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Abstract
Experience and observations from remote Alaska communities have shown that energy is
inarguably at the center of food, energy, and water (FEW) security. The availability of potable
water, fresh produce, food storage, or processed seafood ultimately depends on a reliable and

adequate energy supply. For most communities, diesel fuel is the primary source of power,

which comes at high cost because of the logistics associated with importing the fuel to these
relatively isolated communities. Integrating locally available renewable energy resources not

only enhances energy supply, but the impacts further translate to food and water security in

remote microgrids. The focus of this work is to investigate how intermittent renewable energy
sources impact community level food and water infrastructure systems in a remote Arctic
microgrid.

Energy distribution models are mathematically developed in MATLAB® Simulink® to identify,

describe, and evaluate the connections between intermittent renewable resources and the
FEW loads. Energy requirements of public water systems, greenhouses, cold storage units,

seafood processing loads, and modular water and food system loads are evaluated. Then
energy sources including solar PV, solar thermal collectors, wind, hydro, energy storage, and
diesel electric generation are modeled and validated. Finally, simulations of scenarios using

distributed energy resources to serve water and food infrastructure loads are carried out

including the incorporation of dispatchable loads. The results indicate that the impacts of
renewable energy on FEW infrastructure systems are highly seasonal, primarily because of the
variability of renewable resources. The outcome of this work helps in gaining firsthand insights
into FEW system dynamics in a remote islanded microgrid setting.
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1 Introduction
1.1 Problem Statement
For all their natural riches in renewable energy resources, most remote communities of Alaska

still rely on diesel electric generators as their primary source of power [1]. Generating power
this way comes at a high cost because of the challenges associated with fuel delivery [2]. Most
communities lack access to the road network, and fuel is usually either shipped in on a barge

or by air. In part, this has led to the integration of renewable resources in several microgrids
(hybrid systems) in efforts to reduce fuel consumption and offer clean, affordable energy [2],

[3], [4]. Integrating these renewable energy technologies not only impacts energy security but

also affects food and water security in the communities.
In remote Alaska, experience has shown that energy is undoubtedly at the center of food,

energy, and water (FEW) system dynamics. For example, the problem of growing crops in a

greenhouse is not one of water scarcity, but electricity, heat, and artificial light to extend the
growing season [5]. The main challenge of accessing clean drinking water is keeping water
pipes from freezing especially during the cold winter months. Adequate heating fuel, glycol,
heat tape, or electricity is required to avoid freeze-ups [6]. For communities that engage in
commercial seafood processing, summer peak energy demand has forced them to look for

alternative energy resources [7], [8]. The same argument can be made for the need for cold
storage units for perishable food items, especially during summer months. For instance, in
November 2014, a generator failure in one village in southwest Alaska resulted in residents'

freezers thawing leading to significant quantities of food loss [9].
While it is apparent that increased penetration of renewable energy technologies would

certainly impact FEW security, the extent of the impacts is not known. This is because the

interactions, connections, and energy requirements of FEW infrastructure loads in rural Alaska
have not been evaluated in terms of the FEW nexus concept before. Consequently, the goal of
this work is to develop a methodology through which the impact of renewable energy

resources on FEW infrastructure systems in remote Alaska communities can be quantitatively
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evaluated through modeling and simulation of the dispatch of renewable energy to FEW

infrastructure loads. The outcome of this work provides firsthand insights that remote Alaska
communities can consider for maximizing the use of locally available renewable energy

resources and their downstream impacts on FEW infrastructure loads.
1.2 Food, Energy, and Water (FEW) Interactions in Remote Arctic Microgrids of Alaska

The FEW system interactions and their complexities in rural Alaska are highly location
dependent and depend on several drivers. Some of the major drivers include available

renewable resources, community preferences, population, and human capital, which vary by

community. Community-wide renewable energy resources available in some remote Alaska
communities include solar PV, wind, hydro, biomass, or geothermal energy. Not only

availability, but dispatchability of renewable generation is also a critical component in

evaluating the potential impacts of renewable energy in serving grid connected (on-grid) FEW
system loads in remote Alaska communities, as is the dispatchability of the loads themselves.
On-grid FEW system loads that can be served by these renewable resources include public

water systems and food growth, water and food processing, and cold storage systems. Public
water systems in remote Alaska communities are the main source of drinking water. Water is
delivered to the community through a piped system, a central watering point (washeteria), or

through self-haul where residents use their vehicles to fetch water. The methods for
wastewater disposal and treatment include lagoons, honey buckets (on a household level), and
wastewater treatment plants [10]. Energy-intensive processes in water treatment include raw

water pumping, water treatment, water distribution, and heat energy to keep the pipes from
freezing. Most of the food in Alaska is imported from the lower 48 states, which increases the

price of food due to added delivery costs. The environmental and economic challenges,

including a short growing season and often suboptimal soils, hinder food growth and
production in the state [11]. In rural Alaska, wild fish and game are the main source of local
food and not just because they are readily available, but they are also an important part of the

traditions, social networks, and cultural practices [11], [12]. The interest in community
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greenhouses is there, but the challenge is to extend the growing season through the cold and
dark winter months.

Other FEW drivers which are not directly connected to the grid (off-grid drivers) include water
sources and quality, fuel availability, imported foods, and subsistence activities. Fig. 1-1 shows
an example (developed in Vensim®) of the on-grid and off-grid FEW drivers in remote Alaska.
The impacts of off-grid drivers, although not discussed in this work, are also central to FEW
security.

Figure 1-1: On-grid and off-grid drivers of FEW security in remote Alaska.

1.3

Modeling Approach for Energy Distribution Models

Isolated Arctic microgrids such as those in remote Alaska are ideal examples for modeling

micro-level FEW system dynamics. The relative isolation of the communities, limited
infrastructure, and islanded microgrids provide opportunities in not only studying the

connections within FEW components on a micro-level, but also potentially scaling up the
3

developed models to larger communities and cities. This is because each community
represents a discrete system where the existing internal FEW resources can easily be

evaluated and analyzed. Quantifying these resources serves as a starting point in building a
resilient and sustainable community. This thesis takes a bottom up approach in developing the
energy distribution models (EDMs) to characterize the connections (energy flows) within the

FEW infrastructure. Two main objectives for the EDMs include:
•

Mathematically evaluate the energy requirements of the identified FEW components in
MATLAB® Simulink®.

•

Characterize the impacts of increased renewable energy integration on the identified
FEW system loads through selected case studies. Two indices (energy-water index and
energy-food index) are introduced in Chapter 4 to evaluate these impacts.

Fig. 1-2 summarizes the identified on-grid drivers and connections within the FEW system. The

on-grid drivers of FEW security include greenhouses, public water systems, cold storage units,
seafood processing plants, and dispatchable loads. Dispatchable (or interruptible) loads are
loads that can be turned on or off to respond to energy imbalances in an electrical grid.

Further discussion on dispatchable loads is provided in Section 1.8.
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Figure 1-2: High-level block diagram identifying the on-grid connections between energy sources and food, and water infrastructure loads.

1.4 Novelty of Energy Distribution Models

The bottom up modeling approach used to develop the EDMs in this work was chosen as
opposed to using the existing FEW tools or any of the available renewable energy modeling

tools for three main reasons:
•

There is no ‘one-size-fits-all' approach when it comes to analyzing and modeling FEW
system components and the energy flows among them. The available tools have either
been developed for a specific research focus, or the tools are designed for FEW analysis

on a national or multi-regional level and cannot be downscaled for use in smaller and

sometimes islanded communities such as those found in remote Alaska.
•

The argument made earlier that energy is indeed at the center of FEW system dynamics

in remote Alaska calls for a novel approach that focuses on energy as the lens in
understanding and evaluating on-grid drivers of FEW security.
•

There is an apparent lack of research studies on connections within FEW systems
(especially impacts of renewable energy on these systems) in Arctic regions. This lack of

knowledge, coupled with the uniqueness of FEW challenges in the Arctic including the
geographic location (high latitudes), and general lack of modeling data requires a

scenario-based methodology where several cases can be modeled to enhance the

understanding of the energy flows between and within the FEW components.
1.5 Literature Review

The so-called food, energy, and water nexus can be understood as encompassing the intricate

connections among food, energy, and water infrastructure components. This means that the
disruption of one component can have effects on one or both of the other sectors. The world

economic forum identified FEW security as a global risk in 2011 due to rapid economic growth,

expanding populations, climate change, and increasing prosperity across societies [13]. The lack
of food, energy, and water security were recognized as chronic impediments to economic

growth and social stability [13]. The Bonn conference in 2011 presented initial evidence for
how a nexus approach can enhance food, energy, and water security by increasing efficiency,
reducing trade-offs, building synergies, and improving governance across sectors [14]. Several
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studies introducing the FEW nexus concept with modeling and design approaches on national

and multi-regional scales have been done, and most are readily available on the internet. All
these studies focus on and address a specific nexus issue or connection with the goal of

understanding and describing the nexus through quantitative and qualitative methods.
1.5.1 Existing FEW Modeling Approaches

The seven key common modeling and analysis approaches used in the FEW studies are briefly

summarized in [15] and include: 1) life-cycle analysis (LCA), 2) system dynamics models, 3)
Sankey diagrams, 4) investigation and statistical methods, 5) computable general equilibrium

model, 6) economic analysis, and 7) ecological network analysis. Each modeling approach
depends on the goal of the study, scope, assumptions, and available datasets [15]. For instance,
Hussien et al [16] developed an integrated model, capturing the interactions among FEW

systems at a household scale. The model investigated the impacts of change in lifestyle, diet,

income, climate, and family size on the future demand for water, energy, and food. Karan et al
[17] developed a quantitative model for small-scale FEW systems that can consistently yield
food for a family of four (two adults and two children) and collect or recycle its own water and

supply its own energy needs through solar PV modules to meet electricity demand. Fan et al
[15] conducted an integrated evaluation of the FEW nexus for two areas with different levels of

urbanization in Taiwan using empirical multiple linear regression in a simultaneous equation
model (SEM). Their work proposed an integrated FEW sustainability index (SI) that is a function

of the natural logarithm of the population density (PD), sustainable water (SW), sustainable

food (SF), and sustainable energy (SE) indices [15].
1.5.2 Existing FEW Modeling Tools

Some of the modeling tools that have been developed for FEW nexus studies are briefly

summarized in [18] and [19]. To name a few - Impact Water, CLEW (Climate, Land, Energy, and
Water), WEF Nexus Tool 2.0, GLEW (Great Lakes Energy Water), WWEST (Wastewater-Energy

Sustainability Tool Web), WEAP-LEAP (Water Evaluation and Planning System and Long-Range
Energy Alternatives Planning), and MRNN (Multi-Regional Nexus Network). All these tools,

although varying in complexity and analysis approach, focus on quantifying the intricate
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connections within the FEW nexus. For instance, the WWEST is an MS Excel-based scenario tool
that evaluates the interactions among water, wastewater, and energy components; depending

on the inputs, it provides the outputs for life-cycle air emissions [20]. The WEF Nexus tool 2.0 is
a resource management strategy guiding tool that allows the user to create different scenarios

with varying food self-sufficiencies, water sources, energy sources, and countries of import [21].

The outputs of the tool include a summary of water, local energy, and land requirements

among several other variables, which are all listed in [21]. The WEAP and LEAP are sister

software tools that address some aspects of water and energy planning [22]. The design
features, connections between the two tools, and scenario models are all explained in [22].
1.6

Assessing Renewable Energy Resources in Alaska

The immense geographical range of the state, prolonged summers, and abundant natural

resources provide excellent opportunities for solar, wind, and hydro renewable energy.
Assessing the available renewable resources in a remote Alaska community is a crucial first step

in the process of selecting and evaluating the impacts of integrating renewable energy on the
FEW infrastructure in remote microgrids.
1.6.1 Plane of Array Solar Irradiance

The plane of array (POA) irradiance is defined as the amount of solar irradiance incident on a
solar collector. This POA irradiance is dependent upon several factors, including the sun's
position, array orientation and tilt, irradiance components, surface reflectivity (albedo) as well

as shading [23]. The amount of solar irradiance incident on a solar collector can be estimated by

eq. (1.1) [23].

where 'Epoa' is the irradiance incident on the collector (W/m2), 'Eb' is the direct beam

component (W/m2), 'Eg' is the ground reflected irradiance (W/m2 ), and 'Ed' is the diffuse
component (W/m2). Under clear sky conditions, the three components can further be
calculated using eqs. (1.2 - 1.4) [23].
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where 'θ' is the angle of incidence (degrees), 'θtilt' is the tilt of the collector (degrees), 'DNI' is

the direct normal irradiance (W/m2), 'GHI' is the global horizontal irradiance (W/m2), and 'DHI'
is the diffuse horizontal irradiance (W/m2). In eq. (1.3), albedo is the fraction of GHI that is
reflected and depends on the reflecting surface. For Alaska, the spring months of March and

April are characterized by high solar PV power outputs due to high albedo (from snow) and the
cold temperatures that improve the efficiency of solar modules [24]. The incidence angle is a
function of the local latitude, the time of the year, the orientation of the solar collector, and tilt
of the solar collector. It is expressed in [23] as:

where 'θ' is the incident angle, 'L' is the local latitude, 'δ' is the declination angle, 'β' is the

solar collector tilt, 'Z' is the orientation of the system, and 'H' is the hour of the day.

Most available commercial solar PV modeling tools underestimate the performance of solar PV

systems in Arctic regions due to the lack of data that accounts for accurate albedo values. Even
the reliable and updated version of typical meteorological year (TMY3) solar datasets
acknowledge the high degree of uncertainty in their albedo values, which are estimated from

geographical correlation [25]. For fresh snow, estimates for albedo range from 0.5 - 0.8 [26],

[23]. These values represent a fraction of the global horizontal irradiance that is reflected on
the solar collector (see eq. 1.3). Another characteristic unique to Arctic solar PV systems is
vertical installation. This is done mainly to avoid snow accumulation on solar modules and

maximize the amount of solar irradiance reflected off the snow. The effects of cold ambient
temperatures on the performance of solar PV will be further discussed in Chapter 3.
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1.6.2 Wind Resource

Fig. 1-3 shows a map of the wind power resource (W/m2) in Alaska measured at 50 m above the
ground [27]. A general expression that is often used to characterize the wind statistics in a

location is the Weibull probability density function (pdf) given in [23] as:

where 'k' is called the shape parameter that changes the shape of the pdf, 'c' is the scale

parameter, and 'v' is the speed of the wind (m/s).
When k = 2, the pdf is known as a 'Rayleigh pdf', and eq. (1.6) reduces to eq. (1.7) [23].

The value of c is related to the overall average wind speed using eq. (1.8)

where 'v' is the average speed of the wind (m/s). An example of the Weibull PDF for wind
speeds in Kongiganak, Alaska, is shown in Fig. 1-4.
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Figure 1-3: Alaska's wind power resource estimated at 50 meters above the ground [25].

Generally, sites that have Class 4 or better wind speeds (usually 6 m/s and above) are

considered good candidates for wind power [23], and from Fig. 1-3, most coastal communities
fall into these categories. Table 1 details the seven wind power classes as well as their

respective wind power densities (W/m2) and wind speeds (m/s) at 50 meters from the ground
[28]. For instance, Kongiganak in Southwest Alaska has Class 6 wind power potential with an

annual average wind speed of 7.9 m/s [29], making it an outstanding candidate for wind power.

To calculate the available wind power in a location, the power rating of a wind turbine, its

published power curve, the height of the wind turbine, and the hourly wind speeds at the
height of the wind turbine have to be considered. Further details on wind power analysis are

given in Chapter 3.
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Figure 1-4: Comparison of Weibull PDF (red) and distribution extracted from time series (blue) for
Kongiganak, Alaska wind speeds with a ‘c'value of 6.38 and ‘k'value of 1.82.

Table 1: Classes of wind regimes [28].

Wind
Power
Class

Wind Power
Density (W/m2)

50 m Wind
Speed (m/s)

1

0 - 200

0 - 5.3

2

200 - 300

5.3 - 6.1

3

300 - 400

6.1 - 6.7

4

400 - 500

6.7 - 7.3

5

500 - 600

7.3 - 7.7

6

600 - 800

7.7 - 8.5

7

800 - 2,000

> 8.5
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Wind and solar energy are complimentary renewable resources. This is because there is more

wind resource in winter and more solar resource in summer. Therefore, if possible, coupling

these two would ideally have the greatest impacts, especially in rural Alaska where energy

demand closely follows the seasons. An example of the availability of the two resources in the
community of Kongiganak, Alaska, is shown in Fig. 1-5.

Figure 1-5: Monthly average wind speed [30] and solar insolation [26] in Kongiganak, Alaska.

1.6.3 Hydropower Resource

Alaska's hydroelectric projects are mostly run-of-the-river or in-river hydrokinetic power
generating units. The hydrokinetic potential is significant, representing 40% of the U.S. river
energy resource [31]. The available power for in-river hydrokinetic systems is simply a function

of the density of water, speed of water current, and overall efficiency of the turbine and
generator. For projects that involve diversion of the river (reservoir-type), the static head
(vertical distance between the water surface of the reservoir and the turbine) and efficiency of
the penstock should also be considered. The efficiency of the penstock is important to

determine the effective head (or dynamic head), which is the available head after taking into
account the friction losses in the penstock. The effective head can be calculated from the

energy head equation [23] as:
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where 'H' is the static head (m), 'z' is the elevation above a reference height (m), 'P' is the
water pressure (N/m2), 'γ' is the specific weight (N/m3), 'v' is the average water velocity (m/s),

and 'g' is the gravitational acceleration (m/s2). In the above equation, z also represents the
fraction of the available head that is lost in the penstock.

The available power generated by the hydroelectric turbine is a function of the effective head

and not the static head. Fig. 1-6 adapted from [32] summarizes the power flow in a small river
diversion hydroelectric system.

Figure 1-6: Power flow efficiencies in a small river-diversion hydroelectric system.

Examples of hydro projects in remote Alaska communities include a 35-kW in-river
turbine/generator unit (TGU) installed in Iguigig, Alaska [31] and 7.2-MW run-of-river

hydroelectric power plant in Cordova, Alaska, that generates over 60% of the community's

electric power [8].
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1.7 Renewable Energy and Hybrid Systems Modeling Software tools

Several commercial software tools are available that model renewable energy and hybrid
systems. For this work, PVWatts® and HOMER Pro® modeling tools discussed in the following
sections will be used to validate the EDMs.

1.7.1 NREL PVWatts®

PVWatts® is a web-based application calculator that was developed by the National Renewable
Energy Laboratory (NREL) to estimate the electricity production of a grid-connected solar PV

system based on a few simple inputs [33]. The inputs include the DC system size (kW), system
losses (%), tilt angle (degrees), array type (fixed or tracking system), and the azimuth of the

system (degrees). PVWatts® uses mainly the National Solar Radiation Database (NSRDB) 1961
1990 (TMY2) and the updated 1991-2010 (TMY3) solar irradiance datasets [33]. This tool was

used in this work to validate the solar PV model that will be discussed in Chapter 3.

1.7.2 HOMER Pro®
The Hybrid Optimization of Multiple Electric Renewables (HOMER) Pro® is a modeling tool

originally developed by NREL that designs and evaluates the technical and financial options for

off-grid and on-grid hybrid power systems for remote stand-alone and distributed generation

applications [34]. This tool was used to validate the wind, hydro, and diesel electric generator
model components discussed in Chapter 3.

1.8 Dispatchable Loads

Electric power systems that employ a high penetration of solar and wind renewable resources

are constantly challenged by the ability to balance power supply and demand [35]. This is
because of the variable and intermittent nature of these resources, and the fact that they are

not dispatchable power generation sources. These are energy sources that cannot be controlled

by grid operators and power must be consumed or stored at the time of generation [35]. One
way this issue has been mitigated is to employ demand response measures, introducing flexible
demand systems that only consume or store power when it is available [35]. Dispatchable
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loads, a subset of these demand response measures, are used to consume (or store) excess

renewable generation [36], [37].
Several isolated Arctic microgrids in Alaska that already employ wind-diesel hybrid systems
have installed dispatchable thermal loads to make use of excess wind power generation. These

loads can provide heat to community buildings such as schools, water treatment plants, or
power houses [4]. In other cases, these dispatchable loads can provide heat to community

residents. For instance, over twenty electric thermal stoves capture and store excess wind
power in Kongiganak, Alaska, a community that also employs a wind-diesel power plant [38].

These stoves, reportedly, save an average of 260 gallons of heating oil per year in homes where

installed [38]. Dispatchable loads that enhance FEW security include water pumping (for
irrigation or municipal water supply), water heating, air conditioning, and novel modular
systems that can be used to treat water and grow fresh produce. This thesis will focus on the

latter, two novel modular systems that can either fully or partially act as dispatchable loads.
Fig. 1-7 shows a wind-diesel energy balance example to illustrate the concept. The figure

depicts the three scenarios that usually exist in these systems [39]: 1) when there is no wind
power (diesel only mode), 2) when the available wind power is less than grid demand (wind

diesel mode), and 3) when the wind power exceeds grid demand (wind only mode). In wind only
mode, either the diesel electric generators (DEGs) are left in a ‘standby mode' (or spinning

reserve) in order to meet the remaining demand when wind power generation drops below the

demand or the DEGs are able to be turned off as long as the wind power and load forecast
allows for the wind power to meet the demand for a long period of time. Issues associated with
wind-diesel mode including the negative effects of a lightly loaded diesel generator are

discussed in [39], [40]. In wind only mode, excess wind power has to either be curtailed using
pitch control or diverted to dispatchable loads [39].
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Figure 1-7: An example of energy balance analysis showing the variability of wind power in a wind-diesel
hybrid system. The demand (red) in the figure is a representative daily load profile of an Arctic
community. The wind power (blue) and resulting excess wind power (orange) shown was simulated using
(7) 15-kW wind turbine generators. The wind speeds used for the simulation are for Kongiganak, Alaska.

1.9

Thesis Organization

Chapter 2 of this thesis discusses the local drivers of food and water security that were briefly

shown in Fig. 1-2. This includes evaluating energy flows within a greenhouse, calculating the
heating load and vapor absorption system efficiency of a cold storage unit, investigating the
energy profiles of public water systems, and discussing two residential-scale modular systems.

Chapter 3 of this thesis covers the development of energy resource and storage models in

MATLAB® Simulink®, which include solar PV generators, wind turbine generators, diesel electric
generators, hydroelectric generators, and battery energy storage. This chapter also covers the
development of an energy distribution flow chart for hybrid renewable energy-diesel-battery

storage systems and energy resource and storage model validations through comparison of
power and energy outputs from PVWatts® (standalone solar PV) and HOMER Pro® using similar

inputs. Chapter 4 of this thesis presents the scenario-based case studies as well as discussion of
the results. Chapter 5 provides conclusions, future work, and final thoughts.
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2

Energy Requirements for On-Grid FEW System Loads

This chapter quantitatively looks at the energy requirements of food and water infrastructure

loads that were briefly introduced in Chapter 1.
2.1 Energy Flows in a Greenhouse

In its smallest form, a greenhouse represents a FEW system. This is because a greenhouse
needs both energy and water for proper growth of crops. The energy requirements of a

greenhouse include heating, cooling, and artificial lighting (see Fig. 2-1). The need for heating
and supplemental lighting, especially during the dark, cold winter months, is apparent for
greenhouses in Alaska. During summer, when there is excess heat from solar energy, a cooling

system is required to maintain adequate temperatures.

Figure 2-1: Energy exchange between a greenhouse and its surroundings.
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2.1.1 Heat Losses
The largest heat losses in a greenhouse occur through heat conduction. Conduction heat

transfer can be estimated using eq. (2.1) [41].
Hc = AUΔT

(2.1)

where ' Hc' is the heat due to conduction (kW), 'A' is the surface area of the greenhouse (m2),

'U ' is the overall heat transmission coefficient (W∕m2-°C), and 'ΔT ' is the temperature

difference between inside and outside temperature (°C). Here Hc is taken as the total sum of
the heat loss through the ceiling, perimeter walls, and floor.
The second major heat transfer mode in a greenhouse is through air exchange between inside

and outside temperature and is estimated in [41] as:

Hsa = 0.02MVΔT

(2.2)

where ' Hsa' is the air exchange heat (kW), 'M' is the air exchange (m3∕hr), 'ΔT' is the

temperature difference between inside and outside temperature (°C), and 'V' is the greenhouse
volume (m3). The rate of air exchange between inside and outside is largely dependent on the

quality and type of the greenhouse. Estimates of air exchanges per hour for different
greenhouse construction systems are available in [41].
Evapotranspiration rate in a greenhouse is affected by the solar radiation received by the crop
and the stage of crop growth [41]. The ratio of solar radiation to evapotranspiration for actively

growing plants in a greenhouse averages about 0.5 [41]. That is, about half of the incoming
passive solar energy in a greenhouse is used for evapotranspiration. Eq. (2.3) below can be used

to estimate the amount of evapotranspiration:

Hev = EFHs

(2.3)

where 'Hev' is the evapotranspiration (kW), 'E' is the ratio of evapotranspiration to solar

radiation, 'F' is the floor use factor - the ratio of ground covered by plants to the total ground
area, and 'Hs is the solar gain (kW).
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2.1.2 Heat Gains

Solar passive heating on sunny days can be used to cover most or all the heating requirements
of a greenhouse. Solar gain can be estimated using eq. (2.4) [41].

Hs = TIsAf

(2.4)

where 'Hs' is the solar gain (kW), 'T' is the transmittance of the greenhouse cover to solar

radiation, 'ls' is the intensity of solar radiation incident on the surface outside (kW/m2), and
'Af' is the area of the greenhouse footprint (m2). Transmittance is a measure of the amount of
passive solar striking a surface at a right angle [41] and varies with the altitude angle of the sun.
The altitude angle is the angle between the sun and the local horizon right beneath it and is

calculated as [23]:

sin(β) = sin(L) sin(δ) + cos(L) cos(δ) cos (H)

(2.5)

where 'β' is the altitude angle, 'L' is the local latitude, 'δ' is the solar declination angle, and 'H'

is the hour angle. The hour angle is the angle through which the Earth has rotated since solar

noon and is a function of the local time [23]. The declination angle is the angle between the
sun's direction and the equatorial plane (the plane of the Earth around the sun) and varies from

+23.45° at midsummer to -23.45° at midwinter in the Northern Hemisphere [42]. This angle is
only a function of the day of the year and is equal to zero at the equinoxes [23]. The hourly

irradiance incident on the walls and roof of the greenhouse can be calculated as [17]:

where 'HWP' is the inverse tangent of the height to width ratio of the greenhouse and 'DIi' is

the solar irradiance on a horizontal surface. Knowledge of the amount of passive solar incident
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on the walls and roof also helps in calculating the required transparent area (TA) of the
greenhouse, and hence the amount of artificial lighting required [17].

2.1.3 Cooling Requirements

Cooling requirements of a greenhouse are based on the temperature difference between inside

and outside air. A reasonable estimate is to design for a minimum temperature difference of 4
°C (or 7 °F) [41]. That is, if the outside temperature is 21 °C (70 °F), then the inside air

temperature will be 25 °C (77 °F). Cooling capacity can be estimated as:
Hcooling =SA* AF

(2.7)

where 'SA' is the greenhouse surface area (m2) and 'AF' is the air exchange ratio (m3∕s∕m2). An

air exchange ratio of 0.04 m3/s/m2 of floor area generally satisfies this requirement [41].
2.1.4 Artificial Lighting
One important variable when measuring the light requirements of crops in a greenhouse is the

daily light integral (DLI). DLI can simply be understood as the amount of instantaneous

photosynthetically active radiation (PAR) received each day as a function of light (μmol-m2∕s)
and duration (day) [43]. DLI is expressed in mol/m2/day. Crops with a DLI requirement of 3 to 6

mol/m2/day are considered low light crops, 6 to 12 mol/m2/day are medium light crops, and 12
to 18 mol/m2/d are high light crops [43]. To provide some perspective, Fig. 2-2 shows the

monthly average DLI from natural sunlight for a location in interior Alaska [44] throughout the
year along with average values for low, medium, and high light crops. From the figure, it is

evident that even the low light crops could benefit from artificial lighting during the dark winter
months of November through February.
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Figure 2-2: Monthly average daily light Integral (DLI) for interior Alaska along with average light
requirements for low, medium, and high light crops.

When artificial lighting is used, the heat emitted by the lighting system should be added to the

overall heat gain. Karan et al [17] estimated heat gain due to artificial lighting as:

where 'Hι' is the total heat emitted by artificial lighting (kW), 'Wlights' is the wattage of the

light bulbs (W), and ' lumens ' is the output of artificial lighting (lm). Lumens is the SI unit for
luminous flux, which is the rate of emission of light from a source with respect to the sensitivity
of the human eye.

Under light limiting conditions, eq. (2.9) below can be used to estimate the amount of artificial

lighting required for a greenhouse [17]. In the equation, 1 mol/m2/day is roughly equal to 150
Wh/m2/day, assuming the artificial lights are placed at 25 cm from the crops [17].

where 'AL' is the amount of artificial lighting required (Wh/day), 'DLImin' is the minimum daily

light integral required by the crops (Wh/m2/day), 'DLI ' is the daily direct sunlight insolation
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(Wh∕m2∕day), 'hAL' is the number of hours necessary for artificial lighting (h), 'W/m2' is the
watts/m2 of greenhouse lighting power required (W/m2), and 'GS' is the surface area (m2).

Minimum lighting levels in foot-candles (Fc) for several plant species are listed in [41]. A foot
candle is the amount of light in lumens per square foot which is equal to 10.76 lux or lm/m2.
2.2 Energy Requirements for Cold Storage Units

For most remote Alaska communities, there is a need for cold storage units (both for cooling
and freezing) where locally grown fresh produce, fish, or other wild game meats can be stored.
The refrigeration load is defined as the total rate of heat gain of a refrigerated space under

peak conditions and consists of four primary forms of heat losses: heat loss through

transmission (through the walls, ceiling, and floor), infiltration load (due to open doors and
gaps), product load (heat removed from the food products), and miscellaneous load (due to
lights, people, and machinery) [45].
2.2.1 Transmission Load

Heat leakage through the walls is dependent on the insulation type and thickness, the area of

the walls, and the ambient conditions on either side of the wall [46]. Assuming the insulation of
the room is not damaged, eq. (2.10) can be used to estimate the heat loss through the walls.
QT = UAΔT

(2.10)

where 'QT' is the heat loss (kW) and 'U' is the overall heat transfer coefficient (W/m2-°C)
obtained from eq. (2.11) as:
U = 1∕Req

(2.11)

where 'Req' is the equivalent thermal resistance of the walls (m2-°C/W), 'A' is the outside area
of the walls (m2), and ' ΔT' is the difference between inside and outside temperature (°C). If the

cold storage unit is exposed to the sun, then the effect of solar heating should be accounted for

by adding 4 °C (for east and west walls) and 30 °C (for south walls) to the ambient temperature
[45].
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2.2.2 Infiltration Load

Air change heat load is the heat transfer due to the opening and closing of the refrigerator
doors and subsequent change in air-heat content in the refrigerating space [47]. This heat load
can be estimated using eq. (2.12) [47].
Qc = VAcHm

(2.12)

where 'Qc' is the heat loss due to opening and closing of doors (kW per 24 hours), 'Ac' is the air

changes per 24 hours, and 'Ηm' is heat loss per m3. Average values for 'Ac' and Ηm' for
different room sizes, volumes, and ambient conditions have been provided in [47]. For instance,
Fig. 2-3 shows the average air changes per 24 hours for different storage unit volumes (in m3).

Figure 2-3: Air changes per 24 hours for cold storage units with different unit volumes.

2.2.3 Product Heat Load
Product heat load is the heat released by the product/food items during cooling and freezing.
This involves cooling the food product to the freezing point (eq. (2.13)), freezing (eq. (2.14)),
and further cooling to the desired storage temperature (eq. (2.15)) [45].
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MCpfresh(Ti - Tfreeze)/3600

Qcoolingfresh

Qfreezing

M hlatent/3600

M Cpfrozen(Tfreeze-T2/3600

Qcoolingfrozen

(2.13)
(2.14)
(2.15)

where 'Qcoolingfresh' is the heat loss by the product (kWh) during cooling, 'M' is the mass of

the food item (kg), 'Cpfresh' is the specific heat capacity of the food before freezing (J/kg-°C),
'Cpfrozen' is the specific heat capacity of the food after freezing (J/kg-°C), 'T1' is the initial

temperature of the food (°C), 'T2' is the final temperature of the food after freezing (°C), and

'hlatent' is the latent heat of fusion of the food (J/kg). The 3600 factor in the above equations is
to convert the heat loss from kJ to kWh.

2.2.4 Internal Heat Load
Miscellaneous heat losses include all other sources of heat not discussed in eqs. (2.10 - 2.15).
These usually include lights, electric motors, occupants, and defrosting heat sources [47]. Eq.

(2.16) can be used to estimate the heat from motors and lamps, while eq. (2.17) can be used to
estimate heat from occupants [47].

Qs = (nmPmtmhm) + (nLPLtLCL)

(2.16)

where 'Qs' is the heat released by the motors and lamps (kJ), 'nm' is the number of motors,
'Pm' is the power rating of the electric motor, 'tm' is the motor running time, 'hm' is the heat

released by the operating motor, 'nL' is the number of lamps, 'Pl' is the power rating of the

lamp, 'tL' is period of time for the operating light, and 'Cl' is the energy per power rating.
Qp = np * tp * He

(2.17)

where 'Qp' is the heat released by the people (kJ), 'np' is number of people working in the

storage unit, 'tp' is the number of working hours per day, and 'He' is the heat equivalent per
hour (kJ/hr) which depends on the temperature inside the unit. Approximations of heat

released by cold storage unit occupants under different conditions are shown in Table 2 [47].
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Table 2: Heat released by a person in a cooled (refrigerated space) [47].

Cold storage unit
temperature (°C)

Heat released
(KJ/hr)

10

760

4

886

-1

1,002

-7

1,108

-12

1,266

-18

1,372

-23

1,477

Therefore, the total energy requirements of a cold storage unit can be calculated by summing
up all the heat losses from eqs. (2.10 - 2.17). As explained in [45], a safety factor of 10% is
applied to the total energy to ensure the equipment supplying the energy is large enough.

2.2.5 Vapor Absorption Refrigeration (VARC) System Efficiency
The community cold storage unit can be powered either electrically through a vapor
compression refrigeration cycle (VCRC) or using heat through a vapor absorption refrigeration

cycle (VARC). Unlike VCRC systems, VARC systems need minimal electricity and use inexpensive
heat such as waste heat, biomass, solar or geothermal energy to drive off the vapor refrigerant

from the high pressure liquid solution in the generator [48], [49]. Ammonia-water absorption

cycles are the main type of systems used for refrigeration in temperatures below 0 °C. The
coefficient of performance (COP) is the most common way of describing the efficiency of a
refrigeration system and is simply the ratio of the cooling load to the work input required. The

COP is given as [49]:
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where 'Qevap' is the amount of refrigeration required at the evaporator (kW), 'Qgen' is the heat

required at the generator (kW), and 'Wpump' is the work done by the pump (kW). Work done

by the pump is usually neglected in the above equation since it is significantly less than the heat
required by the generator. The maximum theoretical COP (also known as Carnot efficiency) of a

VARC is a function of working temperatures in the four main components (evaporator,

generator, condenser, and absorber) and is given as [50]:

where 'Te', 'Tg', and 'Ta' are absolute temperatures in (K) at the evaporator, generator, and
absorber, respectively. Since the actual COP of the system is less than the theoretical maximum

COP, a correction factor due to the losses in the refrigeration system is introduced in calculating

the heat input required at the generator. This heat can be provided by solar thermal collectors
such as evacuated tubes, flat plate collectors, or waste heat. The heat required at the generator
can be calculated as:

Qgen

COPmax * ηref * Qevap

(2.20)

where 'Qgen' is the heat required at the generator (kW), 'ηref' is the efficiency of the

refrigeration system (%), and 'Qevap' is the cooling load required by the evaporator (kW).

2.2.6 Solar Evacuated Tubes
Evacuated tubes are solar collectors that convert energy from the sun into usable heat and can,

for example, be used as a heat source to supply the VARC system. The heat output from each
tube is a function of the area of each pipe, solar irradiation available, and efficiency of the tubes

as illustrated by eq. (2.21) [48].
Qevactube

Acol * G * ηsc
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(2.21)

where 'Qevactube' is the heat output from the evacuated tubes (W), Acol is the area of the

collector (m2), 'G' is the available solar irradiation in the location (W/m2/hr), and 'ηsc' is the
efficiency of the solar evacuated tubes and is further calculated as:

where 'a1' and 'a2' are loss coefficients (W/K2-m2), 'n0' is a conversion factor, 'Tm' is the

average inlet-outlet water temperature of the solar evacuated tubes (°C), and 'Ta' is the
ambient temperature in the location (°C). The values for a1, a2, and n0 can be found on the

manufacturer's specifications.
2.3 Energy Requirements for Community Public Water Systems

Public water treatment systems are the primary drivers of water security for remote Alaska
communities. These facilities need heat and electricity all year long to supply potable water.

Heat is used to keep the buildings warm, keep water pipes from freezing, and add heat to raw
water. Electricity is required for pumps, motors, control systems, lighting, laundromat

equipment, and HVAC loads. According to [51], energy audits conducted in over 50 remote
Alaska water treatment plants (WTPs) revealed a similar trend - more energy is used during the

winter than the summer months. Four main factors that affect the variability of electrical and
heat energy demands are 1) population of the community served, 2) level of water and

wastewater treatment, 3) method of distribution, and 4) local climate and method of heating
[52]. For instance, in Fig 2-4, the community of Kwigillingok in southwest Alaska has a high

electrical energy demand due to electric heat tapes that are used all winter long [51]. In Fig. 2
5, the community of Kake in southeast Alaska has minimal heating oil consumption because of

its mild winter temperatures.
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Figure 2-5: Monthly heating oil for public water systems in four Alaska communities [51].
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2.3.1 Heating Requirements

Heating calculations here are limited to the heat required by the building and are a function of
the size of the building, differences between the ambient outdoor and indoor temperatures,

and the overall R-value. Recommended minimum R-values for buildings in Alaska are listed in
[53].

where 'Q' is the heat loss (kW), 'Ab' is the total square footage of the building (m2), 'ΔT' is the

difference the ambient outdoor and indoor temperature (°C), and 'Req' is the equivalent
thermal resistance value of the floor, walls, and ceiling (m2-°C∕W). Req is calculated as:

where ' Rroof' is the thermal resistance of the roof (m2-°C∕W), 'Rwall' is the thermal resistance
of the walls, and ' Rfloor' is the thermal resistance of the floor (m2-°C∕W).

2.3.2 Modeling Hourly Electric Load
The monthly electric energy data in [51] for public water systems was used as a starting point in

modeling the hourly electric load. The following steps were taken to model the hourly electric

load for a WTP:
•

The average daily energy requirement can be extracted from the monthly energy

requirements (shown in Fig. 2-4) using a shifted sinewave that takes the form:
Eannual

(Ehigh-Elow) *- sin(Edaily)

+ Ehigh

Pavg=Edaily/24

where

'Eannual'

(2.26)
(2.27)

is the annual energy demand (kW/hr), 'Edaily' is the daily energy

requirements (an array of 365 points representing daily averages) of the WTP
(kWh/day), 'Ehigh' is the peak energy demand (during winter) (kWh/day), 'Elow' is the
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demand during summer (kWh/day), and ' Pavg' is the hourly average demand (kW/hr).

The daily energy demand is further divided by 24 hours to obtain average hourly
demand.

•

The typical daily load profile of a WTP has two main features: the baseload during non

operating hours and the gradual load ramp up during the building operating hours [54]
(see Fig. 2-6). This load profile takes the form:
Pdaily = β* Pavg + β1* Pavg *

sin (top)

(2.28)

where 'Pdaily' is the daily load profile, 'top' is the building operating hours, and 'β' and
'β1' are scaling factors that adjust the daily peak and base loads, respectively. Noise of
sizable magnitude is added to the daily load profile to generate a more realistic hourly

load profile. This process is applied to the daily averages to generate an annual load
profile. The total energy consumed by the WTP is therefore calculated from eqs. (2.24

2.28). If the WTP uses heating oil instead of electric heat tape, then the electric load
profile is more likely to stay constant throughout the year.
As an example, Fig. 2-7 and Fig. 2-8 show the modeled hourly load for Tanana, Alaska and

Kongiganak, Alaska, public water systems, respectively. The average hourly loads for the annual
energy demand are 12.3 kW (Fig. 2-7) and 6.88 kW (Fig. 2-8). This modeling approach does not

consider the days when the facilities are closed, which would somewhat alter the hourly load
profile because services such as laundry, showers, or even lights that also consume a significant

amount of electricity are not available when the building is closed to the public.
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Figure 2-7: Annual modeled hourly load profile for public water system in Tanana, Alaska. The dashed
line represents the average load of 12.3 kW.
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Figure 2-8: Annual modeled hourly load profile for public water system in Kongiganak, Alaska. The
dashed line represents the average load of 6.8 kW.

2.4 Modular Systems
Two residential-scale modular systems that could enhance FEW security as well as act as

dispatchable loads are explored in this section.
2.4.1 UAA In-Home Water Reuse System
The UAA water re-use modular system was developed under the Alaska Water and Sewer

Challenge, a state-led initiative focused on designing household water reuse technologies to

provide in-home water and sewer at affordable costs [55]. The system, which has a capacity of
generating about 420 gal/week of reusable water, consists of three subsystems - a drinking
water system, a toilet, and a wash water system [55]. The system is designed for a family of

four and can be installed in the home or in an attached building [55].
The daily load profile of this system has a high power demand period that lasts about 44

minutes at the beginning of each daily operating cycle (see Fig. 2-9) with a peak demand of 1.36
kW and average demand of 0.69 kW. Assuming it can be turned on at any point during the 24

hour period, then this modular system can be modeled simply as a 1.36 kW dispatchable load
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that can be turned on when there is excess renewable energy. Chapter 4 provides an example

where this modular system can be used in microgrids with excess wind power resources.

Figure 2-9: Daily load profile of a water re-use modular system developed by researchers at University of
Alaska Anchorage (UAA). The peak and average daily demand are 1.36 kW and 0.08 kW, respectively.
The high demand at the beginning of the 24-hour cycle is due to the membrane pump that pumps grey
water through cartridge filters into the nano filter tank before passing through the UV disinfection
system [56].

2.4.2 The Hydroponic CropBox
In efforts to find alternative ways to enhance food security, a team of researchers at the

University of Calgary are currently looking into whether a solar powered hydroponic CropBox (a

modularized shipping container) is viable in the deep north [57]. Depending on the type of
crops, a CropBox can grow up to 5.4 tons of greens, 3 tons of strawberries, or 84 tons of

microgreens every year [58]. One such CropBox, installed in Whitehorse, Yukon, consumes an
estimated 64,000 kWh annually, with an average demand of 7.2 kW. Fig. 2-10 shows the annual
load profile of the CropBox from November 2nd, 2018 to November 3rd, 2019. The increase in

demand during the last two months is presumably the addition of a second CropBox.
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Figure 2-10: Annual power consumption for the CropBox from November 2nd, 2018 through November
3rd, 2019 with data provided by the Solvest Inc company in Whitehorse, YT, Canada. The dashed line
represents the average demand of 7.2 kW.

Fig. 2-11 shows the daily energy usage patterns of the CropBox during the four seasons of the
year. The daily load profiles exhibit a similar pattern; a mid-day trough starting around 10:00

hours through 16:00 hours when the nutrient pumps are turning on and off. While a CropBox
can be powered by excess renewable power, the modular unit itself cannot be characterized as

a dispatchable load because it needs power throughout the day. However, as shown in Fig. 2
12, the ‘low demand' period when the nutrient pumps are turning on can be dispatchable,

provided the operation of the CropBox is flexible enough for the pumps to be cycled on and off
at any time of the day.
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Figure 2-11: Daily load profile of the CropBox across the four seasons. The reduced demand from 10:00
hours to 16:00 hours is exhibited across the four seasons.

Figure 2-12: CropBox load profile illustrating the time of the day when the nutrient pumps are turning on
and off in 2-minute intervals to supply nutrients to the crops. These pumps can be scheduled to turn on
during periods of surplus renewable power.

2.5 Summary of FEW Energy Requirements and Loads

The previous sections in this chapter explored the energy requirements of micro-scale FEW

infrastructure loads in remote Alaska communities. This included evaluating energy flows in a
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greenhouse, calculating the refrigeration load of a cold storage unit, determining the efficiency
of vapor absorption chillers and solar evacuated tubes, and plotting and analyzing the load

profiles of public water systems and two modular systems; while also determining if any of the

loads were fully or partially dispatchable.
With a better understanding of the energy and load profiles for micro-scale FEW infrastructure

loads found in remote Alaska communities, the energy sources and energy storage components

can now be modeled against these characteristic load profiles to develop overall energy
distribution models. Models of the renewable energy sources, battery energy storage, and

diesel electric generators are developed and validated in the next chapter.

38

3

Energy Resource Modeling, Energy Distribution, and Model Validations

This chapter details the steps, equations, and methods used in developing and validating
energy distribution models. Energy resource modeling (renewable energy components, energy

storage, and diesel electric generator fuel efficiency curves) will be discussed first, followed by
energy distribution flow charts, and finally model validations.

3.1

Energy Resource Models

The energy resource models are developed in MATLAB® Simulink® to simulate the available
power and energy under different scenarios. Interactive masked windows for each model are

also presented in this section.
3.1.1 Solar PV Model

The solar PV model developed (see Fig. 3-1) calculates the available DC and AC power from a
solar PV system. The DC and AC power can be calculated using eqs. (3.1) and (3.2) below [59].

where 'Pdc' is the DC output power from the module (kW), 'G' is the solar irradiance (kW/m2),

'PsTC' is the nominal power of the module (kW), β is the temperature coefficient of the solar

cell (%/°C), 'TC' is the solar cell temperature (°C), 'TsTc' is the standard test condition

temperature (°C), 'Pac' is the AC power output (kW), and 'ηconv' is the conversion efficiency.
The conversion efficiency accounts for the inverter efficiency, losses due to surface dust, and
losses due to mismatch in modules. Even in full sun the impacts of these losses can easily

derate the power output by 20 - 40% [23]. The nominal power capacity of the module and

temperature coefficient of the solar cells can be obtained from the specification sheets of the

module.
The solar cell temperature can be calculated from eq. (3.3) [23].
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where ' Tamb' is the ambient temperature (°C) and 'NOCT’ is the nominal operating cell

temperature (°C). The NOCT is the cell temperature when the ambient temperature is 20 °C,
solar irradiance is 0.8 kW/m2, and wind speed is 1 m/s. Given the instantaneous power PAc,, the

energy available from a solar PV array can be calculated using eq. (3.4).

where 'Epv' is the total solar energy available over a period 'T'. The inputs to the solar PV

model include hourly ambient temperature (°C) and solar irradiance (kW/m2) data components.
Eqs. (1.1 - 1.5) from Chapter 1 were implemented in MATLAB® Simulink® to account for the tilt

and orientation of the PV system. The outputs for the model include the hourly AC power (kW)
and the total PV energy (kWh) available. A solar PV model was developed in MATLAB®

Simulink® with input parameter windows to allow the user to change the system parameters.

Figure 3-1: Masked MATLAB® Simulink® solar PV model with user input parameter windows. The DNI,
GHI, and DHI in the figure represent the three irradiance components that were discussed in Chapter 1.
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3.1.2 Wind Turbine Generator Model
The wind turbine generator (WTG) model developed in MATLAB® Simulink® calculates the

available wind power and efficiency of a WTG given its wind power curve, blade diameter, air
density, and the wind speed at the site (see Figs. 3-2 and 3-3). The wind power curve of a WTG
shows the available electric power as a function of wind speed. As an example, Fig. 3-4 shows

the power curve of a 95 kW WTG (reproduced from [60]) with a cut-in wind speed of 3.5 m/s
and a cut-out wind speed of 25 m/s. The cut-in and cut-out wind speeds of a WTG are the wind
speeds at which a WTG starts and stops generating electricity, respectively. The efficiency of a

WTG is the ratio of the power output of the WTG to the theoretical maximum available wind
power that is calculated using Betz's formula described in [23] and given by eq. (3.5).

where 'Pw' is the power available (kW), 'p' is the air density (kg/m3), 'A' is the swept area
through which the wind passes (m2), 'v' is the wind speed (m/s), the '0.59' factor (Betz's limit) is

the theoretical maximum rotor efficiency which is the fraction of the upstream power that is
captured by the rotor blade, 'ηwTG' is the efficiency of the WTG, and 'Pactual and 'Pmax,avail'

are the respective actual and maximum available power [61]. It should be noted that from eq.
(3.5) the power available is proportional to the cube of the wind speed, and therefore any slight

change in wind speed results in a large change in wind power. The inputs to the model are wind
speed (m/s), the wind power curve (from the manufacturer's specification sheet), the blade

diameter (m), and air density (kg/m3). The wind power curve was implemented using a 1-D
lookup table as shown in Fig. 3-2 with the 1-D T(u) block. The outputs are the available wind

power (kW) and efficiency (%) of the WTG as shown in Fig. 3-3.
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Figure 3-2: Implementation of the wind power model in MATLAB® Simulink®.

Figure 3-3: Masked MATLAB® Simulink® wind power model with user input parameters window. The
blade diameter is used to calculate the swept area which the wind passes.
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Figure 3-4: Power curve for a 95-kW Windmatic 17S WTG with cut-in, cut-out, and rated wind speeds of
3.5 m/s, 25 m/s, and 15 m/s respectively, reproduced from [60].

3.1.3 Hydro Model

The hydro model developed in MATLAB® Simulink® (see Fig. 3-5) is for small run-of-river

hydroelectric power systems which are common in remote Alaska. The model calculates the
available mechanical power, electric power, and total electrical energy given the water flow
rate, available head, and system efficiency of the turbine and generator. The mechanical power

available at the turbine can be expressed as [32]:
Pt = gδhQ

(3.7)

where 'Pt' is the mechanical power at the turbine shaft (W), 'g' is the gravitational constant
(m/s2), '0' is the density of water (kg/m3), 'h' is the effective head (m), and 'Q' is the water flow

rate (m3/s). The effective head is often in the range of 80% - 90% of the static head [32]. Given
the mechanical power available, the electrical power can be calculated as [32]:
Pe = Pt(Cpηtηg)
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(3.8)

where 'Pe' is the electrical power output (W), 'Cp' is the power coefficient (%), 'ηt' is the

efficiency of the turbine (%), and 'ηg' is the efficiency of the generator (%). The power

coefficient is the ratio of the kinetic energy captured by the turbine blades to the kinetic energy
of the water flow.

Figure 3-5: Masked MATLAB® Simulink® hydro model with user input parameters window. The
turbine/generator efficiency represents the combined efficiency of the turbine, generator, and power
coefficient.

3.1.4 Battery Energy Storage Model
The battery energy storage system (BESS) model developed in MATLAB® Simulink® (see Figs. 3

6 and 3-7) is used to store any excess renewable energy and supply the load during times of low

demand. The BESS model utilized in this work was adapted from [62]. Eqs. (3.9) and (3.10) are
used to calculate the available power in the BESS at any given time.
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B(t) = B(t - 1)(1- σ) + (Psurplus)ηBEss

(3.9)

B(t) = Β(t-1)(1-σ) - Pdeficit

(3.10)

where 'B(t)' and 'B(t — 1)' are the available BESS capacities (kW) at hour t and t — 1,

respectively. 'σ' is the self-discharge rate of the BESS, 'nBESS' is the BESS efficiency, 'Psurplus' is

the available excess power for charging the BESS (kW), and 'Pdeficit' is the deficit power (kW)
when the power from renewable energy resources is not enough to meet the load. The inputs

to the model include the available excess power for storage (kW) and any unmet load (kW). The
outputs include the available BESS state of charge (SoC), excess power that should be sent to

the dump load (kW), and the unmet load (kW) that the diesel electric generator picks up. The
‘Min_SoC (%)', and ‘Max_SoC (%)' in Fig. 3-7 represent the minimum and maximum charging

limits of the BESS.

Figure 3-6: Detailed MATLAB® Simulink® battery energy storage system (BESS) model. The initialize block
sets the initial available energy in the BESS.
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Figure 3-7: Masked MATLAB® Simulink® battery energy storage system (BESS) model with user input
parameters window.

3.1.5 Diesel Electric Generator Model

When available renewable and stored energy cannot supply the load, a diesel electric generator

(DEG) must pick up the unmet load. Under steady-state conditions (constant loading), the fuel
efficiency curve of a diesel electric generator can be roughly approximated as the equation of a

line, as shown in eq. (3.11).
F = F0 + FiPrate,DEG

(3.11)

where 'F' is the efficiency of the diesel genset (L/hr or gal/hr), 'Fi' (with a value of 0.246
L/kWh) and 'F0' (that is a function of the rated capacity of the DEG) are empirically derived

from various models of DEGs as presented in [63] and [64], and 'Prate,DEG' is the rated power of

the DEG. 'F0' is given by:
F0 = BPrate,DEG
where 'B' is a constant (0.08415 L/kWh).
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(3.12)

For instance, Fig. 3-8 shows diesel fuel consumption per hour of a 100 kW DEG versus power

output. A minimum loading point of 40% of the rated capacity of the generator is assumed for

the diesel model but can also be arbitrarily set as shown in Fig. 3-9. The input to the model is
the unmet load (kW) and the output is the diesel consumed per hour (gal/h).

Figure 3-8: Representative linear diesel fuel consumption versus power output plot for a 100-kW diesel
electric generator. The non-zero fuel consumption at 0 kW is due to the mechanical and electrical losses
in the diesel engine and electric generator, as well as power requirements for onboard systems.

Figure 3-9: Masked MATLAB® Simulink® diesel fuel efficiency model with user input parameters window.
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Energy Distribution Flow Chart

3.2

An energy distribution flow chart to evaluate the impacts of renewable energy resources on

FEW infrastructure systems is discussed in this section. Fig. 3-10 shows the energy distribution
flow chart that was developed for analyzing scenarios that involve a combination of renewable
energy resources, BESS, DEG, and electrical load. The energy flow analysis is performed on an

hourly basis.
3.2.1 Solar PV, Wind, BESS, and Diesel Electric Generator Energy Distribution Analysis
The solar PV, wind, BESS, and DEG energy distribution analysis process illustrated by the energy
distribution flow diagram in Fig. 3-10 is as follows:

•

RE in the diagram represents the available renewable energy resource(s) and takes the
highest priority. Available RE (solar PV, wind, or a combination of both) is calculated
from equations provided in the first section of this chapter.

•

Initially, at t = 1 hour, the energy available in the BESS is set to zero. This is because the

BESS is only used to store any excess renewable energy and cannot be charged by the
DEG.

•

In this system, three scenarios are of interest:

•

RE generation meets demand: Supply the load, energy storage capacity remains
unchanged, and no diesel fuel is consumed.

•

Excess RE generation: Supply the load and store excess RE to the energy storage

unit. If the energy storage unit is full, send excess RE to a dump load.

•

RE generation does not meet demand: Supply the load with available RE. Check if
there is any usable power in the BESS and supply the load. If not, then the DEG
should be used as a back up to supply the load.

•

Calculate diesel consumed, RE generated, how much of the generated RE met the load,

excess RE generated, annual demand, and annual RE generated.
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Figure 3-10: Energy distribution flow chart for renewable energy, diesel, and energy storage system.

3.2.2 Hydro, BESS, and Diesel Electric Generator Energy Distribution Analysis

Unlike solar PV and wind, hydroelectric power is generally a dispatchable renewable resource
since the operators/owners can increase or decrease power production to meet the changes in

electrical demand. However, for small hydroelectric plants without water storage, the power

generated simply follows the load profile. That is, if the load falls below the capacity of the
hydroelectric plant, the excess power must be curtailed.
The energy flow analysis here, considering remote islanded microgrids, assumes the generated

hydroelectric power from the turbines is not dispatchable. The BESS serves two main purposes:

1) to accommodate any excess hydro in times of low demand and 2) to supplement the hydro
resource whenever possible instead of turning on DEGs. Three parameters are calculated in the

hydro analysis:
•

Displaced diesel fuel whenever DEGs turn on.

•

Percentage of the load supplied by the available hydro.

•

Energy stored during times of low demand.

Fig. 3-10 shows the energy distribution flow chart that was developed for analyzing scenarios
that involve a combination of renewable energy resources, BESS, DEG, and electrical load.

3.3 Energy Resource Model Validations
The energy resource models developed in section 3.1 were validated using PVWatts® and

HOMER Pro®.
3.3.1 Solar PV Model Validation
To validate the solar PV model, a 10-kW solar PV DC system (assuming Fairbanks, Alaska

location) was simulated over a one-year period. The results were compared to the same 10-kW
solar PV system simulated in PVWatts®. The irradiance data used in model validation (shown in

Fig. 3-11) was obtained from [26]. The system was assumed to be facing south with a tilt of 65°,
system losses of 15%, inverter efficiency of 95%, and a temperature coefficient of -0.37%/°C.

Fig. 3-12 shows the MATLAB® Simulink® PV model with the input parameters used for model
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validation. Fig. 3-13 shows a capture of the window with the PV system data entered in

PVWatts®. The MATLAB® Simulink® PV model generated 9,990 kWh over the entire year

compared to 9,816 kWh generated using PVWatts®. The PV model slightly overestimated
system production by 1.78% which is within reasonable error. The close agreement here is

because TMY3 data (which already accounts for albedo) is available for Fairbanks, Alaska. When
TMY3 data is not available for a location, PVWatts® by default sets the albedo to 0.2 [65], which

would underestimate the performance of the system since higher albedo exists due to snow

reflection in the months of March and April in Fairbanks, Alaska.

Figure 3-11: Hourly solar irradiance data used for solar PV model validation for location in Fairbanks,
Alaska. The datasets were obtained from TMY3 data available from NREL [26].
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Figure 3-12: MATLAB® Simulink® solar PV model used for model validation results. The DNI, GHI, and DHI
in the above figure are the three irradiance components that constitute the plane of array (POA)
irradiance incident on a solar collector. These components were adjusted for a system tilt of 65° and
South facing orientation (180°).
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Figure 3-13: Solar PV system parameters entered in PVWatts® Calculator window. The system losses,
system tilt, and orientation have been adjusted to match the ones entered in the MATLAB® Simulink® PV
model.

3.3.2 Wind Turbine Generator Model Validation

HOMER Pro® was used in validating the MATLAB® Simulink® WTG model. Since manufacturer's

power curves typically represent wind turbine performance at standard temperature and

pressure, HOMER Pro® takes into account the hub height, the altitude, air density correction,
and ambient temperatures of the location to adjust for actual conditions [66]. Wind speed

increases with hub height and is a function of the terrain of the earth's surface and height of

the anemometer where wind speed measurements are taken. The terrain (or roughness) of the
earth's surface is usually characterized by a friction coefficient ' α ', a unitless fraction with

values ranging from 0.1 for smooth hard ground or calm water to 0.4 for large cities with tall
buildings [23].
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Fig. 3-14 (reproduced from [23]) illustrates the impacts of ''a ' on wind speed at the hub height
assuming an anemometer height of 10 m. For instance, wind speed at a hub height of 50 m on a

site with trees and shrubs (a = 0.3) [23] is over 50% higher than at 10 m. The relationship
governing these curves is shown in eq. (3.13) in the following section.

Figure 3-14: The impact of the friction coefficient on the wind speed at the hub height. The wind speed ratio is
the ratio of the wind speed at the hub height to the measured wind speed at a given height (taken as 10 m).

3.3.2.1 Adjusting Wind Turbine Generator Model for Ambient Conditions

The developed MATLAB® Simulink® WTG model was revised to account for hub height,

pressure, and air density using eqs. (3.13-3.16) [23], [66]. This is done in a three-step process by
first calculating the wind speed at the hub height, then calculating the air pressure and density

at the hub height, and finally calculating the wind power given the actual ambient conditions.
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where 'v' is the wind speed at the hub height (m/s), 'v0' is the wind speed at the anemometer

height (m/s), 'H' is the hub height (m), 'H0' is the anemometer height, and 'α' is the unitless
friction coefficient.

p = p0e(-1.185 X 10-4 Hι)

(3.14)

p = (P X M X 10-3)∕(RT)

(3.15)

where 'P' is the air pressure (atm) at hub height, 'P0' is the air pressure at standard conditions

(1 atm), 'Hι' is the altitude of the location (m), 'p' is the air density (kg/m2), 'M' is the molecular
weight of air (28.97 g/mol), 'R' is the ideal gas constant (8.2056 X 10-5 m3-atm-K-1-mol-1), and 'T'

is the absolute temperature (K).

where 'Pwind' is the actual wind power (W), 'p0' is the air density at standard conditions (kg/

m2), and 'PwindSTP' is the wind power (W) before adjusting for ambient conditions.
3.3.2.2 Wind Turbine Model Validation

To validate the WTG model in HOMER Pro®, a simple hybrid system consisting of an auto-sized
13-kW DEG and a 10-kW WTG was simulated using the MATLAB® Simulink® WTG model with

the values of the hub height, anemometer height, and coefficient of friction as shown in Fig. 3
15. These same values were also entered in HOMER Pro® (see Fig. 3-16). An annual wind profile

(see Fig. 3-17) and an annual load profile (see Fig. 3-18) with a peak demand of 11.55 kW and
an annual average demand of 5.9 kW was simulated. A screenshot for the HOMER Pro® wind

power curve for a 10 kW WTG used for model validation (see Fig. 3-19) was based on a look-up
table for wind power output versus wind speed. The load profile generated using the Alaska

Village Electric Load Calculator [52] is representative of a community public water system such
as in Kongiganak, Alaska, with only washeteria services and no water distribution system.
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Figure 3-15: Revised MATLAB® Simulink® WTG model used for model validation results. The simulation in
the model was performed over a period of one year.
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Figure 3-16: Screenshot of HOMER Pro® wind turbine parameter input window for WTG model
validation. HOMER Pro® requires a load to be attached to a power source to run a simulation.
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Figure 3-17: Wind speed profile used for validating MATLAB® Simulink® WTG model. The wind speeds
were obtained from [30] and were measured using a 30 m meteorological tower in 2004.

Figure 3-18: Load profile used for MATLAB® Simulink® WTG model validation. The dashed line in the
figure represents the average load of 5.9 kW.
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Figure 3-19: HOMER Pro® screenshot for wind speed (m/s) and the corresponding power output (kW)
(left) and power curve (right) for the 10-kW WTG used for model validation.

The total wind energy generated using the MATLAB® Simulink® WTG model was 21,478 kWh,

compared with 22,794 kWh generated in HOMER Pro®, underestimating the production by
5.7%. The difference in estimated WTG energy (lower for the MATLAB® Simulink® WTG model)

was due to the fact that HOMER Pro® uses the simplified assumption that under 11 km,

temperature increases linearly with altitude (with a lapse rate of 0.00650 K/m) [66]. This
implies that air density at the location decreases linearly with altitude (see eq. (3.15)). For

instance, at 2 km of altitude, the calculated air density using the MATLAB® Simulink® model was
0.966 kg/m3 compared with 1.046 kg/m3 obtained in HOMER Pro®. Assuming a wind speed of

15 m/s and the wind power curve shown in Fig. 3-19, the calculated wind power from HOMER
Pro® was 8.2 kW compared to 7.6 kW obtained using the MATLAB® Simulink® model.
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3.3.3 Hydro Model Validation

To validate the hydro model, the volumetric flow rate of the river is required. The annual flow
rate of rivers in Arctic communities follow seasonal patterns with high flow rates occurring in
the summer months and low flow rates in the winter-spring period. Stream flow measurements

for several streams in Alaska that were taken over the years can be found in [67]. The rather

dated (taken in 1988 - 1991) measurements for Power Creek discharge flow rates in Cordova,
Alaska were used as a starting point to construct a monthly volumetric flow rate profile (Fig. 3

20). July had the highest flow rate with an average of 19.8 m3/s (700 ft3/s) and the lowest flow
rate was in February with an average of 0.74 m3/s (26 ft3/s). The measurements were then
adjusted so that the annual average is 7.2 m3/s (255 ft3/s), which was the design flow rate

during the construction of the Power Creek hydroelectric project [68].

Figure 3-20: Monthly estimated volumetric flow rate for Power Creek in Cordova, Alaska. The dashed line
represents the average flow rate of 7.2 m3/s.

The above data was entered and simulated in the MATLAB® Simulink® hydro model and in

HOMER Pro® for validation. The assumptions made in validating the MATLAB® Simulink® hydro
model include a total available head of 90 meters with head loss of 10%. The annual energy
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generated using the MATLAB® Simulink® model (Fig. 3-21) was 39,229,839 kWh with an
average hydroelectric power output of 4,734 kW compared to 40,058,529 kWh estimated using

HOMER Pro® (Fig. 3-22) with an average hydroelectric power output of 5,119 kW. The
MATLAB® Simulink® model underestimated annual hydroelectric power production by 2%. The
higher value from HOMER Pro® when calculating average hydroelectric power output is in large

part because HOMER Pro® does not consider the head loss due to efficiency of the penstock.

Figure 3-21: MATLAB® Simulink® hydro model outputs used for validation with HOMER Pro®.
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Figure 3-22: Screenshot of HOMER Pro® hydro model outputs used in validating the developed MATLAB®
Simulink® model.

3.3.4 Diesel Electric Generator Model Validation
DEG model validation was also performed in HOMER Pro® by removing the wind turbine

component in Fig. 3-15. Total diesel consumed supplying the same load using HOMER Pro® was
18,645 liters (4,925 gal). Using the same diesel capacity rating, the MATLAB® Simulink® DEG
model estimated the fuel consumption to be 22,340 liters (5,901 gal), overestimating the
consumption by 19.8%. According to [69], HOMER Pro® takes into account the heating value

and density of the fuel as well as fuel consumption at various loading points (a minimum of two
points are required) to estimate the fuel curve and efficiency of a DEG. Considering the above

factors, the efficiency and fuel curve of a DEG can be calculated using eqs. (3.17) and (3.18)

[69].
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where 'ηgen' is the efficiency of the generator (%), 'Ygen' is the rated output of the generator

(kW), ' Pgen' is the electrical output of the generator (kW), 'LHVgen' is the lower heating value of

the fuel (MJ/kg), ''pgen' is the density of the fuel (kg/m3), 'F0' and 'F1' are the fuel curve
intercept and slope, respectively (L/hr/kW), and 'F' is the fuel efficiency of the DEG (L/hr).
The DEG model was revised to account for the above factors as shown in Fig. 3-23. The diesel

fuel consumed with the new DEG model (assuming a 30% loading point) is 18,405 liters (4,862

gal), which is about 1.3% higher than the HOMER Pro® model. Fig. 3-24 shows the fuel and
efficiency curves for a 13-kW DEG. The efficiency of the DEG at rated power output is around
35% or 3.43 kWh/L (13 kWh/gal) which is a typical full load efficiency for modern DEGs in this

power capacity range.
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Figure 3-23: MATLAB® Simulink® DEG model validation. The user input window shows the assumed
values for lower heating value of the fuel, density of the fuel, and fuel consumption at half and full load.

Figure 3-24: Fuel efficiency curve as a function of power output (left) and efficiency as a function of the
percentage of the load (right) for a 13-kW DEG.
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3.4 Model Validation Summary

The developed energy resource models were validated to ensure the simulated energy output

from each model is within reasonable error compared to commercially available modeling
tools. PVWatts® was used to validate the solar PV resource model by simulating a 10-kW solar
PV DC system in each scenario; the results agreed well and were within acceptable error as has
been shown. HOMER Pro® was used to validate the WTG, hydro, and DEG models by estimating

the annual renewable energy production and fuel consumption. For WTG and DEG models, the

simulated results were initially out of range of tolerable error and the models were revised to
account for additional parameters as has been discussed.

With the energy resource model components validated, they can now be used to simulate
scenario-based case studies for Alaska communities operating remote islanded microgrids to
evaluate the impacts of renewable energy on FEW infrastructure. Case studies from three
Alaska remote communities are explored in the next chapter.
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4 Case Studies and Results
The scenario-based case studies discussed in this chapter are from three remote Alaska
communities: Tanana in interior Alaska, Kongiganak in southwest Alaska, and Cordova in

southcentral Alaska. The analysis of the impacts of renewable energy resources are based on an
energy balance analysis, including estimation of the amount of diesel displaced. For Tanana and

Kongiganak, the food and water system loads discussed do not constitute a significant portion
of the community load. Therefore, the analysis in this chapter assumes the distributed energy

resources (DERs) for these loads are installed ‘behind the meter' next to the load, and not
integrated into the microgrid. In each scenario, a DEG is assumed to be the only backup power

source to the available renewable resource and is sized to meet the peak demand. The case
studies in this chapter are organized as follows: 1) analysis of solar PV for Tanana's water

treatment plant and greenhouse, 2) analysis of solar PV and wind power for Kongiganak's
washeteria including the analysis of modular systems, 3) analysis of solar PV or heat powered
community cold storage unit, and 4) analysis of hydroelectric power for Cordova's microgrid.

4.1 Solar, Wind, and Hydro Resource Datasets

4.1.1 Solar Irradiance and Ambient Temperatures

The solar irradiance and ambient temperature data (see Fig. 4-1 and Fig. 4-2, respectively) for

modeling solar PV power is obtained from the National Solar Radiation Database (NSRD) [26], a
database that contains the updated TMY3 hourly solar radiation and meteorological data for
most locations in Alaska. The closest TMY3 station to Kongiganak is in Bethel, Alaska, and

therefore this data is used for Kongiganak's solar PV modeling. The seasonal high, low, and
annual average temperature for Tanana are 27.2 °C (80.9 °F), -53.8 °C (-64.8 °F), and -2 °C
(28.4 °F), respectively. For Kongiganak, the seasonal high, low, and annual average

temperatures are 25 °C (77 °F), -32.8 °C (-27 °F), and 0 °C (32 °F), respectively.
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Figure 4-1: Solar irradiance data (top) and ambient temperature (bottom) for Tanana, Alaska used for
modeling solar PV power and heat energy from solar evacuated tubes.

Figure 4-2: Solar irradiance data (top) and ambient temperature (bottom) for Bethel, Alaska used for
modeling solar PV power in Kongiganak, Alaska.
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4.1.2 Wind Speed
Wind speed data (see Fig. 4-3) used in this analysis is obtained from the Alaska Energy Authority

(AEA) resource assessment site [30]. The site contains publicly available wind resource data for

many locations in Alaska.

Figure 4-3: Hourly wind speed data for Kongiganak, Alaska. The data was measured between
10/21/2014 and 10/19/2015 using a 30-meter meteorological tower.

4.1.3 Power Creek Water Flow Rate

The volumetric flow rates for modeling hydro power were obtained from [67], a database from
Alaska Department of Natural Resources (DNR) that compiles water quality and stream
measurements for many water bodies in the state. For Power Creek, the minimum, maximum,

and average flow rates of 0.74 m3/s, 19.8 m3/s, and 7.24 m3/s, respectively, were used to
construct the water flow rate profile. A representative plot of the constructed water flow rate

profile was previously provided in Fig. 3-20.
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4.2

Energy Distribution Model Assumptions and Parameters

Whenever applicable, assumptions and parameters used in modeling solar, wind, and hydro
energy resources are summarized in Table 3.
Table 3: Energy resource modeling assumptions and parameters.

Energy Resource
Solar PV

Solar evacuated tubes

Wind

Hydro

Energy storage

Mode Assumptions/Parameters
• Inverter efficiency: 95%
• Losses due to module mismatch, wiring, dirt: 15%
• Temperature coefficient: -0.0037%∕°C
ETC-30 solar evacuated tubes with the following
parameters [70] are used in the analysis.
• Absorber area of 2.4 m2 (30 evacuated tubes)
• a1= 1.47 W∕(K2m2)
• a2 = 0.01 W/(K2m2)
• n0 = 0.845
• Average inlet-outlet water temperature to the solar
evacuated tubes of 70 °C.
A 15-kW WTG is used (see Fig. 4-4).
• Cut-in wind speed: 3 m/s
• Cut-out wind speed: 18 m/s
• Rated wind speed: 10.6 m/s
• Turbine/generator efficiency: 70%
• Static head: 90 m
• Head loss (due to penstock efficiency): 10%
• Round trip efficiency: 80%
• Minimum discharge: 30%
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Figure 4-4: Wind power curve of a 15-kW Aeolos-H wind turbine generator used in wind resource
modeling scenario with cut-in, cut-out, and rated wind speeds of 3 m/s, 18 m/s, 10.6 m/s, respectively
[68].

4.3

Energy-Water and Energy-Food Indices

The energy-water and energy-food indices are introduced here to quantify the impacts of

renewable energy technologies on food and water security in the communities where the
scenarios are modeled and analyzed.
4.3.1 Energy-Water (EW) Index

The EW index (kWh/L) is simply defined as the ratio of the amount of total energy required to
treat and supply water to the minimum volume of water required by the community. A

minimum of 50 L per capita per day (13.2 gal/person/day) as recommended by the World
Health Organization [71] is conservatively assumed here. The closer to zero the EW index is the

better because that implies less energy is required to supply water.
4.3.2 Energy-Food (EF) Index
An EF index is defined in two ways: 1) the ratio of the total energy required to grow food inside

a greenhouse to the space required (kWh/m2) and 2) the ratio of energy required to refrigerate
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food to the total volume required (kWh/m3). The EF index provides insights into how much
energy is required to grow and store food.

4.4 Solar PV for Tanana's Water Treatment Plant (WTP) and Greenhouse System Loads

Tanana's microgrid is powered by four DEGs that are rated at 175 kW, 320 kW, and (2) 420 kW.
The community's electric load peaks in the winter with an average load of about 200 kW and
low load in the summer with an average of 150 kW. The modeled electrical load for the water

treatment plant (WTP) represents on average 6% of the total community load. The community
greenhouse, which is also connected to the grid, is only operational during the summer months.
4.4.1 Solar PV for WTP
Tanana's water and sanitation facility is comprised of a WTP and laundromat building along

with four auxiliary facilities that include a garage that houses the biomass boilers, two lift
stations, and a pump house [72]. The WTP has a distribution system that is buried in permafrost

with an all-year-round heat system [72]. The WTP has a gravity sewer system where two lift

stations are used to pump wastewater to the lagoon located in the north-central part of town.
The major loads in the WTP include:

•

Pumps for water extraction, treatment, and pumping, and wastewater collection

•

Washers and dryers in the washeteria

•

Lights in the building

A solar PV system with a capacity ranging from 0 - 40 kW was modeled in Simulink® to analyze

the impacts on the total energy consumed by the WTP. A 25-kW DEG is assumed to be the
primary source of power with a minimum loading point of 40%. A significant portion of

electrical energy consumption in the WTP is associated with space heating, resulting in low
demand during the summer months. The monthly electrical energy consumption available in

[72] and provided in Appendix A was used as a starting point in modeling the hourly electric

load of the WTP shown in Fig. 4-5.
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Figure 4-5: Water treatment plant modeled annual electrical load profile for Tanana, Alaska. The peak
demand is 22.76 kW with an average of 10.17 kW (the dashed line).

Table 4 below summarizes the results from the simulations. The BESS unit is sized to meet the
average load for at least 8 hours. All the values have been rounded to the nearest integer. The

diesel displaced shown in the table is only due to electrical load.
Table 4: Scenario simulation outputs for the Tanana, Alaska water treatment plant with solar PV energy
supplied and diesel displaced for different solar PV power capacities.

Solar
PV
(kW)

0
5
10
20
30
40

BESS
Capacity
(kW)

80
80
80
80
80
80

Total PV
Generated
(kWh)

0
4,601
9,201
18,403
27,605
36,806

Annual
Load
Supplied
by Solar
PV (%)
0
5
10
20
27
34

Diesel
Displaced
l (gal)

0
358 (95)
555(147)
772(204)
900 (238)
994(263)

Excess PV
Generated
(kWh)

0
0
0
10
1,457
5,279

Total Annual Load

Electrical
(kWh)

Heating
(kWh)

89,086

19,055

Fig. 4-6 shows diesel displaced as a function of solar PV installed. The change in slope around 10
kW corresponds to the maximum summer peak demand for the WTP. In other words, while a
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PV system greater than 10 kW would displace more diesel, the optimal solar PV system is likely
to be 10 kW or less for this load. Proportionally less diesel is displaced as the PV system size

increases explaining the ‘out-of-phase' relationship between the WTP load profile and solar PV

power. While solar PV is a viable resource in interior Alaska, it is only available during summer
when the WTP energy requirements are minimal. For instance, while a combination of a 20-kW

solar PV system and 80-kW BESS can only offset about 20% of the annual electrical energy

demand, this system can supply all the demand some of the days during the summer months
(see Fig. 4-7).

Figure 4-6: Diesel displaced versus solar PV system power capacity for the modeled water treatment
plant scenario in Tanana, Alaska.
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Figure 4-7: Daily average percentage of the modeled water treatment plant electrical load supplied by a
20-kW solar PV and 80-kW BESS system in Tanana, Alaska.

To calculate the EW index, it was again assumed that every resident in the community
consumes at least 50 L/person/day (13.2 gal/person/day) resulting in an estimated 3.65

ML/year (964.23 kgal/year) of water consumed for a population of 200. EW was calculated to
be 0.03 kWh/L (0.1 kWh/gal). In other words, processing every liter of potable water in the
community requires, on average, about 0.03 kWh of energy. More accurate calculations can be

made if daily water consumption datasets in the communities are available. The EW index is

important because it quantifies the connection between energy and water in the community.

Furthermore, this index can serve as a basis in establishing an optimal amount of renewable
integration by considering daily water consumption estimates, population of the community,

and energy requirements of public WTPs. An interactive Simulink® model that can be used to
conduct further analysis and investigate other scenarios is provided in Appendix C.
4.4.2 Passive and Active Solar for Tanana's Greenhouse

The Tanana community greenhouse is a gable structure constructed with glazed glass panels in

2016 (picture shown in Fig. 4-8). The total footprint of the greenhouse is 257 m2 (2,766 ft2),

which consists of a 167 m2 (1,800 ft2) main crop growing area, an 80 m2 (863 ft2) storage unit,
and a 10 m2 (103 ft2) arctic vestibule. The assumed area and construction details of the

75

greenhouse are listed in Table 5. The U-values for most greenhouse construction materials are

available in [41]. Area calculations are based on greenhouse measurements.
Table 5: Greenhouse structural details for Tanana, Alaska.

Wall location

Material

Square footage
m2 (ft2)

U-Value W∕m2-°C
(Btu∕hr-°F-ft2)

East, South, and
West walls

Greenhouse glass glazed panels
(polycarbonate)

111 (1,200)

2.8 (0.5)

North

Plywood sheathing with a
corrugated iron sheet covering

56(600)

4.5 (0.8)

Ceilings

Greenhouse glass glazed panels
(polycarbonate)

89 (960)

2.8 (0.5)

Floor

Concrete

167 (1,800)

0.56 (0.1)

Figure 4-8: Community greenhouse in Tanana, Alaska (South facing side).
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The following assumptions were made in estimating the heating, cooling, and artificial lighting

requirements of the greenhouse.

•

Eqs. (2.1) and (2.2) along with the dimensions in Table 5 are used to estimate the

adequate heating capacity for the greenhouse. A minimum greenhouse temperature of

60 °F is assumed.

•

The passive heating from solar is estimated using Eqs. (2.4 - 2.6). Solar irradiance

incident on the greenhouse is obtained from NREL's National Solar Radiation Data Base
[26]. Rated transmissivity values of several greenhouse materials are listed in [41].

•

When there is excess heating, cooling is required. It is assumed the cooling fan turns on
when the temperature difference between the limit setting and the greenhouse

temperature is above 7 °F. A 1 HP cooling fan with a rated volumetric flow rate of 73
m3/s/m2 (240 ft3/s/ft2) is assumed to be enough.

•

If the available sunlight is below the estimated minimum lighting requirements of the
crops, then supplemental lighting is required. Minimum lighting requirements are
estimated using Eq. (2.9) as well as minimum lighting levels for several plant species

listed in [41]. For example, tomatoes need a minimum lighting level of 2,583 lux (240 fc)
for about 16 hours per day (roughly 62 Wh/m2/day).

Fig. 4-9 shows the calculated monthly heat load and passive solar energy for the greenhouse. As
expected, the heat load during the summer months is very minimal. The summer load for the

greenhouse is mostly due to the cooling fan that maintains adequate temperatures for the
crops. The cooling requirements are highest in July when the temperature differences between

inside and outside air are high. The solar PV array (3 kW DC system) is sized to simply meet
most of the demand during the summer months. The observed high PV energy output during
the spring months of March and April (see Fig. 4-10) is due to the snow reflection and colder
temperatures, which increases the total PV output and efficiency, respectively.

Fig. 4-11 summarizes the total energy requirements and available solar energy (both active and
passive) throughout the year. From the figure, it is evident that the demand (mostly heating) is

substantially higher during the winter months, which is again expected. An interactive
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Simulink® model that can be used to conduct further analysis and investigate other scenarios is

found in Appendix C. The model allows the user to adjust the tilt, orientation, and system size
of the solar PV array to analyze power output as well as the ability to change greenhouse

parameters to evaluate the energy flows.
The EF index, which was calculated as the ratio of the total energy required to operate the

greenhouse to the available space in the greenhouse, was found to be 644 kWh/m2 (60
kWh/ft2). In other words, for a gable-structured greenhouse in an interior Alaska location,
roughly 644 kWh of energy (heating, cooling, and lighting) is required for every square meter of

greenhouse growing space. This value, which varies with the material construction, crops
grown, and geometry, serves as a starting point for any community in interior Alaska that would
want to grow crops in a greenhouse.

Figure 4-9: Calculated monthly heat load (red) and passive solar energy (blue) for the greenhouse in
Tanana, Alaska.
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Figure 4-10: Calculated monthly solar PV for 3 kW DC system (orange), lighting load (blue), and cooling
load (red) for the greenhouse in Tanana, Alaska.

Figure 4-11: Greenhouse energy balance summary for Tanana, Alaska. The demand (red) includes
heating, lighting, and cooling requirements. The supply (green) includes passive and active energy
sources.

4.5 Solar PV and Wind Power for Kongiganak's Water Treatment Plant (WTP)
Kongiganak's microgrid is powered by a wind-diesel-battery storage hybrid system that includes

[73]: 1) five 17-S Windmatic 95-kW WTGs, 2) four DEGs rated at 220 kW, 140 kW, and (2) 190
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kW and 3) one 270-kW lithium ion BESS. The modeled electrical load for the Kongiganak WTP

constitutes only about 3% of the community load.
The WTP is an 827 m2 (8903 ft2) building that consists of the water treatment facility, tribal

offices, and hotel [51]. The WTP does not have a water distribution system and residents rely

on the washeteria for water access. The monthly energy consumption of the WTP that was

used as a starting point in modeling the hourly electric load is provided in Appendix A. An
energy balance analysis consisting of the modeled WTP electrical load (Fig. 4-12), a 15-kW WTG,

a 5-kW solar PV system, and a 100-kW BESS was performed in Simulink®. The WTP uses #1 oil
for all its heating needs, and therefore the electrical load does not vary with the season. The

estimated peak load is 7.5 kW with an average load of 3.17 kW. In the analysis, an 8-kW DEG
(sized to meet the peak demand) is assumed. Table 6 summarizes the results.
Table 6: Scenario simulation outputs for the Kongiganak, Alaska washeteria with total renewable energy
supplied and diesel displaced for different wind and solar PV power capacities.

Wind
(kW)

0
(1) 15
(1) 15

PV
(kW)

0
0
5

Total RE
Generated
(kWh)

0
58,183
63,303

BESS
(kW)

100
100
100

Annual
Load
Supplied
by RE (%)

Diesel
Displaced
L (gal)

0
88

0
2,501
(661)
2,665
(704)

95

Excess
RE
Gener
ated
(kWh)

Total Annual Load

Electrical
(kWh)

Heating
(kWh)

27,803

32,518

0
33,048
36,244

In the table above, ‘RE' represents a combination of wind and solar PV power. A 15-kW WTG

can meet as much as 88% of the total load. Adding a 5-kW PV system would increase the total

load met by renewables to 95%.
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Figure 4-12: Water treatment plant modeled annual electrical load profile for Kongiganak, Alaska. The
estimated peak demand is 7.50 kW with an average demand of 3.17 kW (dashed line).

With the variability of wind power as shown in Fig. 4-13, there are times when the wind power
exceeds demand, and therefore must be diverted to a dispatchable load or dump load. Fig. 4-14

shows an example of a three-day period with surplus wind power that can supply the CropBox
and UAA water-reuse modular systems. The UAA modular system was modeled as a 1.36 kW
system that can turn on once every operational cycle (24 hours). An interactive Simulink®
model that can be used to conduct further analysis and investigate other scenarios is provided

in Appendix C.
The calculated EW index for Kongiganak was 0.007 kWh/L (0.04 kWh/gal), assuming a

population of about 450 according to the 2010 US Census. Since the Kongiganak WTP does not
have a distribution system that consumes a significant amount of energy, a value lower than
the one calculated in the previous section is expected.
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Figure 4-13: Washeteria unmet load (top), BESS charging level (middle), and excess wind power (bottom)
for Kongiganak, Alaska.

Figure 4-14: Three-day period showing excess wind power (blue), (5) UAA water reuse systems and (1)
hydroponic CropBox load (green), and DEG power (red). The excess wind power is modeled after a 15-kW
WTG.

Fig. 4-14 represents how excess wind power can be used to power the modular systems. Since
the CropBox is not entirely dispatchable and needs power throughout the day, there are times
when excess wind power drops to zero and the DEG must turn on to supply the unmet demand.
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4.6 Community Cold Storage Unit
As described earlier in Chapter 2, a community-wide cold storage unit that can be used for

refrigeration of food is explored. Depending on the available resource, the cold storage unit can
either be powered electrically by solar PV and/or wind turbine generators or heat-driven using
passive solar heating.
In sizing the cold storage unit, the following assumptions are made:

•

Transmission and air infiltration loads are calculated as described in Eqs. (2.10 - 2.12). A
28 m3 (1,000 ft3) cold storage unit is assumed with an R-value of 30. Ambient

temperature conditions are representative of a community in interior Alaska (shown in
Fig. 4-1). Air changes per hour are interpolated from Fig. 2-3.

•

The product load depends on the food item and whether it needs to be refrigerated,

frozen, or both. Three different food products are analyzed: chicken (poultry), cherries
(for fruits/vegetables), and beef. Thermal properties and working temperatures for each

food item are extracted from [45] and shown in Table 7. The storage capacity of the cold
storage unit is assumed to be roughly 320 kg/m3 (20 lbs/ft3).
Table 7: Thermal properties of different food products.

Food
Product

Chicken

Cherries

Beef

Mass
(kg)

3500

3500

3500

Thermal Properties
Specific Heat Capacity, Cp (kJ∕kg-°C)
Latent Heat of Fusion, Lf (kJ/kg)
Cp (fresh): 3.32
Cp (frozen): 1.77
Lf:247
Cp (fresh): 3.43
Lf (at 0°C): 324

Initial (Ti), Freezing
(Tf), and Storage (Ts)
Temperatures °C (°F)
Ti: 6 (42.8)

Lf (at -30°C): 26
Cp (fresh): 3.14

Ts: -30 (-22)
Ti: 20 (68)

Cp (frozen): 1.70
Lf:249

Tf: -2.7 (27)

Tf: -2.8 (27)

Ts: -18 (-0.4)
Ti: 10 (50)
Tf: 0 (32)

Ts: -5 (23)
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4.6.1 Calculating Total Load

With the assumptions stated before, the transmission and air infiltration loads are calculated
on an hourly basis. The product load is evaluated as a onetime calculation since this load is only
a function of the initial and final storage temperature. Refrigeration time of 10 hrs/day is

assumed. The peak load was calculated to be 29.3 kW (99,976 BTU/hr), and this was taken as
the design load. The total annual energy consumption for the cold storage unit is 66,212

kWh/year (226 MBTU/year). Since the storage unit would be used during the summer months,
the monthly calculated energy requirements during this period for each food item is shown in

Fig. 4-15. Depending on the food item, the monthly energy demand ranges from 8,500 kWh (29
MBTU) to 12,966 kWh (44 MBTU). Cherries are usually stored at a much colder temperature

(-30°C), explaining the relatively higher energy consumption compared to chicken and beef.

Figure 4-15: Calculated monthly refrigeration load for three different food products (chicken in blue,
cherries in red, and beef in orange) for the months of April - August.

4.6.2 Heat Energy for Vapor Absorption Refrigeration System

To estimate the energy required to supply the cold storage unit using a vapor absorption
refrigeration cycle (VARC), the coefficient of performance (COP) of the refrigeration system
must be calculated first. Assuming a temperature of 90 °C (194 °F) for the generator, -5 °C (23

°F) for the evaporator, 40 °C (104 °F) for the condenser, and 80% system efficiency, the COP
84

was calculated to be 0.55 (eqs. 2.18 -2.20). With a COP of 0.55 and a design load of 29.3 kW

(99,976 BTU/hr), the heat rate required at the input of the generator is 53.23 kW (181,621
BTU/hr).
Heat energy from the ETC-30 solar evacuated tube collectors was calculated from eqs. (2.21
2.23) along with ambient temperature and irradiance datasets shown in Fig. 4-1. A single ETC-

30 solar collector (with 30 solar evacuated tubes) can generate 0.52 kW (1,774 BTU/hr) on
average with peak production of 2 kW (6,824 BTU/hr) during the summer months. With a cold

storage heat requirement of 181,621 BTU/hr and assuming each ETC-30 solar collector can
generate at least 1,774 BTU/hr, the cold storage unit would need 102 ETC-30 solar collectors
(roughly 245.7 m2 of space required). While it is possible to supply the heat using solar

collectors, a significant number of evacuated tube solar collectors would be required to provide
enough heat to drive a VARC system. Efficiency of solar evacuated tubes (see Fig. 4-16) depends

on ambient temperature and the amount of solar irradiance available. It can be as high as 70%

depending on ambient conditions.

Figure 4-16: Efficiency of an ETC-30 solar evacuated tube collector (with an absorber area of 2.4 m2,
a1 = 1.47 W∕(K2m2), a2 = 0.01 W∕(K2m2), and n0 = 0.845) throughout the year. This efficiency is a
function of the ambient temperature and solar irradiance available.
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4.6.3 Electrical Energy for a Vapor Compression Refrigeration System

Vapor compression refrigeration cycles (VCRC) systems are more predominant, simpler to
operate, and have a higher COP. With the same design load, and assuming a COP of 2, the
electrical power required for the cold storage unit is 14.65 kW. A 15-kW solar PV system in

interior Alaska will generate roughly 15,799 kWh/year, offsetting on average 47.66% of the

load. However, during the summer months, a 15-kW solar PV system can offset as much as 78%
of the load. Fig. 4-17 shows a sample of the solar PV output and unmet cold storage load for
two summer days. An interactive Simulink® model that can be used to conduct further analysis

and investigate other scenarios is provided in Appendix C.
The EF index can be calculated as the ratio of the total annual energy required to the volume of
the storage unit. For a 28 m3 (exterior dimensions), the EF index is found to be 2,340 kWh/m3

(66 kWh/ft3). Put differently, 1 m3 of cold storage space requires about 2,340 kWh of energy for
a period of 10 hrs based on a daily solar PV cycle.

Figure 4-17: Solar PV output (blue) and unmet cold storage load (orange) for two summer days. The
simulations are for a vapor compression system with a 15-kW solar PV system.
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Cordova FEW Analysis

4.7

The community of Cordova in southcentral Alaska is a classic example of a FEW nexus system.

This is because the majority of its electric power is generated from the Power Creek
hydroelectric power plant, a significant portion of which is consumed by the community fishing

industry, and finally the commercial seafood processing plants contribute both to food security
and revenue for the community.

4.7.1 Cordova's Microgrid Details

Cordova's microgrid power generation sources include a diesel power plant, two hydroelectric
power plants, and a recently installed 1-MW, 1-MWh lithium ion battery energy storage system

(BESS) that is used for grid stability as well as supplementing hydro during times of low

demand.
Cordova's hydroelectric generation capacity of 7.25 MW includes:
• (2) 3 MW hydroelectric turbine/generator units at Power Creek
• (1) 1.25 MW hydroelectric turbine/generator unit at Humpback Creek

Cordova's diesel fleet is made up of five DEGs that are as follows:
•

Diesel #3: 2,500 kW GM, EMD 20-645 E4

•

Diesel #4: 2,403 kW Fairbanks Morse 38TD8-1/8

•

Diesel #5 & #6: (2) 1,090 kW Caterpillar 3516. These DEGs are used for transition
periods when the generated hydro power cannot meet the demand.

•

Diesel #7: 3,580 kW EMD 20-710 GC-T2

With the current microgrid setting, it is estimated that the installed hydroelectric power

capacity supplies on average 60% of the community load (Fig. 4-18). As expected, the low flow
rates of the river during the spring and winter months significantly reduce the available hydro

power. The high percentage of available hydro power to meet demand during the months of
July and August corresponds well with the community's peak electrical demand due to the

commercial seafood processing plants.
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Figure 4-18: Percentage of load supplied by hydroelectric power in Cordova, Alaska. The load data was
obtained from [74] and was measured from September 2012 to September 2013.

4.7.2 Electric Load for Cordova's Seafood Processing Plants
Cordova's electric load significantly increases during the summer months due to high energy

demand from the commercial seafood processing plants. Without metered data, the seafood
processing plant load data was estimated using the community load data by taking the

difference between the processing season and off-season load profiles. Fig. 4-19 shows the
daily and monthly energy demand for Cordova's seafood processing plants. Cordova's electric

load for one year (from September 2012 to September 2013) can be found at the Alaska Energy
Data Gateway [74]. The estimated peak load is 6,252 kW with an estimated average load of

2,067 kW.
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Figure 4-19: Daily (top) and monthly (bottom) seafood processing plant electric energy demand for
Cordova, Alaska. It is assumed the fishing season occurs from May through mid-September with fishing
activities cycling from harvest openings to delivery.

4.7.3 Available Hydroelectric Power at Power Creek

The available hydroelectric power at Power Creek based on previous stated assumptions is

shown in Fig. 4-20. In the figure, the peak summer demand is slightly out of phase with the
available hydroelectric power. The summer net load (difference between the peak summer

load and the installed hydroelectric capacity) is 2,316 kW. The recently installed lithium-ion
BESS is configured to generate about 750 kW, roughly 32% of the net load on average.

The estimated available annual hydroelectric power at Power Creek is 39 GWh, which is about

39% more energy than the annual electrical energy consumption in Cordova. This implies that
over 10.6 GWh of hydro power is wasted (spilled over the dam).
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Figure 4-20: Community load (red), estimated available hydro power (green), and installed hydro power
capacity (blue) at Power Creek in Cordova, Alaska.

To evaluate the impacts of increased hydroelectric power generation on seafood processing

plant loads and Cordova's microgrid, hydroelectric generation capacities ranging from 7 - 10
MW were simulated using the developed Simulink® model and the results are summarized in
Table 8 below.
Table 8: Hydroelectric generation capacity scenario simulation outputs showing total energy generated,
percent of community and seafood processing plant load met by hydroelectric power, and diesel
consumption for Cordova, Alaska

Hydroelectric
Total Energy
Generation
Generated
Capacity (MW) (GWh)

Percentage of
Community
Load Met by
Hydro (%)

Percentage of
Seafood
Processing Plant
Load Met by
Hydro (%)

7

33.3

74.8

99.9

8

35.5

77.1

99.9

9

37.3

78.4

99.9

10

38.7

78.8

99.9
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Diesel
Consumed L
(gal)

3,498,571
(923,623)
3,373,179
(890,519)
3,343,936
(882,799)
3,343,691
(882,734)

The 99.9% load in the above table represents the seafood processing plant load met by

hydroelectric generation. It is not 100% because there is not enough hydroelectric power

available at the beginning of the fishing season, which was assumed to start in mid to late May.
4.7.4 Impacts of Battery Energy Storage System (BESS) on Cordova's Microgrid
During times when the net load is low, a BESS can supplement hydroelectric power instead of

using the DEGs. To evaluate the impacts of an energy storage system on diesel consumption,
BESS units with rated capacities ranging from 0 to 5 MW were considered. When the available

hydro power is not enough to supply the entire load, the BESS picks up the load. If the net load
is higher than the BESS capacity, the DEGs supply the load and charge the BESS. Fig. 4-21 shows

a scenario with a 1-MW, 1-MWh BESS. The linear increase during the first couple of months
corresponds to the low availability of hydroelectric power and the DEGs carry the load most of

the time. However, the impact of the BESS can be observed during the summer months when
the DEGs turn on less frequently.

Figure 4-21: The annual cumulative operating hours for the diesel electric generators (DEGs) before
(blue) and after (red) the installation of a 1-MW, 1-MWh battery energy storage system (BESS) in
Cordova, Alaska.
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The amount of diesel displaced as a result of the installation of different sized BESSs was
investigated by varying the BESS sizes from 0 - 3 MW during the summer months when there is
enough hydroelectric power to meet the community's total demand (see Fig. 4-22). From the

figure, a 3-MW BESS would displace about 5,872 L (1,551 gal) of diesel fuel. The trend shown is
linear because the higher the BESS capacity, the more net load the BESS can carry avoiding the
need to turn on the DEGs.

Figure 4-22: Diesel displaced versus battery energy storage system power capacities for Cordova, Alaska
microgrid scenario simulations.

As shown previously in Fig. 4-20, the available hydroelectric power at Power Creek is higher
than the community load during the peak flow rate period, and without the BESS the excess

hydroelectric power must be curtailed in the form of spilled water. The Power Creek
hydroelectric plant has an inflatable dam that is controlled to perform this function. Spilled
hydroelectric energy versus BESS power capacity was investigated for BESS capacities ranging
from 0 - 5 MW (Fig. 4-23). The hydroelectric power plant generation capacity was assumed to

be the currently installed 6 MW. With the current setting, it is estimated that at least 8.15 GWh

(based on installed hydro capacity) is spilled over the dam. An interactive Simulink® model that
can be used to conduct further FEW analyses and investigate other scenarios for Cordova is

provided in Appendix C.
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Figure 4-23: Estimated spilled hydroelectric energy in GWh at Power Creek hydroelectric plant in
Cordova, Alaska versus battery energy storage system power capacities in MW.

4.8

Summary of FEW Simulation Results and Discussions

This chapter investigated the impacts of renewable energy on FEW systems in three remote

Alaska communities by using the energy resource models developed in Chapter 3 to simulate
different scenarios. These scenarios included solar energy (both active and passive) on Tanana's
greenhouse, solar PV for Tanana's water treatment plant, wind power for Kongiganak's

washeteria, a community cold storage unit that can run on heat or electric power from solar

energy, and analysis of Cordova's Power Creek hydroelectric plant including the newly installed

BESS.
This chapter also briefly looked at how excess wind power can be used to serve modular system

loads and how the abundance of solar PV power in the summer months can be used to displace

diesel power generation. The variability of wind power implies that there are times when

available wind power exceeds demand. The excess wind power can be diverted to dispatchable
loads, loads that can be turned on whenever there is surplus renewable power. For example,
Fig. 4-14 provided an illustration of excess wind power (generated from a 15-kW WTG) serving
(6) UAA water re-use systems and (1) CropBox. It was also shown that a 20-kW solar PV array

coupled with an 80-kW BESS system can supply most of the water treatment plant's demand
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during the summer months. The growing season for the greenhouse is limited to only about 4
months during the summer. The results in this chapter indicated that a supplementary energy

resource (mostly for heat) is required to extend the growing season through the shoulder
months.

Power Creek hydroelectric plant is Cordova's main source of power with an installed capacity of
6 MW. It was shown that the community's peak summer load due to seafood processing cannot

be met with the current installed hydroelectric generation capacity. The impacts of increasing
the installed hydroelectric generation capacity as well as the diesel displaced due to the

installed 1-MW, 1-MWh BESS have been demonstrated in Table 8 by varying the hydroelectric

generation capacity at Power Creek from 7 - 10 MW. The results indicated that a 10 MW

hydroelectric generation capacity can meet as much as 78% of the total annual load.
The above scenario-based case studies and results indicate that the connections within FEW
systems in remote Alaska communities are highly complex and dynamic, primarily because of

seasonal variabilities that affect available renewable energy and FEW infrastructure loads.
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5 Conclusion, Future Work, and Lessons Learned
5.1 Conclusion

The premise of this work was to identify the major on-grid drivers of FEW security in remote
Alaska microgrids, characterize their energy requirements, and finally evaluate the impacts of

renewable energy resources on these micro-scale FEW infrastructure systems. The energy

requirements of public water system, greenhouse, cold storage, and seafood processing loads
were discussed. These systems consume a significant amount of energy, especially heating
during the winter months. The heating load is a function of the building size, structure, and

ambient conditions. The electric load depends on the available equipment, power consumption
ratings, and frequency of use. The variable nature of renewable energy resources means that
their impacts to the FEW infrastructure loads are also highly seasonal.
For greenhouses, a combination of passive solar and PV can be used to offset all the energy

requirements in the summer, thereby providing the ideal growing environment for crops.

Extending the growing season throughout the winter when the energy for heating and lighting
is most needed would require additional energy resources such as waste heat, biomass, or

excess wind energy if available.

The energy requirements for public water systems vary depending on the location and features
of the facility. For example, a water treatment plant with an underground water distribution

system in interior Alaska where permafrost is present will require a significant amount of
heating, and hence will consume more energy than a water treatment plant with only

laundromat services. Energy requirements for cold storage units are primarily a function of the
size of the unit, food storage capacity, and whether the unit is for refrigeration, freezing, or

both.

Power from solar PV in Arctic regions is generally out of phase with most food and water
system loads. This is because of the high demand for heat during the winter months. Solar

evacuated tubes are a good source for solar heat energy, but a significant number of these solar

collectors is required to drive a vapor absorption refrigeration system. Wind power on the
95

other hand, if available, is more prevalent during the winter months and is in phase with the

winter heating needs for most remote microgrids. Hydroelectric power, where and when
available, is a good alternative renewable resource to solar PV and wind. The seasonal
variability is more predictable and matches well with summer peak loads for communities that
engage in seafood processing.

The energy distribution models (EDMs) developed in this work and their interactive capabilities

provide an opportunity to investigate different scenarios depending on the available FEW
system infrastructure (or preferences) in a community. The input-output modeling structure

used in quantifying the energy flows renders the required flexibility to scale up the EDMs. For

example, the developed Simulink® model for the greenhouse informs the user how much
energy a greenhouse needs given a set of user-input parameters. This information is essential

for any greenhouse owner who would want to extend the growing season through the shoulder
months. Scalable EDMs are important in analyzing and understanding the energy requirements

of the main drivers of FEW system loads in a larger context, especially in cases where energy is
of prime concern. Understanding how the energy flows can be quantitatively evaluated as well

as providing insights on the impacts of renewable resources on the FEW system in a remote
Arctic community is paramount in resource allocation and decision making.

This thesis also lightly touched on dispatchable loads. These are loads that help grid stability in
hybrid systems and can also meet the heating needs of a community. Dispatching excess

renewable power usually involves economic analysis of the system components to determine
the optimal discharge strategy. This is especially critical for hybrid systems that employ battery
energy storage since a tradeoff between battery life cycle costs and using diesel must be made.

This work assumed that a battery energy storage system when employed can only be charged
when there is excess renewable power. This strategy, sometimes referred to as ‘load following,'
is a dispatch strategy employed when the cost of diesel fuel is too high and DEGs are only used
to meet instantaneous net load. An exception is made when the net load is below the DEGs

minimum loading point, in which case enough additional system load needs to be added

(potentially dispatchable load) to bring the DEG output power to its minimum loading point.
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The energy-water (EW) and energy-food (EF) indices discussed in Chapter 4 serve as a starting
point in quantifying FEW connections. These indices can be revised to incorporate other non
grid FEW drivers not considered in this work and perhaps develop energy, food, and water

footprints tailored for Arctic regions. Finally, while this work focused on the use of renewable
energy to enhance FEW drivers in a microgrid setting, there are other opportunities to employ

renewable energy in the FEW nexus. Some examples include irrigation, solar powered
membrane technologies for small-scale water purification systems, solar/wind powered water

pumps, and food preservation using solar dryers.
5.2 Future Work

While renewable energy is a cleaner and technologically viable alternative to fossil fuels, the

economics of integrating these technologies in an existing electrical grid do not always make
sense. Furthermore, the technical challenges associated with connecting an intermittent

renewable resource on an existing grid should carefully be evaluated. The cost of installing the

technology, operation and maintenance costs, and proper control measures should be
analyzed. Therefore, future work should:
•

Investigate the cost of integrating these technologies in remote microgrids for optimal

penetration of renewable energy.
•

Explore the dispatchability of some of the FEW related loads to maximize the use of
excess renewable energy and maintain grid stability.

•

Investigate the optimization of MicroFEWs systems considering the cost of diesel fuel
for heat and electric power. For example, some water treatment plants turn on their

raw water pumps a couple of days every month to fill their storage tanks. These pumps

can be scheduled to turn on when excess renewable power is available.
•

Explore the possibility of time shifting the daily electrical load (HVAC loads, for example)
for the CropBox to match times when there is excess renewable energy.

•

Quantify other forms of water access such as self/vehicle haul from washeterias or
fetching water directly from the river. This would provide not only a broader
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understanding of what water security entails but also would help refine the EW index
introduced in Chapter 4.

•

Quantify food production/yield from greenhouses, calories available from fresh
produce, and make a connection with daily calorie intake for residents in remote Alaska.

This is an important first step in understanding food security. The EF index could also be
further refined as a result.
Work is also being performed as part of Ph.D. research by a student working on the same

project that funded this work to develop an optimization framework for incorporating demand

management into high-penetration renewable microgrids. This work also involves designing
FEW systems for off-grid regions.

5.3 Final Thoughts
The alarming rate of global warming and climate change calls for urgent measures to cut down
fossil fuel use and advance clean renewable energy. Also, population increase, prosperity, and

depletion of natural resources has threatened FEW security in many areas. For Arctic regions,
the challenges associated with FEW security primarily stem from the lack of affordable and

reliable energy. This work looked at how renewable energy can address some of these

challenges, focusing on on-grid FEW drivers. However, understanding how renewable energy
affects FEW system infrastructures is only one piece of the puzzle. The realities of life in remote

Alaska cannot be ignored.
For instance, reliable operation of some renewable energy technologies requires constant

monitoring and maintenance by skilled (and willing) personnel which might or might not be
available. The performance of an in-river hydro project is at the mercy of the debris in the river.

This has reportedly been a major issue in some communities. During the winter months, the
main need is heat to keep water pipes from freezing and for water and space heating. While
solar is not available in the winter, other complementary resources such as wind or waste heat

from diesel generators can be used. The social and cultural preferences of the community
residents should also be considered in analyzing FEW dynamics. Selecting the appropriate
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renewable energy technologies for the community should involve consulting the residents. All
these ‘off-grid' variables, which in some cases can be hard to quantify, directly affect FEW
security in these remote communities. This implies that the starting point in analyzing FEW

system dynamics in remote Alaska communities is to involve community stakeholders and
identify specific areas where renewable energy can help.
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Appendix
Appendix A: Tanana and Kongiganak Public Water Systems Energy Requirements
1: Tanana Public Water System Monthly Energy Requirements and Building Details
A.

Table A.1-1: shows the monthly electrical energy consumption used in modeling the hourly
electric load. ‘Other Electrical' in the table represents the energy requirement of pumps and

motors used in treating, processing, and pumping water to the community.
Table A.1-1: Monthly electrical energy consumption for Tanana's water treatment plant
Jan

Feb

Mar

Apr

May

Jun

Jul

Sept

Oct

Nov

Dec

Space
heating
(kWh)

7,740

6,567

6,334

3,316

2,394

1,935

1,999

2,003

2,326

3,336

6,590

DHW (kWh)
Ventilation
Fans (kWh)
Dryers
(kWh)

54

49

54

52

54

52

54

54

52

54

52

301

274

301

291

301

291

301

301

291

301

291

337

307

337

326

337

326

337

337

326

337

326

Lighting
(kWh)
Refrigeratio
n (kWh)

724

660

635

612

525

504

521

628

612

721

701

25

23

25

25

25

25

25

25

25

25

25

Other
Electrical
(kWh)

2,090

1,904

2,090

2,017

1,801

1,743

1,801

1,801

1,743

1,801

1,743

Raw Water
(kWh)
Water
Circulation
(kWh)

377

344

377

346

357

346

357

357

346

357

414

131

119

131

76

0

0

0

0

0

59

127

Tank Heat
(kWh)

106

93

95

47

0

0

0

0

0

38

96

Total (kWh)

11,885

10,340

10,379

7,108

5,794

5,222

5,395

5,506

5,721

7,029

10,365
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Table A.1-2 shows the building square footage, assumed room temperature, and R-value for
Tanana's water treatment building.
Table A.1-2: Assumed building details for Tanana's water treatment plant

Heating (Tanana)
15.6 (60 °F)
428 (4,608 ft2)
112 (20 ft2-°F-h/Btu)

Tin (°C)
Area (m2)
R value (W∕m2-°C)

Fig. A.1 Monthly energy demand (red), PV energy supply (green), and sustainability energy index which is
percentage of load supplied by PV (black) for Tanana's water treatment plant.

2: Kongiganak Public Water System Monthly Energy Requirements and Building Details
A.

The Kongiganak washeteria monthly metered data (for the year 2019) used in modelling is
shown in Table A.2-1. This data was obtained from the Kongiganak community visit on Feb 25th,
2020.
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Table A.2-1: Monthly electrical energy consumption for Kongiganak's water treatment plant.

Monthly
Energy
Usage
(kWh)

Jan

Feb

Mar

Apr

May

Jun

Jul

Sep

Oct

Nov

Dec

2,600

2,500

2,700

2,550

2,650

2,450

2,650

2,600

2,500

2,550

2,450

Table A.2-2 shows the building square footage, assumed room temperature, and R-value for
Tanana's water treatment building.
Table A.2-2: Assumed building details for Kongiganak's water treatment plant.

Heating (Kongiganak)
15.6 (60 °F)
Tin (°C)
Area (m2)
827 (8,903 °F)
R value (W/m2-°C )
112 (20 ft2-°F-h/Btu)
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Appendix B: Specification Sheets
B.1: ETC-30 solar thermal collectors

111

B.2: Aeolos 15 kW Wind Turbine Generator
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3: 25 kW Industrial Diesel Generator Set
B.

2.2L ∣ 25 kW

SD025 |

GENERAC

industrial

INDUSTRIAL DIESEL GENERATOR SET
EPA Certified Stationary Emergency

OPERATING DATA

POWER RATINGS

Standby

Single-Phase 120∕240 VAC @1.0pt

25 kW

Amps: 104

Three-Phase 120/208 VAC @0 8pt

25 kW

Amps: 87

Three-Phase 120/240 VAC @0.8pt

25 kW

Amps: 75

Three-Phase 277/480 VAC @0.8pt

25 kW

Amps: 38

Three-Phase 346/600 VAC @0 8pt

25 kW

Amps: 30

MOTOR STARTING CAPABILITIES (SkVA)

SkVA vs. Voltage Dip
277/480 VAC

30%

208/240 VAC

30%

K0025124Y21

38

K0025124Y21

28

K0035124Y21

61

K0035124Y21

46

K0040124Y21

76

K0040124Y21

58

FUEL CONSUMPTION RATES*

Diesel - gph (Lph)
Fuel Pump Lift- ft (m)

Percent Load

3(∣)

25%
50%

Standby

1.2(4.6)

Total Fuel Pump How (Combustion + Return) ∙ gph (Lph)

75%

1.6 (6.1)

16.6(83)

100%

2.1 (75)

* Fuel supply installation must accommodate fuel
consumption rates at 100% load

4: 8 kW Mobile Diesel Generator
B.

GENERAC

MLG8

MOBILE DIESEL GENERATOR

MAQNUM
SPECIFICATIONS

ENGINE
•

•

•

•
•
•
•
•
•

Kubota* D110S-E3BG - naturally aspirated, diesel engine
o Prime -13.5 hp @ 1800 rpm
o 3 cylinder
o 1.12 L displacement
o EPA Final Tier 4 approved
Polyethylene fuel tank
o 30 gal. (1141) capacity
o 43 hr. run time-full load
o 3.5 in. (89 mm) fill port
Fuel consumption at prime:
o 100% - 0.70 gph (2.65 Lph)
o 75% - 0.53 gph (2.01 Lph)
o 50% - 0.35 gph (1.32 Lph)
Cooling system capable Ofoperating at 120°F (49°C) ambient
Rubber vibration dampers isolate engine/generator from frame
Full flow oil filter, spin on type
Fuelfilterwith replaceableelement
Drytypecartridgeairfilter
60 Hz engine/generator
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B.5: Linear Plots to Approximate Fuel Efficiency for Larger Diesel Electric Generators

Fig. B.2 Linear plots used in estimating diesel consumption for larger diesel electric generators.

Appendix C: MATLAB® Simulink® Models

The Simulink® models provided in this appendix were built by connecting the energy resource

MATLAB® Simulink® models in Chapter 3 and FEW loads discussed in Chapter 2. For the energy

resource models, the inputs/outputs have been shown for each component in Chapter 3. Table
1 below summarizes the inputs/outputs for greenhouse, cold storage, solar evacuated tubes,
C.

and absorption refrigeration efficiency MATLAB® Simulink® models. The models are interactive
giving the user the ability to change the values.
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Table C.1 Input/output parameter details for the greenhouse, cold storage, solar evacuated tubes, and
vapor absorption refrigeration cycle efficiency models

MATLAB® Simulink® Model

Greenhouse

Cold storage units

Solar evacuated tubes

Vapor absorption
refrigeration cycle efficiency

Inputs
• Min. inside temperature
(°F)
• Daily artificial lighting
hours (hrs)
• Minimum lighting
requirements
• Total Sq. ft of the
greenhouse
• Irradiance incident on the
collector (W/m2)
• Room size (ft)
• U value(s)
• Air changes per hour
• Storage temperature
• Food stored (specific heat
capacity details)

•
•
•
•

Area of the collector (m2)
Irradiance (W/m2)
Ambient temperature (°C)
VARC Eff (%)
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Outputs
• Net heat requirements
(kW/hr)
• Cooling required
(m3/s/m2)
• Passive heating (kW/m2)
• Minimum lighting
requirements
(kWh/day)

•

Refrigeration load

•

Heat output (kW)

•
•

COP theoretical
COP actual

C.1: MATLAB® Simulink® Model Solar PV for Tanana's WTP
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C-1: MATLAB® Simulink® model for solar PV, battery energy storage system, and diesel electric generation for Tanana's WTP case study analysis

2:
C.

MATLAB® Simulink® Model Active and Passive Solar for Tanana's Greenhouse
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C-2: MATLAB® Simulink® model for solar PV, battery energy storage system, and diesel electric generation for Tanana's greenhouse case study
analysis.

C.3 MATLAB® Simulink® Model Wind Power and Solar PV for Kongiganak's Washeteria
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C-3: MATLAB® Simulink® model for solar PV, battery energy storage system, and diesel electric generation for Kong's WTP case study analysis.

C.4: MATLAB® Simulink® Model Solar PV and Solar thermal Collectors for Cold Storage
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C-4: MATLAB® Simulink® model with a vapor compression and vapor absorption system for cold storage case study analysis.

C.5: MATLAB® Simulink® Model Cordova's FEW Analysis
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C-5: MATLAB® Simulink® model for hydroelectric power plant, battery energy storage system, and diesel electric generation for Cordova's case
study analysis.

