,
LLC is an energy consulting/construction firm contracted by DOE/NREL and tasked with helping
Venetie Electric Utility to obtain the Independent Utility Operators Certification with the Alaska
Energy Authority. With this certification, Venetie Electric Utility will be eligible for state subsidies
to offset high diesel fuel costs as well as grants to improve their electrical system. This support is
generally in the form of a monthly subsidy to cover the high cost of producing power and targets
isolated, small, rural communities.

4.2 Generation Resources

4.2.1 Current System

The Venetie distribution system consists of a set of 480V generators housed in a slightly elevated
generator building near the center of the village, which supplies power to the village. The genera-
tors connect via riser cables outside the generator building to three single-phase polemount 75 kVA
transformers (225 kVA total) with a voltage step-up to 12470/7200V to an overhead distribution
system, which supplies the village. The majority of the distribution system is three phase, but there
are some portions with single-phase service such as a long 1.5 mile single-phase feed from the
village to the airport runway. Venetie does not have a current electronic layout of their distribution
system.
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The electrical energy for the village is supplied by diesel generation only. Three generators are
located in the generation building; a 180 kW generator unit that is currently in service, a newly
rebuilt 190 kW generator but not yet installed (to be installed January, 2013) and requires additional
parts for installation, and a 125 kW generator which has failed and has been taken out of service
for the foreseeable future. All three generators have John Deere engines. The 180 kW generator is
matched with a Kohler generator and the other two units are matched with MagnaPlus generators.
The generator building is located across from the village washeteria where generator waste heat is
piped over to the village washeteria to supplement the heating requirements of the boilers. Until
the 190 kW generator is installed, the village is without backup power and a generator failure will
entail loss of electrical power to the village.

The generator building is undersized which has resulted in a very cramped working space with
very tightly fitted controls. This situation results in a poorly ventilated building causing significant
heat build-up such that the room becomes excessively hot in the summer months. Additionally,
lighting is inadequate. With these difficult working conditions combined with the age of the gener-
ators and lack of backup generation, there are serious concerns about both the short and long-term
reliability of the village electrical supply. Fuel supply the generator building is from a 1,500-gallon
tank in close proximity to the powerhouse. Fuel is continuously pumped to the generators from
this tank. This tank is filled from main 14,000-gallon tanks located near the airstrip. A 5,000-
gallon tanker truck is used to truck fuel from the main storage tank to the generator supply tank, a
distance of 1.5 miles. The main tanks are filled from air tankers with a carrying capacity of 4,400
gallons. The average Venetie Electric Utility fuel usage is 4700 gallons per month indicating that
the electrical generation requires one airlifted fuel delivery every three weeks or so. In practice fuel
deliveries occur more often because of other non-specified diesel usage. Transport of fuel from the
main tanks to the generator tanks occurs more often.

4.3 PV System

4.3.1 Existing PV

Venetie has some existing solar arrays. There is a 2.5 kW rooftop system on the Washeteria and
a 2.5 kW tracking array. Both systems have Sunny Boy 2500 inverters, which are located in the
Washeteria. The efficiency of the systems is not known. These systems offset some of the loads
for these facilities but are an insignificant energy source for the current Venetie electrical system,
since they only supply energy to these buildings and are capable of supplying 5 kW of total energy
at maximum.

4.3.2 Previously Existing PV

Between 2000 and 2004, Venetie evaluated on-site PV systems as a method for reducing diesel
fuel consumption for electrical generation. The Department of Energy Office of Energy Efficiency
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and Renewable Energy, Tribal Energy Program funded the project. The only information we have
been able to obtain on this evaluation is the 2004 Year End Project Review Meeting presentation,
held in Golden, Colorado [10].

Among the project goals were the following objectives “Determine the feasibility of powering
an entire remote village with renewable and sustainable energy resources” and “Evaluate our ex-
isting PV systems’ fuel savings and integration with our village electricity grids.” As part of this
project, a PV performance monitoring system was installed which apparently helped solve “earlier
power system integration problems.” Apparently Venetie had a 2.2 kW tracking array and a 1.2
kW fixed array. Little additional information has been located concerning details of this study and
we have not been able to locate any of the data from this project. Project results and data from
this project could significantly improve our understanding of energy demand characteristics and be
invaluable for analyzing of potential costs/benefits of PV generation.

4.4 Other Potential Renewable Energy Sources

4.4.1 Biomass

The village of Venetie is surrounded by boreal forest comprising spruce, aspen, and poplar. A
study funded by the DOE in 2009 that looked at the feasibility of developing biomass as a renew-
able energy resource for the communities of Fort Yukon, Chalkyitsik, and Venetie indicated that
sufficient biomass exists to sustainably use as a renewable resource to replace fuel oil for heat on
a select number community facilities. In Venetie, the payback period was estimated to be approxi-
mately six years [7]. In Ft. Yukon, construction is starting on a biomass boiler as a supplement to
the exiting district heating system. The local residents will harvest the fuel for the biomass boiler
from the adjacent forests. New technology is emerging that allows for the generation of power with
biomass. If this technology can be proven for use in isolated rural communities such as Venetie,
it could be of great benefit. The fuel would be locally procured from a renewable resource. This
would keep the control of the fuel source within the community freeing the community from de-
pendence upon costly delivery of fuel oil. It also would provide regular, sustainable employment
to the community, thereby keeping the money within the community. The success of the Ft Yukon
biomass boiler project and the sustained success of the locally procured fuel source could and
should lead to the use of biomass as a viable renewable energy resource. One significant drawback
is the greater complexity of the systems requiring a higher level of technical ability by those who
operate and maintain the systems.

4.4.2 Hydrokinetics

Venetie is located in a broad valley adjacent to the flood plain of the Chandalar River, a major trib-
utary of the Yukon River with headwaters 100 miles to the north on the south slope of the Brooks
Range. At Venetie, the river is a low gradient, braided, undeveloped river with large seasonal flow
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fluctuations that enhance sediment and debris transport and the river surface freezes in the winter.
The low gradient excludes the possibility of dam hydropower and the freezing and debris excludes
hydrokinetics (run-of-the-river power generation) as a renewable energy resource for Venetie (per-
sonal communication with researchers at University of Fairbanks, ACEP/AHERC).

4.4.3 Wind Energy

The evaluation of the economic viability or technical feasibility of wind generation for Venetie is
not within the scope of this project due to the likely high vary high installation and maintenance
costs of wind farm for Venetie. However there are indications that wind energy may one day be a
viable option for Venetie. The following is a very brief summary of wind resource potential and
potential logistical and technical roadblocks to wind energy in the vicinity of Venetie.

Wind energy potential is poor for most of the lowlands of northeast Alaska located south of
the Brooks Range. However ridge tops can have ratings as high as superb. Located 10 miles to the
northwest of Venetie is a ridge that is rated fair, and further west along the ridge, 16 miles distant
from Venetie the wind resource is rated outstanding to superb (Figure 4.1) [3]. These ratings meet
the criteria given in the Alaska Wind Energy Development: Best Practices Guide to Environmental
Permitting and Consultations published by the Alaska energy Authority, Sept 2009. The guide
recommends “If the wind map shows potential for wind power generation, long-term data should
be collected from nearby airports or weather stations. After a potential wind farm site has been
selected for further study, the long-term data will be compared and correlated to site specific data
collected using an anemometer.” [2]

A significant consideration with regards to wind generation in Alaska is the impact of cold
weather on wind turbines due to potential icing of sensors and blades, increased fatigue on com-
ponents, and changes in seals and lubricating oil properties at lower temperatures. Other concerns
include safety factors for maintenance workers and impacts on the performance of wind turbines
in extreme weather conditions. Maintenance may also be difficult or impossible due to deep snow-
fall and distance from Venetie. Additionally, shipping imposes size limitations on blades as well
as installation infrastructure such as cranes, backhoes, cement and cement trucks, road building
equipment and so on. Costs and future maintenance of running transmission lines to areas of high
wind energy potential may make this an unrealistic source.

4.5 Load Characterization

According to the 2010 census there were 85 housing units listed for Venetie. Each housing unit is
estimated to require 1-2 kW, which is higher in fall and winter. The majority of these loads arise
from lighting, and the rest mostly from television, computing, and refrigeration. Resistive heating
is not used in any of the housing units as heat is supplied by wood burning. In addition to these
residential loads, there are several major non-residential loads including the following commercial,
community, and government buildings (also see Figure 4.2 and Figure 4.3):
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Figure 4.1: Google Earth Image with wind resources in the vicinity of Venetie superimposed.

• John Fredson Elementary and High School

• Village Council and Tribal Government (3 buildings)

• Myrna Roberts Health Clinic

• Washeteria

• Village Store

• Post Office

• Community Center

• Other miscellaneous buildings

Breakdown of electrical energy consumption for each of these buildings is not available, but the
aggregate is reported as the non-residential kWh use in Table 4.1 . The school has the largest load,
which is estimated to be 30 to 40kW when school is in session during the fall and winter months.
Seasonal peak loads as obtained from the Venetie Electric Utility, but not specifically recorded are
as follows:
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• Winter (December - February): 150kW

• Spring (March - May): 80kW

• Summer (June - August): 70kW

• Fall (September - November): 110kW

Loads manually recorded on Alaska Energy Authority Plant Logs verify that the spring and
summer loads approach these peaks, but fall and winter peak loads could not be verified due to a
lack of recordings on the logs.

A breakdown of the electrical energy consumed (kWh sold) by Venetie’s residential and non-
residential loads from April 2011 through March 2012 as shown in Table 4.1 as provided by Connie
Fredenberg of MarshCreek LLC. This data was used to calculate the daily average load for each of
the months. The average daily kW use for each month, presented in Table 4.2, was calculated from
the electrical energy sold data given in Table 4.1 by dividing the kWh by the number of days in the
month. The calculated average daily loads are compared with the peak load estimates by taking the
difference between the two values (see also Table 4.2). In the discussion that follows, we illustrate
that while this data is useful and important to have as part of the energy demand characterization,
it does not provide enough detail to sufficiently minimize such that the most optimal generator
resources can be determined. A brief discussion of the shortcomings of the load data is given next
to illustrate this point.

The largest average daily occurred in October (70kW) and November (69kW) and February
(86kW) and the smallest daily load occurred in April (32kW). The remainder of the average daily
loads falls between 52 and 60kW. The difference between the calculated daily average loads and the
reported seasonal loads are highest for the winter months: December = 98kW, January = 97kW,
and February = 64kW. The next highest are for the fall months: September = 52kW, October
= 40kW, and November = 41kW. The differences for all the other months are less than 23kW,
except for April, which is at 48kW. The difference between the average load and the reported peak
load is greatest for the winter months, followed secondly by the fall months, then by the spring
and summer months. Of the spring months April stands out as an anomaly with the difference
within the range of the fall months. The total average daily load for April is also anomalously low
compared to both the summer and spring months.

Without having the actual load data, one is forced to reconcile the differences and anomalies
cited above through assumptions to formulate a daily load profile. For instance, the assumption
could be made that the seasonal loads always peak at, or near the values given during any week
and that the load occurs mid afternoon. The weekend load could be assumed to be 40kW less
than the weekday load since that is the approximate demand for the school while it is in session.
Using the monthly energy demand as a known, we can develop a cyclical daily load profile that
hits both the weekday and weekend peaks and, when integrated over the month, yields the energy
consumed for that month. In other words, the assumed daily cycles in load are required to equal
the calculated average daily load. There are several problems with this approach; first, while it is
possible to develop daily load profiles that meet the constraints described above, critical features
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of the load profile will likely be incorrect, yet important to quantify. These features include the
rate of rise and fall of the load and the consistency and accuracy of the peaks and lows from day to
day and week to week. Also not considered in developing the load profiles would be unique tribal
or community events that either significantly decrease or increase power demand over periods of
hours to days at a time as well as other activities that might impact the load such as construction
projects. The anomalously low April demand is an obvious case in point; the power demand could
have been low all through April, or perhaps it was normal for a spring month, then the demand
significantly dropped off for a week or two.

Another example of how this information is lacking concerns the large difference in the winter
loads and the calculated average daily loads. For example, the December difference of 98kW and
an average daily load of 52 kW is difficult to reconcile as the load would have to drop to -46kW in
order to retain the daily average of 52kW (52kw - 98kW = -46kW).

The above examples clearly show that other information is needed to reconcile the winter peak
loads with the average daily loads. Analysis of high temporal resolution load data is the most
reliable and accurate basis upon which an efficient and robust microgrid system can be designed.

Figure 4.2: Plan-view map of North Venetie, AK showing key buildings.

4.6 Historical System Failure Modes

Identifying historical system failure modes is vital to characterizing the load and a valuable aid
in the microgrid design process. Venetie Electric Utility personnel have reported to us that that
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Figure 4.3: Plan-view map of South Venetie, AK showing key buildings and generator building
circled in red.

there are intermittent loads that have caused the shutdown of the main generator due to excessive
frequency excursions. One of the loads is the school sump pump, which can introduce 15kW steps
in power demand, and another is the airstrip lighting, which is enabled by a pilot prior to nighttime
landing. The runway lights are located 1.5 miles from the generators and are serviced by a single-
phase conductor. To remedy shutdowns from these events, the generator under/over frequency and
voltage controls have been relaxed such that a frequency dip to 58 Hz is allowed to persist for 6
seconds instead of a factory setting of 2 seconds to permit the generators to rebalance.

4.7 System Operation Costs

Another valuable piece of information regarding load characterization is the operation and main-
tenance costs, of which fuel costs typically make up a large percentage. Thus fuel costs are the
major contributor to the cost per kWh, a metric that allows for easy comparisons with generation
costs of other systems. For Venetie, the total residential electrical energy use was 199,787kWh
(Table 4.1) out of the total 513,257 kWh used or about 39% of the total. A total of 56,493 gallons
of fuel were consumed at an average cost of $5.53/gallon (Table 4.3). The total fuel costs was
$312,406. With additional support services costing $72,534, the total cost for electrical services
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Table 4.1: Venetie Energy Use (April 2011 − March 2012).

Electrical Energy Sold (kWh)
Non-

Month Residential Residential Total
April 13,519 9,427 22,946
May 14,824 27,244 42,068
June 16,466 24,544 41,010
July 15,565 22,008 37,573

August 17,596 26,824 44,420
September 17,821 23,914 41,735

October 19,249 32,665 51,914
November 19,962 29,964 49,926
December 17,139 21,407 38,546
January 16,222 22,932 39,154

February 16,599 43,526 60,125
March 14,826 29,015 43,841
Total 199,787 313,470 513,257

for this period was $384,940. Dividing the total cost by the total energy used yields an estimate
of the per-unit electrical energy cost: $0.609/kWh. For comparison, the national average cost is
about $0.0455/kWh [1]. Thus, during this period, the fuel cost alone amounted to 81% of the total
energy production cost, hence the emphasis on fuel consumption reduction in this analysis.
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Table 4.2: Calculated average daily loads and difference between the total average daily loads and
the report seasonal loads.

Daily Average and
Seasonal Peak Load

Average Daily Load Differences
(kW) (kW)

Non- Seasonal
Month Residential Residential Total Peak Load Difference
April 19 13 32 80 48
May 20 37 57 80 23
June 23 34 57 70 13
July 21 30 51 70 19

August 24 36 60 70 10
September 24 32 56 110 54

October 26 44 70 110 40
November 28 42 69 110 41
December 23 29 52 150 98
January 22 31 53 150 97

February 25 65 89 150 61
March 20 39 59 80 21
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Table 4.3: Venetie Fuel Use (April 2011 - March 2012).

Fuel Costs

Month Fuel Price Fuel Used Actual Cost
( /gal) (gal)

April $5.87 2,594 $15,214
May $5.90 5,171 $30,511
June $5.75 4,513 $25,951
July $5.74 7,657 $43,957

August $5.61 5,063 $28,381
September $5.77 4,365 $25,190

October $5.65 4,368 $24,674
November $5.79 4,576 $26,499
December $5.59 4,587 $25,627

Jan $5.63 4,500 $25,340
Feb $5.81 4,599 $26,721
Mar $6.04 4,500 $27,159

Average/Total $5.76 4,708 $325,224
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Chapter 5

Conceptual Design, Preliminary
Recommendations and Follow-up Steps

5.1 Introduction

As noted in our electrical system characterization section, the existing generator building houses
three generators, two of which are non operational and the building is inadequate; it has poor ven-
tilation, insufficient lighting, and cramped working space. These inadequacies create a difficult
and potentially dangerous environment in which to maintain the equipment. Additionally, the 180
kW generator provides all of the primary electrical power to the village with the only significant
backup being a generator dedicated to the public school. Also noted is that preparations are under-
way to bring the 190 kW on line as a backup generator. Three additional concerns about the current
generation system include the following: First, the functional generator is oversized (180 kW) for
all but the highest peaks such that the generator very likely operates at less than 30% capacity for
lengthy periods of time. This operation results in low fuel efficiency and increased maintenance
and shortening of service life due to “wet stacking,” a condition that occurs when diesel generators
run light loads. The potential for wet stacking will likely be greater for the larger (190 kW) gener-
ator when it is brought online. Second, the generator building is not co-located with the main fuel
storage tanks. This requires that fuel be shuttled from the main fuel tanks located near the airport
to the fuel tank located next to the generation building. The shuttling of the fuel is accomplished
with a dedicated fuel truck. Potential breakdown of the fuel truck or potential extreme weather
conditions add to the risk of loss of generation. Additionally, diesel fuel spills are likely. Third,
Venetie is a remote village supplied by diesel fuel through air transport. As such diesel is becoming
prohibitively expensive, with an average diesel fuel cost of $5.53 per gallon during 2011 through
2012 resulting in a very high average electrical rate of $0.75/kWh.

5.2 Design Overview

Taking these considerations in mind, we present three design options to address these issues. In the
first option, the current generator building and generators are replaced with new facilities and the
next two options include the first option with the addition of generation from a photovoltaic system
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(PV) for the second, and energy storage for the third option. PV generation could significantly
reduce fuel costs in proportion to penetration levels and energy storage would provide higher levels
of PV penetration. The following is a list of these options further discussed with analysis below:

• Option 1: New Venetie Generation Facility. The new facility would 1) completely replace
the existing building, 2) contain generators optimally sized to match village loads, and 3)
be located in close proximity to the bulk fuel storage tank at the airfield and fuel would be
supplied directly from the tanks to the generators. The new generation facility would require
the installation of step-down transformers near the facility. These transformers could be
purchased new or the transformers currently near the existing power plant could be relocated
to the new facility. Additionally, a three-phase distribution line needs to be constructed from
the new power plant to the current distribution system hook-up at the center of the village
( 1.5 miles).

• Option 2: New Venetie Generation Facility with limited PV. Option 2 includes Option 1
with the addition of a low penetration of PV (PV rating < 50% load). The addition of PV
generation would reduce diesel fuel consumption. Here optimal PV capacity and new diesel
generator capacities would be selected such that the generators produce power in the ranges
where wet stacking does not occur, which corresponds to the high fuel efficiency ranges,
i.e. power production would be greater than 50% of capacity. Thus the generator capacities
required with and without a PV system (Option 1 versus Option 2) would likely be different.

• Option 3: New Venetie Generation Facility with DC Bus and energy storage with extensive
PV (> 50%). This extends Option 2 by the use of a dedicated DC bus permitting incor-
poration of energy storage technologies. Energy storage would have two functions; first, it
would dampen large load oscillations arising from high PV penetration, which would reduce
diesel generator ramp rates while assuring a stable system. Second, it would reduce fuel
consumption by allowing the diesel generators to operate at their optimal power production
ranges.

5.3 Generator Capacity Considerations and Load Uncertainty

The generator capacities selected for the three, microgrid design options are the same. These se-
lections are preliminary because the selections are based on the historical monthly fuel and energy
use data supplied by the village and estimated seasonal peak loads provided by the Venetie Electric
Utility personnel and Marsh Creek LLC -the Venetie electrical contractor- and not on actual load
data (See Table 4.1). Accurate load data is required to design an optimal system that would provide
reliable and cost minimized service while providing generation resources for future growth. Thus
we recommend that dedicated meters be installed at the existing generator building to collect 15
minute to 1 hour demand (kW) and energy use (kWh) data for the entire village for up to a year.
Measured load data would reduce the design uncertainty and could result in recommendations of
slightly larger, smaller or different combinations of generators required to optimize generator per-
formance. A meter is being installed in February 2013 that will capture the load data for one year.
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A system has been set up where monthly load data will be sent to Sandia National Laboratories
and collected. At the conclusion of the data gathering exercise, the data will be made available to
parties that demonstrate a need. However, the diesel capacity recommendations for the microgrid
design options discussed below could be reasonably close to the optimal generator resources if the
data used in this analysis is representative of the actual load profiles. Specifically, assumptions
inherent in calculating power demand from monthly energy data have to be reasonably correct.

5.4 Generator Capacity Selection Strategy

Primary factors in selecting generator capacities include sizing generators to 1) meet peak de-
mands, 2) provide for redundancy, and 3) to allow the generators to produce power in optimally
efficient power production ranges. Additional considerations include selecting generators designed
for continuous duty and not backup duty. The first criterion for generator selection is the peak de-
mand. This occurs in the winter months for the village and was reported to be approximately
150kW. Therefore the single generator capacity, or the combined generation capacity if more than
one generator is used, must exceed 150kW. At the same time the generator assets must provide
sufficient redundancy in anticipation of contingencies that require back-up generation. These con-
tingencies may be that a generator fails to start, fails while running, or be off-line for maintenance.
Having redundancy requires that an additional generator, or suite of generators, be available to
meet the expected peak load should the on-line generator fail or if the primary generator is off-
line for maintenance. The need for additional redundancy occurs if a primary generator is out of
service and the back-up generator fails. Additional redundancy was not considered since the loss
of a generator at any given time, even considering downtime for maintenance, is a low probability
event. Another consideration is the likelihood that a failure would occur during peak load and, if it
did occur, would it be possible to shed some load such that required redundant generator capacities
could be reduced to save cost and perhaps allow for generator capacities that are better matched
with the low loads as well as the peak loads. This is another instance where actual load data could
provide additional refinement to the microgrid design options. The primary criteria for the design
presented here is the assumption that significant diesel savings, maintenance costs, and savings
through delayed replacement of generators requires that the generators operate as efficiently and
reliably as possible. Efficiency and reliability are linked through proper maintenance and proper
generator output relative to the generator’s power production capacity. According to most manu-
facturers, reliability is enhanced if the generator output is at least 30% of rated capacity. Continual
under-loading results in wet stacking which impacts long-term reliability (i.e. decrease useable
life) of generators. Wet stacking occurs when optimal air-to-fuel ratios are not sustained result-
ing in lower operational temperatures and un-burnt fuel is deposited in the exhaust valves, piston
rings, fuel injectors, turbo chargers, and other engine components requiring additional mainte-
nance to remove these deposits. If this maintenance is not performed the engine looses significant
fuel efficiency and, if not properly remedied, eventually fails prematurely. The key to avoiding
wet stacking is, as noted, to operate generators as much as possible above the 30% of capacity
threshold. Operating the generators above 50% of rated capacity for most of the operation time
is more optimal with the most optimal output around 90% of rated capacity. Running generators
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at high output not only avoids wet stacking, it also assures optimal fuel consumption efficiency as
indicated in Table 5.1.

Table 5.1: Typical Generator Efficiencies for Different Loads.

Example Generator Efficiencies
100% Load 75% Load 50% Load 25% Load

60kW 29.9% 29.5% 28.7% 22.9%
80kW 29.6% 27.5% 24.6% 22.2%

100kW 31.9% 31.2% 31.5% 25.6%
125kW 33.6% 32.6% 32.1% 27.2%
150kW 31.6% 30.4% 29.7% 22.6%
180kW 33.8% 33.0% 31.7% 26.7%
200kW 32.8% 33.5% 31.1% 24.6%
230kW 33.3% 34.3% 32.4% 26.5%

5.5 Microgrid Design Options

5.5.1 Design Option 1

The first design option involves replacing the old facility with a relocated facility near the airstrip
within pumping distance of the bulk storage tanks. This option would include the construction of a
weatherproof building required to house the three sets of new generators and associated equipment.

We highly recommend that the new generator building be located near the airstrip away from
the village allowing for direct piping of diesel fuel from the bulk diesel storage tanks located near
the airfield. Having the generator building located in close proximity to the bulk diesel storage
tanks has several advantages over the current location; first, the need to shuttle diesel to town would
be eliminated and, consequently, system reliability would significantly improve. Fuel shuttling
introduces numerous failure modes and very likely reduces the reliability of the system while
increasing fuel spill risks.

Conceptual Design

A schematic of our conceptual design for the first option (Option 1) is presented in Figure 5.1
showing the components of a new Venetie generation facility. The components include two 60kW
generators and a 120kW generator, three-phase line to connect with the Venetie distribution sys-
tem, bulk fuel storage tanks and necessary plumbing to connect these fuel tanks directly with the
generators, and the necessary pumps required to supply the generators with the diesel.
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A full assessment of the equipment needed to relocate the generator facility to the airstrip
would require 1) an evaluation of the existing bulk fuel tanks to determine if they could, or should
be used as the supply tanks or whether they should be replaced, 2) an assessment of the current
feeder and supporting infrastructure to determine what components of the existing system could be
reused. The existing feeder from the airport to the village and the generator facility is an overhead
single-phase line used to feed power to the runway lights. It is tapped into the existing village
distribution system near the current generation facility. This feeder would need to be upgraded
to a three-phase distribution line. Options for the existing three-phase transformers are to relocate
them, or, if these transformers are in a deteriorated state, purchase new transformers. In either case,
the existing 480V generator output to the 12,470V distribution infrastructure would be preserved.

Figure 5.1: Schematic of Option 1 showing the components of the new Venetie generation facility
and associated upgrades required for connection to the existing distribution system.

Generator Capacity Selection and Generation Scheduling for Option 1

The generator capacity selection was based on the average and estimated peak information as
documented in Section 6.5. As a review, the seasonal peaks were estimated by the Venetie Electric
Utility personnel and not based on measured data. The average power demand for each month was
calculated from the total monthly energy delivered. The data covered the interval from April 2011
to March 2012, as shown in Figure 5.2.

A simple evaluation of the optimal generator size is as follows: For six months out of the year
the average power demand is less than 60 kW and the peak use is a maximum of 80kW. Other times
of the year the peak load varies between 110kW and 150kW with the average load varying between
40 and 90kW. A single 60 kW generator would cover the average load for these seven months and
a 125kW generator in conjunction would cover the peak loads over 60kW up to 125 kW. During
the summer months, the 125 kW generator could pick up any peak load above 60kW. A second
60kW generator would provide the needed redundancy for much of the year; it could replace the
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other 60kW generator or both of the 60kW generators could replace the 120kW generator. The
125kW generator could cover peak loads between 110 kW and 150 kW.

Figure 5.2: Plot showing the average and estimated power demand (kW) for Venetie from April
2011 through March 2012.

Generalized scheduling intervals over which a generator, or combination of generators would
be operative given the generator capacities specified above is demonstrated in Figure 5.3 where
the 100% (solid line) and 50% (dashed line) capacities of each generator is plotted along with the
Venetie load data given in Figure 5.2. Note that G1 and G2 refer to the 60kW generators and G3,
the 125kW generator. Since generators G1 and G2 have a combined capacity of 120 kW, they could
run in tandem during months when loads are below this level. For example, from March through
November when generator G1 and G2 are operational, if loads drop below 50 kW or so, only one
of the two generators would be required to operate in order to run efficiently. As loads increase to
50 kW the second kW generator could turn on. This way, generators could be run as efficiently
as possible and still meet load requirements with redundant back up generation. A similar type
scheme could be devised for the months when G1/G2 and G3 were required to operate.

During the winter months when the peaks are around 150kW, G1 or G2 could run with G3
resulting in a combined capacity of 185/205kW and when the load dropped below 60kW, the
120kW generator could be dropped. It is important to note that measured load data would be
invaluable to explore optimal scheduling and validate selected generator capacities.

Potential Fuel Cost Savings for Option 1

Table 4.1 listed the information we obtained for the costs per gallon and fuel used for Venetie for
one year as reported in Table 4.3. From this information we made some preliminary estimates of
potential fuel savings if the more optimal combination of generators as described in the previous
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Figure 5.3: Plot showing a possible seasonal generator schedule for a new generation system at
Venetie.

section were employed. The Average Power Output, as calculated from Table 4.1, was used in con-
junction with power production/efficiency rating curves and a energy to volume of fuel conversion
factor to obtain an estimate of the fuel consumption of the proposed system. Note that the average
power output for each generator is actually slightly higher than the reported monthly energy values
due to transmission and other losses. Thus the savings could be slightly less than those calculated.
There are other factors that would impact the accuracy of the calculations such as 1) variability in
load which is not captured in the average data and would result in high ramp rates and associated
lower generation efficiencies, 2) errors in ratings curves due to environmental effects and specific
installation details, and 3) changes in the load from year to year. However, the high cost of fuel
combined with the current extreme inefficient operation of the generators results in a sufficiently
large savings potential that errors such as those mentioned above are small compared to the savings
potential.

Table 5.2 shows the potential cost savings from running the generators more efficiently. The
current costs in the table come from the amount the village paid for fuel for that month, not the
amount of fuel used. Therefore, the cost savings is an estimate based yearly savings that may be
realized by deploying a new set of generators. As discussed previously, we need better monthly
load data both to determine what size generators to use as well as determine what schedules to
run them to make their use the most efficient. These calculations resulted in an annual savings of
$24,000 using optimally sized generators (Table 5.2). The Load% was calculated by dividing the
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Average Generator Output by the generator capacity rating. Note that Load% calculation is based
on the manufacturers rating for that generator which may be different than the “referred to” rating.
For example, the 60kW maximum capacity is specified as 56kW. The Load% is then converted to
generator efficiency from a manufacturers Load% versus Efficiency% rating table. The efficiency
is then used to calculate fuel consumption with an energy/fuel volume conversion factor. Also note
that the Total Cost data has been increased by 10% to reflect less efficiency due to account for
ramping of the generators.
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5.5.2 Design Option 2: New Venetie Generation Facility with limited PV

Option 2 adds a limited amount of PV to Option 1 described above. The addition of PV provides
additional, offset of diesel fuel costs. This option is illustrated in Figure 5.4 below. We tentatively
suggest that a maximum of 50% PV could be added to the system without further modifications
beyond Option 1 such as the addition of storage to buffer against rapid load fluctuations from
variable PV generation. The PV facility would be located near the generator facility, contain an
inverter, and be connected directly to the main generator outputs. The PV facility would offset
an equivalent amount of diesel generation and therefore fuel consumption, the exact quantity and
timing of which would be dependent upon the weather and the time of year.

Figure 5.4: Schematic of Option 2 showing the components of the new Venetie generation facility
and associated upgrades required for connection to the existing distribution system.

PV Benefits associated with Option 2

The calculation of the potential benefits of PV is based on the following assumptions:

• Average yearly solar radiation for Venetie can be approximated by that for Bettles, AK

• Average yearly load is 60 kW

• Average fuel cost for diesel is $5.80/gallon
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• Average fuel use for 2-60 kW generators is 4.8 gallons/hour (50% loading at 28% efficiency)

• The average load and fuel costs remain constant over the next few years.

Since PV is utilized to offset generator fuel use, the benefit analysis is based on the savings in fuel
consumption. The simplest assumption is that each kW of PV offsets a kW of generator use and
the associated fuel use. This leads to a simple calculation of fuel saved: for a PV system output
of 20 kW and a load of 60 kW, the generator supplies 40 kW or 66.7% of load they would supply
without the PV system. Therefore the fuel consumption rate would be 66.7% of the rate required
without augmentation from PV. So instead of a fuel consumption rate of 4.8 gallons/hour, the rate
with PV generation would be 3.2 gallons per hour.

As the example calculation given above illustrates, fuel savings provided by PV is proportional
to the extent of PV generation, which is related to the level of penetration and the capacity factor
of the PV system. These factors provide a second method for calculating potential fuel savings
with the advantage that measures of the PV output is not required, rather capacity factors gleamed
from studies of other PV systems installed in similar settings can be used to calculate average PV
generation. PV penetration can be defined as the percent of rated PV installed relative to the peak
load of the system it is installed on. So a 6 kW PV system for a 60 kW peak load, has a 10%
penetration. Because PV Penetrations ranging from 10 - 50% are manageable with current diesel
generator and control technologies for small microgrids, such as that serving Venetie, this range of
penetration is being proposed in Option 2.

The capacity factor of a power plant is the ratio of the actual output of a power plant over
a period of time to its potential output if it had operated at full capacity the entire time. For PV
systems located in the southwest US, the capacity factor can be in the range of 24% to 33% whereas
in Alaska the capacity factors are expected to be at best 15%, though more realistically it would
be 10%. The lower capacity factor is due to 1) long-continuous periods of no or little sunshine,
although continuous sun during the summer months can offset some of this long period of no
generation, 2) the effect of high latitudes on the increased effective thickness of the atmosphere
and resultant radiation scattering which decreases direct solar radiation, and 3) relatively common
cloud cover.

Fuel savings can now be calculated using the penetration and capacity factors:

• Average PV output = PV penetration * peak load * PV capacity factor

• Average PV output = 10% * 60kW * 15% = 0. 9kW

• Total Energy Generated = Average PV output * total hours of PV generation

• Total hours of PV generation = 365 * 24=8760 hours

• Total Energy Generated =0. 9kW * 8760 hours = 7884kWh

• Total Fuel Saved = Total PV Energy Generated * gallons of fuel per kWh
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• Gallons per kWh = 38kWh * 28% (efficiency) = 10.6 kWh/Gal

• Total Fuel Saved = 7884kWh / 10.6 (kWh/Gal) = 743.8 Gallons

• Total Fuel Cost Averted = Total Fuel Saved * Fuel Cost

• Fuel Cost = $5.53 per Gallon

• Total Fuel Cost Averted = 743.8 Gallons * $5.53/Gallon = $4113

For a 60 kW system, with at 6 kW PV system (10% penetration) and a 15% capacity factor -
the average expected output for the PV will be 6 kW * 15% or 0.9 kW.

Finally the installed cost of the PV system needs to be factored in to compare the amount of
savings from the PV to the overall costs. PV installed costs are usually measured in $/W or $thou-
sands/kW. PV costs vary considerably depending on manufacturing and tax incentives available
for PV as well as the size of PV installed. In the continental US, the lowest current costs for large-
scale PV systems are in the range of $3/W, and for smaller systems, e.g. 100 kW, the cost is in the
range $5/W.

Tables 5.3 and 5.4 below provides some initial estimates for different PV penetrations varying
from 10-50% assuming a 115 kW peak load, a $10/W cost and a capacity factor 10% and 15%,
respectively.

Table 5.3: PV Costs and Savings assuming a 115 kW peak load, $10/W costs and 10% capacity
factors.

PV System Size
PV (60 kW *

Penetration PV Penetration) Cost Fuel Saved Cost Savings
(kW) ($) (gal/year) ($/year)

7% 8 80 999 $5,518
20% 23 230 2851 $15,767
40% 46 460 5702 $31,534
60% 69 690 8553 $47,300
80% 92 920 11,405 $63,067
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Table 5.4: PV Costs and Savings assuming a 115 kW peak load, $10/W costs and 15% capacity
factors.

PV System Size
PV (60 kW *

Penetration PV Penetration) Cost Fuel Saved Cost Savings
(kW) ($) (gal/year) ($/year)

7% 8 81 665 $3,679
20% 23 230 1901 $10,511
40% 46 460 3802 $21,022
60% 69 690 5702 $31,534
80% 92 920 7603 $42,045

5.5.3 Design Option 3: New Venetie Generation Facility with DC Bus and
energy storage with extensive PV

The final option to consider is higher penetration of PV than that Presented in Option 1. While
higher PV penetration would offset additional diesel fuel costs, additional capital costs would be
incurred due to the need for additional system controls and energy storage as illustrated in Figure
5.5. Pending a more extensive analysis, our conjecture is that these controls and energy storage may
be required for PV penetrations of 30% or more and would definitely be required for penetrations
above 50%.

Like option 2, the PV would be placed away from the airfield but near the generator facility in a
series of ground mounted units, which could be connected to the main generator outputs. However
with option 3, the PV and energy storage devices would be connected to a common DC bus and
this common DC bus output would then be connected to the distribution grid. Like Option 2, the
PV output would supply additional power to the distribution grid whenever sun was available and
thus offset the equivalent amount of diesel generation and therefore fuel which would otherwise be
used without a PV system. However in Option 3, the PV system would primarily charge the energy
storage device and the stored energy would be used to 1) moderate swings in the load resulting from
variable PV generation, and 2) improve the diesel generator efficiency by scheduling charging the
storage device during low load periods.
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Figure 5.5: Schematic of Option 3 showing the components of the new Venetie generation facility,
associated upgrades required for connection to the existing distribution system including a DC bus
and energy storage components.
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Chapter 6

Consequence Modeling Approach for
Microgrid Design Analysis

6.1 Introduction

The consequence model was constructed in PowerSim Studio R©, an object oriented software pack-
age designed specifically for systems modeling where time sequenced flow rate of such things as
materials, energy, water, and widgets, are accumulated in storage as a result of the influences of
other components of the system, and/or as a result of direct feedback loops between the inflows,
outflows and/or storage. This modeling platform is ideal for investigating microgrid designs be-
cause complex structure can be captured within the model and mathematical integration required
for calculating accumulations is done behind the scenes. This allows the modeler to concentrate
on the capturing important relationships in the structure of the model. Additionally, user interfaces
for changing values of variables and observing results are easily constructed. Finally, fast runtimes
allow for quick scenario testing and what if analysis.

The ability to easily change parameter values, run the model quickly, and view pertinent results
was used to construct a load profile for an entire year. Normalized load profiles were scaled to
match, along with other criteria, the monthly energy use data given in Table 4.1. Once a satisfactory
load profile was constructed, it was fed into the dispatch component of the consequence model
that distributes the load among generator resources specified by the user in look-up tables. Other
model components track the generator duty cycles and calculates and tracks various generator
performance measures such as fuel consumption, and generation power production intervals in
terms of the percent of time each generator is within given ranges of their full capacities.

During each simulation, the dispatch component of the model simultaneously feeds the load
data to seven different user specified suites of generators, allowing for immediate comparison of
generator performance parameters. The generator suites are specified by the user in tables within
Excel, which the consequence model accesses during the simulation. This involves specifying the
maximum capacities of each of the generators and lowest desired generation level for each of the
seven suites of generators. For the consequence model simulations presented in this report we limit
the generator sizing to three cases, 1) the current operation at Venetie (one 180kW or on 190kW
generator serving the load), 2) those recommended in previous sections of this report, and 3) other
suites of generators to illustrate other options.
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6.2 Consequence Modeling Discussion Overview

The consequence modeling discussion begins with a description of the method for developing
the high temporal resolution load profile and then continues with the evaluation of the generators
operation strategies, first without photovoltaic generation (PV), then with PV generation.

6.3 Development of Load Profiles

The load profiles used in the consequence model are based on two twenty-four hour, one-hour in-
terval load profiles developed for the Alaskan Village Electric Load Calculator, Figure 6.1 (Devine
and Baring-Gould, 2004). One profile was used for weekday loads and the other for weekend and
holiday loads. Each profile was normalized to its peak.

The normalized load profiles were brought into a component of the consequence model specif-
ically built to allow for trial and error scaling. Scaling involved modifying the curves until they
were in agreement with the following data and information:

• The total “kWh Sold” data presented in Table 4.1 (Venetie Energy Use) from which the total
average “kW Used” was calculated

• General information obtained from the site visit such as 30 to 40 kW daytime demand from
the school and estimates of the seasonal peak demands (see the section titled “Venetie elec-
trical System Characterization”

• A six-week load profile gleamed from a slide (#37) in a presentation titled “Powering Re-
mote Northern Villages With the Midnight Sun” made to the Office of Energy Efficiency and
Renewable Energy, Tribal Energy Program, FY 2004, authored by Lance Whitwell (Tribal
Energy Manager), Marjorie John (Assistant Energy Manger), and Myles O’Kelly (indepen-
dence Power and Energy Consulting) (See Figure 6.1 below)

• Alaska Energy Authority Plant Log from Venetie recording the power production of the
generators and time of the recording for three months in written log form, usually recorded
twice daily

The development of the load profiles was sequenced as follows:

• First, the normalized load profiles (Figure 6.1) were visually studied to identify general char-
acteristics of the load profile that could be used to constrain the scaling parameters. These
general characteristics were selected with consideration of the following load characteristics
gleamed from the data and information given above.

– Weekend load peaks are less than the weekday loads by about 20 kW and weekend
load bottoms are usually 5 to 10 kW less than the bottoms of the weekday loads
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– Weekend loads typically oscillate about 30 kw while weekday loads oscillate almost
50 kw

– The weekend load seems to be peak and then fluctuate around that peak whereas the
weekday load seems to reach a peak and back off from that peak fairly rapidly

– The weekday load seems to have a secondary peak late in the day, this appears as a
shoulder before the load drops to a minimum

– The trend in the load show a gradual increase which probably results from shorter and
colder days.

• Second, the variation in the school load was compared to the variation in the load in Figure
6.2 to ascertain that the load in this was consistent with the expected variability resulting
from school operations.

– The school adds an additional 30 to 40 kW load while school is in session. It is likely
that most of this load cycles each day and is responsible for some of the variability in
the Venetie load.

– The variability in the surrogate weekday load in Figure 6.2 needs to reflect the daily
cycling of the school load.

– Because the weekday variation observed in the load in Figure 6.2 is usually greater
than the 30 to 40 kW specified load for the school, the variability in the Figure 6.2 load
is sufficient to account for the cycling of the school load, plus additional cycling from
other daytime loads.

• The normalized load profiles were scaled according to the information given in the first bullet
above. The blue normalized load profile in Figure 6.1 (normalized Selawik profile) was used
for the weekend profile due to its flatter peak whereas the red normalized profile (normalized
Scammon Bay profile) was used for the weekday profile due to its more pronounced peak
and the presence of a shoulder, or evening peak.

• The scaled profiles were then offset by Venetie’s average monthly power demand given in
Table 4.2 and plotted in Figure 6.3 of this report. This was accomplished by coding the
consequence model to change the offset according to the month of the simulation time.
This offset was then globally adjusted to minimize the difference between the Total Energy
reported in Table 4.1 and that accumulated over corresponding months during the simulation.
Figure 6.4 shows this result in the form of bar graphs and tables.

• This load profile was then plotted with the measured power production from Alaska En-
ergy Authority Plant Log to validate that the resultant load profiles are in agreement with
measured load (Figure 6.5).
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Figure 6.1: Plot of normalized load profiles modified from Devine and Baring-Gould, 2004.

Figure 6.2: Plot of load profiles taken from Whitwell et al., 2004.

Figure 6.3: Average Monthly Power Demand calculated from the measured Total Monthly Energy
(kWh sold) in Table 4.1.
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6.4 Simulated Load Profile Discussion

Comparisons between the simulated load profile and the measured load profile (Figure 6.4), the
difference between the Alaska Energy Authority Log and the simulated load profile over the month
of April (Figure 6.5), and the discrepancy between the reported seasonal peaks (150 kW for winter,
80 kW for spring, 70 kW for summer and 110 kW for fall) and that observed in the simulated load
also suggest that the actual load is very complex and underscores the importance of working with
actual high quality, high resolution load data. However, the simulated load data, although not
accurate in detail, does capture daily fluctuations and monthly trends in a reasonable manner in
that the data is consistent with historical and measured loads and with energy accounting records.
Thus accuracy of the simulated load profile is sufficient to illustrate the application of consequence
modeling specific to the Venetie community.

6.5 Potential Generator Configuration Investigation

A year-long simulation was run with seven generator (genset) configurations to investigate the duty
cycles and fuel consumption of each configuration.

1. The first genset configuration is the current set up at the Venetie power plant where a 180kW
generator is operated 24 hours around the clock with no consideration for the load.

2. The second genset configuration is a potential set up if the 190kW generator, also present at
the site, is brought on line. This generator would also run 24 hours a day with no considera-
tion for the load.

3. For the third genset configuration, a 125kW generator is used to follow the load 24 hours a
day. This configuration illustrates the more favorable power production levels of the 125 kW
generator over that of the 180 and 190 kW generators.

4. The fourth genset configuration invokes a 125kW generator and a 60 kW generator to meet
loads between 185kW and 125kW, the 125kW generator to meet loads between 125kW and
60kW and the 60kW generator for loads below 60kW. This genset configuration illustrates
the advantage of a dual generator system with one of the generators being approximately
one-half the capacity of the other to prevent low power production from the larger generator.

5. The fifth genset configuration is similar to the fourth, except the 60kW generator is replaced
with an 80 kW generator with the load intervals adjusted accordingly.

6. The sixth genset configuration is similar to the fourth, except the 60kW generator is replaced
with an 100 kW generator with the load intervals adjusted accordingly.

7. For the seventh genset configuration, two - 60 kW generators are combined with a 30 kW
generator to provide generation for loads between 150 kW and 60, the 60 kW generator
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meets loads down to 30 kW, and the 30 kW generator meets loads down to 12 kW. This
configuration illustrates the use of three generators of different sizes to meet the load. The
smaller generator provides low power production required if PV is brought onto the system

Below are seven sets of graphs with each set associated with one of the seven cases and arranged
in order of increasing genset configuration number. The first plot of each series shows the generator
duty cycles and for the strategies where a single generator is used, only one generator is displayed
on the duty cycle plot. The second plot shows the power production interval of the generator and
if a second generator is present, two power production interval plots are present.

The significance of the generator duty plot is that is allows a visual check to determine if gen-
erators are excessively cycling off and on or if the load is greater or less than the range of the
generator. In PowerSim Studio R© it is a simple matter to build event counting into the model so
that events such as these can be quantified and tracked.

The power production plots quantify the power production interval of each generator relative to
its rated capacity and in terms of the percentage of the total time the generator spends within each
interval. These plots are important because, as mentioned elsewhere in this report, wet stacking can
occur if diesel generators run at low power levels. Wet stacking has significant deleterious effects
on diesel engines. Additionally, diesel generators are most efficient when operated near their
maximum capacity and least efficient when operated at the low end of their capacity. Therefore it
behooves diesel generator operators to implement diesel operation strategies that minimize under
loading generators.

Following these seven sets of plots is a bar graph and table showing the calculated diesel con-
sumption for each of the scenarios. Each of the seven strategies is discussed independently below
each set of graphs. These discussions include a summary of the simulation results.
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6.5.1 Load is met by the on-site active 180 kW Generator

This is the current set up at the Venetie power plant where a 180 kW generator is operated 24 hours
around the clock with no consideration for the load. In the top plot (the generator duty cycle plot),
the 180 kW generator shows cycling between weekend and weekday loads (coarse oscillations)
as well as daily loads (fine oscillations). The bottom plot is a Power Production Interval plot that
shows the generator production is mostly in the 30% to 50% range (about 60% of the time) and
about 30% of the time in the 10% to 30% range. These power production intervals are not desirable
as the generator is oversized for this load. Keep in mind that this simulation is based on a simulated
load so that these results may be over or understating the actual situation at Venetie.

Figure 6.6: Plots showing the generation duty profile (top) and Power Production versus Genera-
tion Interval Histograms (bottom) for the current primary generator at Venetie (180 kW generator).
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6.5.2 Load is Met by the Current 190kW Backup Generator

The second genset configuration is a potential set up if the 190 kW generator is brought on line.
This generator would operate twenty-four hours a day with no consideration for the load. The
generator duty cycle plot is a duplicate of the plot in Figure 6.6(b) because the generator is serving
the same load. However the Power Production Interval Plot shows a slight increase in the percent of
time the generator spends in the 10% to 30% range because of the larger capacity of this generator
relative to the 180 kW generator. Again, these power production intervals are not desirable as the
generator is oversized for this load and the high probability of wet stacking with the accompanying
long term maintenance and reliability issues.

Figure 6.7: Plots showing the generation duty profile (top) and Power Production - Generation
Interval Histograms (bottom) for the current backup generator at Venetie (190 kW generator).
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6.5.3 Load is Met by a 125 kW Generator

For the third genset configuration a 125 kW generator is used to follow the load 24 hours a day.
Once again the generator duty cycle plot is a duplicate of the two other plots because the 125 kW
generator is servicing the same load. Here there is marked improvement in the power production
intervals as now the generator is producing power in the 50% to 80% range almost 60% of the
time. This difference is due to the fact that this capacity is significantly smaller than the previous
two cases. However, the generator is still generating significant power in the 30 to 50% range and
a smaller percentage in the 10% to 30% range.

Figure 6.8: Plots showing the generation duty profile (top) and Power Production - Generation
Interval Histograms (bottom) for a 125 kW generator at Venetie.
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6.5.4 Load is Met by a 125 and a 60 kW Generator

The fourth genset configuration allows matching of loads with either one, or both generators:
the 125 kW and the 60 kW generator to meet loads between 185 kW and 120 kW; the 125 kW
generator to meet loads between 125 kW and 60 kW; and the 60 kW generator for loads below
60 kW. The load profile is the same as the previous cases, but the different colors show that the
generators switching off and on to meet the loads within a specified range. Having generators
of two different capacities allows for optimized generator use. This can be seen in the Power
Production Histograms where the 125 kW generator power production below 50% is minimized.
Note that the generator operation strategy could be adjusted to minimize the rapid switching outside
the April and early January.

Figure 6.9: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (middle and bottom) for a generator suite consisting of one-125 kW generator
(Generator #1) and one 60 kW generator (Generator #2). In this case, the 125 kW generator is
allowed to drop to 30% of its rated capacity while the 60kW generator is allowed to drop to 10 to
30% of its capacity.
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6.5.5 Load is Met by a 125 and a 80 kW Generator

The fifth genset configuration is similar to the fourth, except the 60 kW generator is replaced with
a 80 kW generator with the load intervals adjusted accordingly. The results of this simulation show
the importance of matching generator assets appropriately to the load, and hence the importance
of having accurate load data. Notice that the generator duty plot shows the two generators (125kW
and 80kW) switching back and forth excessively. Also note that the power production of the two
generators shows some improvement over the previous case because the 125 kW generator does
operate below the 50% range, which shows why it is important to consider the duty cycles.

Figure 6.10: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (middle and bottom) for a generator suite consisting of one-125 kW generator
(labeled Generator #1) and one 80 kW generator (labeled Generator #2). In this case, the 125
kW generator is prevented from dropping below 50% of maximum capacity whereas the 80 kW
generator is allowed drop to 10 to 30% of its rated capacity.
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6.5.6 Load is Met by a 125 and a 100 kW Generator

The sixth genset configuration is similar to the fourth and fifth cases, but with a 100 kW generator
replacing the smaller generator and with the load intervals adjusted accordingly. Here the gener-
ators are not switching back and forth as much as was the case with the 80kW generator, but the
100kW generator is producing significant amounts of power below the 30 to 50% mark. It is very
likely that this is occurring in April when the load appears to be at a low for the year.

Figure 6.11: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (middle and bottom) for a generator suite consisting of one-125 kW generator
(labeled Generator #1) and one -100 kW generator (labeled Generator #2). In this case, the 125
kW generator is prevented from dropping below 50% of maximum capacity whereas the 100 kW
generator is allowed drop to 10 to 30% of its rated capacity.
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6.5.7 Load is Met by Two 60 kW Generators

For the seventh genset configuration, two 60kW generators are run simultaneously, from 120kw
down to 60kW, then one of the generators is run from 60 down to 6 kW. The duty cycle plots
and the power production intervals show that both generators would be producing above the 50%
interval a significant amount of time so that two 60 kW generators could be an ideal combination
if the peak load in never higher than 120 kW.

Figure 6.12: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (middle and bottom) for a generator suite consisting of two - 60 kW generators.
In this case both generators are allowed to run simultaneously unless the load drops below 60 kW,
then one of the generators shuts off and the other continues to run.
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6.5.8 Diesel Consumption for Each of the Seven Generator Operation Strate-
gies

Figure 6.13 is a bar plot and table of the diesel consumption for the seven strategies discussed
above. Note that the least efficient scenario is number Six where a 100 kW generator is used in
combination with a 125 kW generator. This is a somewhat unexpected result. Not surprisingly the
current case and the potential case where the 190 kW generator cover the entire load (scenario 1
and 2 respectively) are markedly less efficient operation scenarios than the more efficient scenarios.
The most efficient scenarios are scenario three (where the entire load was serviced by the 125 kW
generator), scenario four (where the load was serviced by a combination of the 125kW generator
and a 60kW generator), and scenario five (where the load was serviced by a combination of the
125 kW generator and a 80 kW generator) with the scenarios three and five edging out four by
about 500 gallons for the year. The three most efficient scenarios have significant fuel savings
over the current case; about 3000 gallons. Another important note is that while the diesel savings
for scenarios three, four, and five, are similar, the maintenance costs are likely higher for scenario
number three due to impacts from wet stacking, resulting from under loading the generator. Table
5.1 shows the efficiencies used to compute the diesel consumption.

Figure 6.13: Bar graphs and table showing the diesel consumption for each of the seven generator
strategies discussed above.

6.6 Photovoltaic Generation Considerations

In this section, simulation results showing the impact of various PV penetrations on generator
operations given the fourth generator configuration presented above (see Section 6.5.4). The fourth
configuration had a 125 kW generator and a 60 kW generator where these generators either shared
the load or ran alone depending on the magnitude of the load. Seven PV penetration levels were
simulated using the consequence model. The levels of PV generation were 7, 22, 43, 65, 108, and
130, kW - AC which corresponds to 7%, 20%, 40%, 60%, 80%, and 100% penetration given a
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peak load of 115 kW used in the simulation. Three of the seven penetration levels are presented
below for the purpose of illustrating the operational impacts of introducing PV to a microgrid.

The PV generation data was derived from NREL’s PVWatts R© Version 1 Calculator (NREL-1)
a site specific calculator that calculates PV output based on typical meteorological year (TMY)
data from NREL’s Solar and Wind energy Resource Assessment Program (NREL-2). PVWatts R©

has several user selectable inputs including choice of location for the TMY data. Bettles, AK is a
community located 140 miles west-southwest of Venetie, AK. Bettles was chosen as a surrogate
for Venetie because both villages are located significantly inland and are just south of the Brooks
Range, a major east- west mountain range separating Alaska’s Interior geographic region from that
of the Arctic Region. Hence the two villages share similar climates and likely would have similar
PV production curves. Other inputs include DC rating of the PV System, DC to AC Derate Factor
(.77), Array Type (Fixed), Array Tilt (66.9), and Array Azimuth. The data used for the simulations
here are based on a fixed array configuration with the default selected for the DC to AC derate
factor (.77) and Array Tilt (66.9 degrees).

6.6.1 Photovoltaic Generation and Generator Performance

The first series of plots are stacked plots showing the generator operation during the month of June
for four cases, 0%, 20%, 60% and 80% penetration (Figure 6.14(a) through Figure 6.17(a)). The
load data used in these simulations is the same load data used in the previous section, hence the
case without PV has been run, but for the entire year.

Comparisons between the PV penetration plots illustrates the impact of increasing PV penetra-
tion that range from beneficial at the lower penetration levels where switching of generators on the
weekends is minimized with a slight trade-off of having the 60 kW generator run below the 50%
of capacity interval, to severe at the higher levels where excess generation occurs and the 60 kW
generator is forced to run significantly below the 50% of capacity level (see the figure captions for
details). Energy storage can mitigate the impacts of high penetration of PV on generation opera-
tions. For instance, the excess energy can be stored then released at later times to reduce generator
switching and can also be used on shorter time intervals to reduce the variability in the load due to
PV generation variability. The generators can also charge and, when needed, discharge the energy
storage devices to keep the generation levels above 30% or 50% to minimize switching.

The excess power, generated in the simulated PV Penetration cases above, was accumulated
over time to obtain bar plots comparing the maximum excess daily energy from each case (Figure
6.18). The plot shows an increased energy storage requirement with increased PV penetration;
the 20 kW requires very little storage whereas the 80 kW case requires about 200 kWh of storage
capacity. This stored energy is energy that would otherwise be dumped to maintain system stability
and thus, the cost of this gain in energy availability includes capitol costs for the system and
maintenance costs, and does not include efficiency losses that would occur from diesel generation.
The savings in diesel fuel the stored energy would replace offsets these costs. These diesel fuel
savings are investigated in the next section.
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Figure 6.14: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (125 kW middle and 60 kW bottom) for the 0% PV Penetration Case. In
contrast to the year-long simulation presented in the previous section this plot shows reveals more
detail regarding the switching of the generators. The 60 kW generator starts during off-hours
during the weekday and runs the majority of the weekend except at weekend peak load where the
125kW generator is used.
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Figure 6.15: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (125 kW middle and 60 kW bottom) for the 20% PV Penetration Case. Con-
trasting this plot with the previous shows that the PV generation significantly reduces the switching
of the 60 and 125 kW generator during the weekend peaks but at a cost of causing the 60 kW gen-
erator to operate below the 50% of capacity interval about 10% of the time.
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Figure 6.16: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (125 kW middle and 60 kW bottom) for the 40% PV Penetration Case. With
further PV penetration, the 60 kW generator slightly increases the percentage of time generating
between 30% and 50% and is required to generate power in the 10% to 30% of capacity range.
Note also that excess generation occurs on 6/4, 6/5, 6/20, and 6/26 where the yellow spike appears
above the black load line.
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Figure 6.17: Plots showing the generator duty profile (top) and Power Production - Generation
Interval Histograms (125 kW middle and 60 kW bottom) for the 80% PV Penetration Case. PV
levels of 80% further increases the amount of time the 60 kW generator spends in the low power
production mode and also increases incidents of over generation.
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Figure 6.18: Bar plot showing the excess energy generated for the nominally 0%, 20%, 40%, and
80% penetration cases simulated.

6.6.2 Diesel Fuel Savings with PV and Storage

The potential for offsetting diesel fuel consumption with PV is the reason for incorporating this
technology into a microgrid and holds promise for cost savings at Venetie. Diesel fuel savings were
calculated during a one-year simulation (as seen in section 6.5) for a variety of diesel generator
suites. A comparison between the diesel consumption from case one (Section 6.5.1) where current
generator setup was used (180 kW generator), and from case 4 (Section 6.5.4) with new generators
more matched to the observed loads (125 kW and a 60 kW) shows a savings of 2993 gallons per
year (43944gal - 40951gal = 2993 gal, see Figure 6.13). The addition of PV results in additional
fuel savings as shown in Figure 6.19. Fuel and correlating cost savings resulting from PV gener-
ation are presented in Table 6.1 assuming the fuel cost savings calculated from the Consequence
Model.

Figure 6.19: Plot showing results from a one year simulation for the four PV penetration levels
discussed above.
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6.7 Consequence Model Summary

The consequence model we used to obtain the results presented in this report was built on a gen-
erator dispatch model developed for other microgrid projects. The consequence model has many
additional capabilities that were not illustrated here. Of significance is a more complete battery
storage module, which uses battery performance data to account for losses associated with charge-
discharge cycles. This component of the model could be used to identify optimal battery sizes for
different genset configurations and operation strategies.

As shown in the text above, energy storage allows for systems with high PV penetrations
through storage of excess generation during times of maximum solar generation. This stored en-
ergy can be used to smooth the load and therefore reducing generator ramping and associated wear
and tear, to minimize switching of generators when the load is swinging back and forth across a
switching threshold, and for peak load shifting to avoid brining a second generator on line or to
avoid generator switching. With accurate and high temporal resolution load and PV data, the con-
sequence model could be used to investigate these possibilities and provide quantitative measures
needed for evaluating a value proposition for a coupled PV and Energy system. Additionally, the
consequence model could be used to identify optimal genset configurations and operation strategic
through quantified performance measures.

Other positive aspects of the consequence model is that it provides a way to illustrate issues as-
sociated with small community power systems and design options in a manner that is easy for non-
electrical engineers to grasp. Thus the consequence model benefits both the project teams charged
with investigating and implementing microgrid designs and administrative personnel charged with
overseeing project funding and evaluating the paybacks and tradeoffs of the various available op-
tions. Thus the consequence modeling can be an integral part of the microgrid design project.
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Chapter 7

Cost Estimates

7.1 Estimating Costs for Option 1

The costs for the new generation facility involve costs associated with the additional equipment
and services necessary to implement the new generator facility as shown in Figure 5.1:

The following are the components of upgrading the electrical production system

• New generator facility building

• New generators and associated switchgear and controls

• Upgrades/replacement of bulk diesel storage facility for generators

• Relocation of 3-phase step up transformers and structure to new generation facility

• Upgrade and extend 3-phase distribution line from new generator facility to village center
distribution

• Need to account for costs for subsequent engineering analysis, and detailed design and con-
struction of facilities

• Need to account for any additional costs associated with labor at remote sites and airlifting
equipment into remote sites

Using our cost estimate approach, Table 7.1 show the cost estimates associated with option
1. Table 7.1 shows an estimated cost of approximately $2284K for option 1, including a 25%
contingency factor. In 2006, the cost of building the new generation facility at Arctic Village,
which would be comparable in size to the size needed in Venetie, was approximately $2000K
(Denali Commission Expense Category Summary, project #350151, 2006). Taking into account
the increase in cost due to inflation, this estimate is in line with what would be expected.
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7.2 Estimating PV Benefits and Costs for Option 2

Another way to analyze PV costs and benefits is to compare the expected return on investment
(ROI) for a given PV installed cost, and a given capacity factor. If installed costs are constant for
a given amount of penetration, which should be generally true for small systems, the PV installed
costs as a function of ROI should be the same whether 10% -50% of PV penetration is used, since
costs and benefits will rise proportionally to the amount of PV installed.

7.2.1 Simple Payback and Return on Investment analysis for Option 2

Figure 7.1 plots the return on investment, assuming simple payback. A system with a $5/W PV
cost and a 30% capacity factor will have a payback in about four years. Assuming a PV system
located in Venetie has a cost of $10/W and a capacity factor of 15%, an expected payback would
be approximately 15 years. This contrasts to a payback of about 22 years if the same system had a
capacity factor of 10% and could be installed for a cost of $10/W.

Figure 7.1: Plot of PV cost versus number of years to payback for different PV capacity Factors.
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Another approach for looking at the cost of an upgrade is through internal rate of return (IRR)
and benefit/cost (B/C) ratios. A project is usually considered viable when the B/C is greater than
1.0, which is the present value of the net annual savings divided by the cost of the project. The
internal rate of return is a measure that allows for comparing the relative value of one invest-
ment versus another with the higher value being more desirable. In Table 7.2, the cost of a PV
system, assumed to have a 20% penetration, was calculated assuming three different unit costs,
$10.00/W, $12.00/W, and $14.00/W. The cost of large-scale PV systems located in rural Alaska
was difficult to estimate due to the lack of previous projects. According to the NREL OpenPV
website http:\www.openpv.nrel.gov, the average cost of installed PV is in the neighborhood
of $7/watt. Conversations with personnel at Alaska Energy Authority and at the University of
Alaska-Fairbanks, indicated that the installed cost would be greater than this average due to the
remote location of Venetie and the need to air freight all of the materials and most of the labor. A
range of $10 - $14/watt falls within this range (personal communication, 2012). In determining the
cost of installing the system, it was assumed that the 30% Federal tax incentives would discount
the installation cost of the PV [5]. Other variables with high uncertainty include the capacity factor
and the discount rate. Discount rates of 3% and 7% are used the lower rate is the DOE discount
rate and the higher rate reflects the rate that might be used if a rural utility were to seek private
investment. Due to the uncertainty, a range of values were calculated. IRR and B/C Results for a
20% PV penetration system are tabulated in Tables 7.2, 7.3, and 7.4. The net annual savings seen
in Tables 7.2 and 7.3 were calculated based on an assumed fuel savings from PV systems with
capacity factors of 10% and 15%, respectively (see Tables 5.3 and 5.4). If the capacity factor of
the PV system is 10%, the B/C ratio is less than one regardless of the cost per watt meaning that
there is little economic justification for building the system. If the capacity factor is 15%, the B/C
is greater than one for both the $10/watt and $12/watt costs if the discount rate is 3%. The simple
payback ranges between 11.7 years and 26.5 years.
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Table 7.2: Cost analysis of 20% PV penetration system assuming savings computed using savings
computed based on a capacity factor of 10% (see Table 5.4).

System Size (kW) 23 23 23
Cost/W ($/W) $10.00 $12.00 $14.00

Raw Cost $230,000 $276,000 $322,000
30% ITC $69,000 $82,800 $96,600

Contingency 0% 0% 0%
Investment cost ($) $161,000 $193,200 $225,400
Annual Savings ($) $10,511 $10,511 $10,511

Annual Maintenance ($) $2,000 $2,000 $2,000
Net Annual Savings ($) $8,511 $8,511 $8,511
Simple Payback (yrs) 18.92 22.70 26.48

Time (yrs) 20 20 20

Discount Rate (%) 3% 3% 3%
Net Present Value

of Annual Savings ($) $126,622 $126,622 $126,622
Benefit to Cost Ratio (3%) 0.79 0.66 0.56

Discount Rate (%) 7% 7% 7%
Net Present Value

of Annual Savings ($) $90,166 $90,166 $90,166
Benefit to Cost Ratio (7%) 0.56 0.47 0.40

Internal Rate of Return 0.04% -1.72% -3.12%
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Table 7.3: Cost analysis of 20% PV penetration system assuming savings computed using savings
computed based on a capacity factor of 15% (see Table 5.4).

System Size (kW) 23 23 23
Cost/W ($/W) $10.00 $12.00 $14.00

Raw Cost $230,000 $276,000 $322,000
30% ITC $69,000 $82,800 $96,600

Contingency 0% 0% 0%
Investment cost ($) $161,000 $193,200 $225,400
Annual Savings ($) $15,767 $15,767 $15,767

Annual Maintenance ($) $2,000 $2,000 $2,000
Net Annual Savings ($) $13,767 $13,767 $13,767
Simple Payback (yrs) 11.69 14.03 16.37

Time (yrs) 20 20 20

Discount Rate (%) 3% 3% 3%
Net Present Value

of Annual Savings ($) $204,818 $204,818 $204,818
Benefit to Cost Ratio 1.27 1.06 0.91

Discount Rate (%) 7% 7% 7%
Net Present Value

of Annual Savings ($) $145,848 $145,848 $145,848
Benefit to Cost Ratio (7%) 0.91 0.75 0.65

Internal Rate of Return 5.4% 3.23% 1.53%

82



If the net annual savings are assumed to be the values determined by the consequence model
(see Table 6.1), the viability of the project increases. The net savings calculated by the consequence
model are greater because it more closely tracks the daily variation instead of assuming a composite
profile. These values can be seen in Table 7.4. Because of the higher net annual savings, the simple
payback is reduced and the B/C ratio is greater than 1.0 for both the $10/W and $12/W installation
price if the discount rate is 3%. For a discount rate of 7%, the $10/watt installation price has a B/C
ratio of 1.09. The simple payback is 9.7 years in the best case. This indicates that a 23 kW PV
system ( 20% penetration compared to the summer loads) may be economically viable. This is due
in part because there is no additional cost requirement from energy storage.

Table 7.4: Cost analysis of 20% PV penetration system assuming savings computed by Conse-
quence Model (see Table 6.1).

System Size (kW) 23 23 23
Cost/W ($/W) $10.00 $12.00 $14.00

Raw Cost $230,000 $276,000 $322,000
30% ITC $69,0000 $82,800 $96,600

Contingency 0% 0% 0%
Investment cost ($) $161,000 $193,200 $225,400
Annual Savings ($) $18,531 $18,531 $18,531

Annual Maintenance ($) $2,000 $2,000 $2,000
Net Annual Savings ($) $16,531 $16,531 $16,531
Simple Payback (yrs) 9.74 11.69 13.63

Time (yrs) 20 20 20

Discount Rate (%) 3% 3% 3%
Net Present Value

of Annual Savings ($) $245,940 $245,940 $245,940
Benefit to Cost Ratio 1.23 1.02 0.88

Discount Rate (%) 7% 7% 7%
Net Present Value

of Annual Savings ($) $175,130 $175,130 $175,130
Benefit to Cost Ratio (7%) 1.09 0.91 0.78

Internal Rate of Return 7.81% 5.41% 3.56%
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7.2.2 Simple Payback and Return on Investment analysis for Option 3

For option 3, an energy storage system must be included in the cost. For these estimates, it was
decided to look at the cost of a battery. The budgetary cost of a deep-discharge lead-acid type
battery will run approximately $874/kWh. From the CM, two PV systems with batteries are il-
lustrated in Section 6.6.1, a 40% PV penetration (46 kW) system and an 80% PV penetration (92
kW) system. As can be seen in Figure 6.18, the 40% system needs a 40 kWh battery and the 80%
system needs a 250 kWh battery. As can be seen in Table 7.5, despite the increased savings from
the larger PV system, when compared to the 20% system, the increased upfront investment cost,
including the battery, offsets the savings and makes it a less economically viable proposition. The
simple payback is, at best 14.9 years, with a B/C ratio of 1.0 (for the $10/watt installation cost and
a discount rate of 3%).

The larger the PV system, the less economically viable the option is. As can be seen in Table
7.6, the simple payback increases to nearly 24.6 years and has a B/C ratio of 0.60. A 92 kW system
is about the maximum size that could be installed in the village due to the fact that the peak load is
generally less than 80 kW during the peak PV production months.

Comparing the various IRR’s indicates that the highest rate of return is with the 20% PV pen-
etration, which reinforces that this would be the preferred system to install.
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Table 7.5: Cost analysis of 40% PV penetration system assuming savings computed by Conse-
quence Model for 46 kW PV system with a 40 kWh battery for energy storage.

System Size (kW) 46 46 46
Cost/W ($/W) $10.00 $12.00 $14.00

PV Cost $460,000 $552,000 $644,000
Battery Size (kWh) 40 40 40

Battery cost ($/kWh) $874 $874 $874
Battery Cost ($) $34,960 $34,960 $34,960

Raw Cost $494,960 $586,960 $678,960
30% ITC $148,488 $176,088 $203,688

Contingency 0% 0% 0%
Investment cost ($) $346,472 $410,872 $475,272
Annual Savings ($) $26,284 $26,284 $26,284

Annual Maintenance ($) $3,000 $3,000 $3,000
Net Annual Savings ($) $23,284 $23,284 $23,284
Simple Payback (yrs) 14.88 17.65 20.41

Time (yrs) 20 20 20

Discount Rate (%) 3% 3% 3%
Net Present Value

of Annual Savings ($) $346,407 $346,407 $346,407
Benefit to Cost Ratio 1.00 0.84 0.73

Discount Rate (%) 7% 7% 7%
Net Present Value

of Annual Savings ($) $246,671 $246,671 $246,671
Benefit to Cost Ratio 0.71 0.60 0.52

Internal Rate of Return 2.57% 0.75% -0.71%
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Table 7.6: Cost analysis of 80% PV penetration system assuming savings computed by Conse-
quence Model for 92 kW PV system with a 250 kWh battery for energy storage.

System Size (kW) 92 92 92
Cost/W ($/W) $10.00 $12.00 $14.00

PV Cost $920,000 $1,104,000 $1,288,000
Battery Size (kWh) 250 250 250

Battery cost ($/kWh) $874 $874 $874
Battery Cost ($) $218,500 $218,500 $218,500

Raw Cost $1,138,500 $1,322,500 $1,506,500
30% ITC $341,550 $396,750 $451,950

Contingency 0% 0% 0%
Investment cost ($) $796,950 $925,750 $1,054,550
Annual Savings ($) $36,332 $36,332 $36,332

Annual Maintenance ($) $4,000 $4,000 $4,000
Net Annual Savings ($) $32,332 $32,332 $32,332
Simple Payback (yrs) 24.6 28.6 32.6

Time (yrs) 20 20 20

Discount Rate (%) 3% 3% 3%
Net Present Value

of Annual Savings ($) $481,018 $481,018 $481,018
Benefit to Cost Ratio 0.60 0.52 0.46

Discount Rate (%) 7% 7% 7%
Net Present Value

of Annual Savings ($) $342,526 $342,526 $342,526
Benefit to Cost Ratio 0.43 0.37 0.46

Internal Rate of Return -2.48% -3.80% -4.90%
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7.3 Levelized Cost of Energy Assessment

Another way to assess the cost of generating energy is through a leveled cost of energy assessment
(LCOE). The LCOE is a method that computes the unit price at which energy must be sold for
the project to break even. It can also be used as a means to compare the economic benefits of
one project over another, based on unit cost (the project with the lowest unit cost being the more
economically favorable). The LCOE is computed based upon the following (Equation 7.1):

LCOE =
∑

n
t=1

It+Mt+Ft
(1+r)t

∑
n
t=1

Et
(1+r)t

(7.1)

where

• LCOE = Average lifetime leveled electricity generation cost

• It = Investment in year t

• Mt = Operations and maintenance cost in year t

• Ft = Fuel cost in year t

• Et = Electricity generated in year t

• r = discount rate

• n = life of the system (number of years) [4]

The LCOE calculated for PV systems can be very sensitive to factors such as the inflation rate,
the capacity factor of the system, etc. Table 7.7 lists the various parameters used in calculating
the LCOE. The base assumed life of the systems was 25 years. All of the costs of operating
the systems, such as maintenance and fuel, were adjusted to account for the increased costs due
to inflation. Additionally, it was assumed that the 30% Federal tax incentives would discount
the installation cost of the PV [5]. Based on several runs of the NREL LCOE program SAM
(https://sam.nrel.gov/), a capacity factor of 10% seems to be the most reasonable value when
assuming that Bettles, AK is a comparable analog to Venetie with regards to PV production. Tables
7.8, 7.9, and 7.10 show the LCOE for the three basic PV options (as discussed in Section 6.6.1):

• a 23 kW PV arrray

• a 46 kW PV array with a 40 kWh battery (note: in order to fully utilize the larger PV arrays,
an energy storage system is required)

• an 92 kW PV array with a 250 kWh battery
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Two of the parameters that have a significant effect on the LCOE and that have a large degree
of uncertainty are the cost of installing the PV system and the capacity factor of the PV system. In
order to get an idea of how the LCOE changes with the changes in these parameters, three tables
have been compiled. Due to the uncertainty of the installed costs of PV in rural Alaska, a range
of costs per watt was chosen (see Section 7.2.1) to investigate how the economic viability of the
project changes with cost. The LCOE calculated in Table 7.8 assumes a cost of installing the PV to
be $10/W and a capacity factor of 10%. As can be seen in this table, if inflation rises at the a rate of
1% per annum (the first column), the cost of producing power using the 23 kW PV, is comparable
to the status quo of doing nothing to the existing diesel gensets and producing electricity as they are
now configured. If inflation increases at a rate of 2% per annum (the second column), the LCOE
of the 23 kW PV is more favorable than the status quo. Regardless of the inflation rate, the LCOEs
of the larger PV arrays are quite a bit higher than the status quo. This is a function of the need to
include energy storage to take advantage of the higher production capacity.

If the capacity factor of the PV system is increased to 15%, the favorability of the PV arrays is
increased by a sizable amount, as can be seen in Table 7.9. In this case, both the 23 kW and the 46
kW PV arrays are more favorable than the status quo.

If the cost of installing the PV system is $13/W, while keeping the capacity factor at 10%, the
economic viability of using a PV system, when compared to the status quo, is greatly diminished.
This can be seen in Table 7.10, where all of the PV systems have a much higher LCOE than does
the status quo.

The last comparison made was to see how including the cost of the PV would effect the LCOE
of a newly installed diesel genset. As mentioned previously in this assessment, the existing diesel
gensets and powerhouse are substandard and should be replaced. The cost of replacement was
assumed to be $2.5 million, which is comparable to the cost of the new powerhouse in Arctic
Village. It was also assumed that the installation cost of the PV system would be $10/W and the
capacity factor would be 10%. Using these parameters, it can be seen in Table 7.11 that the cost of
producing a unit of electricity with a new powerhouse with no PV is comparable to the unit cost of
producing electricity from a new powerhouse that includes a 23 kW PV array. The added cost of
needing energy storage makes the larger PV arrays less economically viable.
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Table 7.7: Parameters used in calculating the pricing for the PV systems and the LCOE.

Nominal Discount Rate 3.0%
PV Operation and
Maintenance Rate 100 $/kW-yr

Fuel Cost 5.53 $/gal
Electric Power Generation

Rate for New Diesel Genset 11.4 kWh/gal
Electric Power Generation
Rate for Old Diesel Genset 10.6 kWh/gal
Diesel Genset Operation
and Maintenance Rate 0.04 $/kWh

Battery Cost 874 $/kWh
Battery Operation and

Maintenance Rate 50 $/kWh-yr

Table 7.8: LCOEs comparing PV systems to the status quo (leaving the existing diesel generators
as is) assuming a unit cost of installing the PV system to be $10/W and the capacity factor to be
10%. The life of the system is also assumed to be 25 years. See Table 7.7 for the other parameters
used in the calculations. The first column assumes that O&M and fuel costs increase at a rate of
1% per annum due to inflation (i). The second column assumes that O&M and fuel costs increase
at a rate of 2% per annum due to inflation (i).

LCOE ($/kWh)
i=1 i=2

23 kW PV 0.573 0.587
46 kW PV w/ 40kWh Battery 0.690 0.738

92 kW PV w/ 250kWh Battery 0.910 0.948
Status Quo 0.603 0.674
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Table 7.9: LCOEs comparing PV systems to the status quo (leaving the existing diesel generators
as is) assuming a unit cost of installing the PV system to be $10/W and the capacity factor to be
15%. The life of the system is also assumed to be 25 years. See Table 7.7 for the other parameters
used in the calculations. The first column assumes that O&M and fuel costs increase at a rate of
1% per annum due to inflation (i). The second column assumes that O&M and fuel costs increase
at a rate of 2% per annum due to inflation (i).

LCOE ($/kWh)
i=1 i=2

23 kW PV 0.397 0.392
46 kW PV w/ 40kWh Battery 0.460 0.492

92 kW PV w/ 250kWh Battery 0.606 0.632
Status Quo 0.603 0.674

Table 7.10: LCOEs comparing PV systems to the status quo (leaving the existing diesel generators
as is) assuming a unit cost of installing the PV system to be $13/W and the capacity factor to be
10%. The life of the system is also assumed to be 25 years. See Table 7.7 for the other parameters
used in the calculations. The first column assumes that O&M and fuel costs increase at a rate of
1% per annum due to inflation (i). The second column assumes that O&M and fuel costs increase
at a rate of 2% per annum due to inflation (i).

LCOE ($/kWh)
i=1 i=2

23 kW PV 0.706 0.721
46 kW PV w/ 40kWh Battery 0.827 0.875

92 kW PV w/ 250kWh Battery 1.047 1.085
Status Quo 0.603 0.674
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Table 7.11: LCOEs comparing systems with new Diesel Gensets and varying PV systems assum-
ing a unit cost of installing the PV system to be $10/W and the capacity factor to be 10%. The
cost of installing the replacement diesel gensets and powerhouse was assumed to be $2.5M. The
life of the system is also assumed to be 25 years. See Table 7.7 for the other parameters used in
the calculations. The first column assumes that O&M and fuel costs increase at a rate of 1% per
annum due to inflation (i). The second column assumes that O&M and fuel costs increase at a rate
of 2% per annum due to inflation (i).

LCOE ($/kWh)
i=1 i=2

New Diesel Genset 0.828 0.898
New Genset + 23 kW PV 0.829 0.898

New Genset + 46 kW PV + 40 kWh Battery 0.843 0.911
New Genset + 92 kW PV + 250 kWh Battery 0.876 0.944
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7.4 Recommendations

Three design options were given. The first option was to relocate the powerhouse to near the airport
and the existing bulk fuel storage area. This would require a new powerhouse and attendant electri-
cal power generation equipment as well as an upgrade of the distribution line from a single-phase,
7.2 kV medium voltage distribution line to a three-phase 12.47 kV medium voltage distribution
line from the village to the airport. To match the electrical power demand of the village more
closely, the best combination was found to be one 125 kW diesel generator and two 60 kW diesel
generators. This combination gives redundancy as well as allows for the seasonal peak demand to
be efficiently met. The annual reduction in fuel used, solely through more efficient operation, is
nearly 3000 gallons. The approximate cost for replacement will be between $2.25 and $2.5 million
dollars.

The second and third options start from the basis that the existing electric power generation will
be replaced. Design option two calls for addition of PV but without energy storage, which means
a system of 23 kW in size. The installed unit cost of the system, with an assumed installation
cost of $10/W, gives a cost of the system at $230,000 and after taking advantage of federal tax
benefits, a cost of $161,000. At that cost point, assuming the consequence model calculated net
annual savings of $16,531, a simple payback was just less than ten years and a benefit to cost ratio
of 1.23. However, $10/W cost is very uncertain and could easily be higher.

Design option three assumed a PV system with energy storage incorporated. A system with
46 kW and a 40 kWh battery was determined to have an investment cost of $495,000, and after
federal tax benefits, $346,000, based on $10/W for the PV and $874/kWh for the battery. Under
this scenario with a net annual savings of $23,284, the simple payback was nearly 15 years with a
B/C ratio of 1.0. The larger system of 92 kW PV and a 250 kWh battery had a cost of greater than
$1 million, though a total cost of nearly $800,000 after federal tax credits, with a net annual savings
of $32,332, resulting in a simple payback of nearly 25 years and a B/C ratio of 0.60. Overall, the
most favorable internal rate of return was the 23 kW PV system, which has an IRR of 5.4%.

Additionally, levelized cost of energy analysis was done on the three options and compared
to the existing diesel genset system and to a new diesel genset and powerhouse. This analysis
showed that based on the total cost of operations, the cost of adding a 23 kW PV to a new system
is neutral. Installing such a system could have valuable long term benefits in the form of increased
understanding of how well a larger-scale PV system, tightly coupled with diesel generators, works
in a rural Alaskan village.

Based on these numbers, the most cost effective system would be the 23 kW PV system without
any energy storage. Caution needs to be taken to ensure that any system installed would have
adequate support from the community and that the community is willing and capable of assuming
the responsibility for the system, both financially and technically. Additionally, for any installed
system to have long-term benefit to the community, it should match the community’s ability to
operate and maintain the system.
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Ongoing Activities

Data collected during a site visit the first week of July 2012 was used as a basis for the models and
initial estimates for the preliminary design. Ideally, data would be collected for at least one year.
The more data available, the better the load forecasting and the more optimized the overall design
will be. In February 2013, a PQiaB-200V 480V L1-L2-00 electric power meter, manufactured by
Power Standards Laboratory (PSL) was installed at the Venetie power facility and a system set up
to record the load data over the course of the following year. The meter is recording both the power
quality (Voltage dips, swells, and interruptions, over-, under-frequency events, voltage unbalance,
etc.) and the energy usage (Watts, VA, VAR’s, power factor, Watt-hours, peaks, etc.). Data being
collected in Venetie is one minute resolution data of voltage and current at the power plant on the
main bus and sub-cycle resolution for abnormal conditions. The trending of power consumption
is being developed along with transient analysis to better assess the optimal generation needed to
meet load demand. In 2014, the load data from the preceding year, obtained from the meter, will be
compiled into a dataset, by SNL. After the load data has been compiled and a thorough, year long
load profile has been compiled, a more precise model can be created and more accurate simulations
can be run.

This data will be useful for an engineering design/detailed design, which would include the de-
tails of equipment specifications and requirements and detailed engineering drawings from which
the upgraded grid is constructed.
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