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Abstract 

Techno-Economic Analysis of a PV-Battery Water Pumping Microgrid System for  

Off-Grid Rural Communities in the United States: 

Case Study of the Navajo Nation 

Aryana Y. Nakhai, M.S. 

University of Pittsburgh, 2020 

 

 

 

 

Lack of access to running water has been a pressing issue in many developing countries 

across the world; however, it is also a problem in the United States. Today, more than two million 

Americans living in rural areas lack access to basic water supply and infrastructure. Rural 

communities tend to be located in environmentally fragile areas with poor economic conditions, 

making access to appropriate, low-cost technology for clean water supply and sanitation more 

challenging. In addition, many of the water resources located in these areas are being jeopardized 

by climate change in recent years. This research proposes a photovoltaic (PV)-battery microgrid 

system for powering water pumps in off-grid areas in efforts to identify an economical and 

technologically feasible solution to the water issues faced by these communities. Utilizing the 

HOMER Pro software, developed by the U.S. National Renewable Energy Laboratory (NREL), 

the case of the Navajo Nation is examined by analyzing the effects of this region’s air temperature 

on the life and performance of battery storage and the economics of the proposed microgrid system. 

This research is intended to serve as a guide for rural off-grid communities in addressing their 

pressing water availability crisis, which is even more exacerbated by the erosion of surface water 

flows due to climate change. 
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1.0 Introduction 

Expansion in photovoltaic (PV) cell technology over the past four decades has facilitated 

a reduction in the capital cost of PV panels, also commonly referred to as solar panels [1]. As a 

result of reduced costs in the technology, PV powered water pumping has played a critical role in 

providing water to people living in remote and low-income communities where grid accessibility 

is hard to maintain and is costly to implement. This technology has played a critical role in 

improving the quality of life for people living in off-grid rural communities around the world [2]. 

The benefits of PV water pumping and its success stories among the least developed countries 

(LDCs) are varied and abundant.  

Since the early 1990s, over 10,000 PV water pumping systems have been installed in 

developing countries like Kenya, Bangladesh, and the Philippines [3]. Case studies from various 

countries in Africa report the successful implementation and adoption of these systems. In Africa’s 

most populous nation, Nigeria, PV water pumping has become the preferred technology for 

pumping groundwater with over 760 installations since 2011 and has benefitted about 2 million 

people [4]. While relatively limited, experience in several countries shows how PV water pumping 

can increase resiliency against the irregular shifts in rainfall patterns (caused by climate change) 

or the unreliable supply and high costs of fossil fuels needed to operate water pumps. This 

technology has the potential to benefit rural populations in a variety of ways, such as agricultural 

productivity, resilience to climate events and natural disasters, reliable access to clean drinking 

water, and improvements to health [2].  

 For the past 30 years, United Nations Children’s Emergency Fund (UNICEF) has been 

among leading international organizations implementing PV powered water supply systems in off-
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grid communities [4]. In 2016, an assessment performed by UNICEF Solar Powered Water System 

in 35 communities within four countries (Nigeria, Mauritania, Uganda, Myanmar) concluded that 

PV powered water systems perform well in terms of flow rate and durability where sunlight is 

plentiful. The vast majority of pumps were able to provide sufficient water supply throughout the 

year, the exception being a few days during rain and dry seasons. It was found that this issue could 

be offset by improving storage capacity or the addition of a back-up generator. These systems were 

favorable across communities, government, non-governmental organizations (NGOs), and private 

sector partners and the case studies reflect that PV systems are an alternative to replace 

conventional fossil fuel-based systems and handpumps.  

Solar water pumps were first introduced in sub-Saharan Africa as early as 1970s and only 

within the last 10-15 years the sharp decline in solar panel prices have gained lots of traction [2]. 

In fact, with the projected increase in household income and the decrease in the cost of technology 

over the next decade, the market for solar water pumps in Sub-Saharan Africa is expected to 

expand to as many as 2.8 million households, totaling to an estimated $1.6 billion in value. 

Compared to sub-Saharan Africa, implementation of PV water pumping systems for irrigation is 

higher in India, where over 150,000 solar water pumps are in use today with the help of 

government subsidies. Within the next few years, India’s government has ambitious plans to reach 

its goal of 1 million solar water pumps in order to help larger farms with high water intensity of 

crops, such as rice. Estimates show there are currently 4.2 million farming households in India that 

have demand for solar water pumps and can afford one, versus 700,000 households in sub-Saharan 

Africa.  

There are many examples of successful implementations of PV water pumping systems in 

rural communities around the world. In 2016 the joint partnership between Water Mission, Nordic 
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Development Fund, and the World Bank helped fund PV water projects to address the water supply 

challenges in Northern Tanzania [5]. With the shift to solar, Tanzanian villagers no longer need to 

walk several miles to retrieve water pumped by diesel generators, which was unsafe to drink and 

often supplied an unreliable quantity. The implementation of PV water pumping allows 

communities to pay a fair and sustainable price for water, which is 10 times less than what they 

were paying before. Aside from financial benefits, the access to clean and safe water has helped 

communities reduce typhoid cases and fevers from diseases and bacteria. From a techno-economic 

perspective, these developments speak volumes about the success and the future growth potential 

of PV water pumping technology, especially in less-developed rural regions where traditional 

infrastructure is limited or absent.  

Lack of access to running water is not only a vital issue among the LDCs, but has also been 

a pressing issue in the United States. Today, over two million Americans are estimated to be living 

without access to running water [6]. The vast majority of Native American’s, the first citizens of 

the United States, live in similar sub-standard conditions, as they have been structurally locked out 

of opportunities that were made available to most other American communities by the mid-

twentieth century [7]. In their campaign for westward expansion in the mid-1800s and interest in 

acquiring Indian land, the United States signed treaties with Native Americans to give up their 

land and, in exchange, the federal government agreed to guarantee education, health care, housing, 

and other services to tribes [8]. Many of these promises have gone unfulfilled and the broken 

treaties have made the life of Native American tribes a struggle. Native Americans consider water 

to be a sacred element and the source of all life, as they believe it ensures physical and 

psychological well-being [9]. Most Native American reservations throughout the country are left 

without adequate access to basic needs, such as clean water, plumbing, electricity, roads, housing, 
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and public transportation, let alone hospitals, schools, internet, and cellular services. In fact, it is 

estimated that 13.3% of Native Americans lack accessibility to safe drinking water today, which 

indicates that the federal government’s support for Native American economic and infrastructure 

development continues to be grossly inadequate. Funding remains far below the threshold needed 

to remove the barriers for any viable economic development program for Native American tribes. 

The Navajo Nation is just one among hundreds of reservations in the U.S. wishing to implement 

solutions to meet the most basic needs the federal government is obligated to provide. Since the 

cost of transmission extension is not economically viable, there are valuable lessons to be learned 

and emulated from the successful PV water pumping projects in LDCs that can be applied to off-

grid Native American reservations in the U.S.  

In this study, a PV-battery water pumping system is proposed. Although they are more 

affordable than grid extension, they can be expensive to maintain. For this reason, this study takes 

a close look at the effects climate change can have on the economics of a PV-battery microgrid 

system for rural off-grid communities located in hot climates. This study highlights the importance 

of considering environmental and operating temperature conditions for power system design and 

their effects on life, sizing, and the economics of a system.  

The remainder of this thesis is organized as follows. Section 2 discusses PV-battery water 

pumping technology and its technical design requirements. This is followed by Section 3 in which 

the case of the Navajo Nation’s water crisis is explored. Section 4 focuses on system layout and 

sizing and provides quantitative and simulation results from HOMER Pro. The economic analysis 

of the results is performed and discussed in Section 5. Finally, a discussion of the findings, 

implications, and suggestions for future work are presented in Section 6. 
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2.0 PV-Battery Water Pumping 

Traditionally, water pumps extract water from surface or underground water resources 

using conventional electricity or diesel generation as the power source [2]. Throughout the past 

few decades, expansion in PV technology has resulted in reduced costs of PV panels. Since the 

1970s, the price of PV panels has decreases significantly, from about $76 per Watt to about $0.3 

per Watt. As a result, PV water pumping has become an economically viable and common solution 

for water in low-income rural communities across the world with minimal or no access to power 

[8]. The significant decrease in PV panel costs combined with the increase in pump manufacturers 

has facilitated an 80% decrease in the cost of PV water pumping systems over the past two decades 

[2]. In addition, early solar pumps had limited performance and could only reach wells less than 

200 meters deep and could on benefit applications with water demand less than 300 m3/day [10]. 

Today, solar pumps can reach deeper wells (about 500 meters) and push larger volumes of water 

at about 1,500 m3/day. Efficiencies of solar pump technologies have also increased considerably.  

2.1 Technology & Operation 

A PV-battery water pumping system can be used to pump water with very few main 

components and without any distribution networks [11]. The key system components are as 

follows: 

1. PV array, which is the DC power source for the system and for charging the batteries [12]. 

The PV array must be sized correctly to meet the pump motor and load requirements. 
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2. Charge controller/regulator, which is used to regulate the voltage between the PV array and 

the batteries in order to protect the batteries from overcharging and potential damage [12].  

3. Converter or inverter, which is used to convert the DC power generated by the PV array, 

depending on if the system is classified as a DC or AC motor-based system [2].  

4. AC or DC Motor, which drives the water pump by converting the electrical energy produced 

by the PV array to mechanical energy [10].  

5. Water pump, which physically lifts the water from the source to the point of use or storage 

and is an essential part of the system design in order to meet the water demand requirements 

[10].  

6. Water storage and batteries, which can be used to ensure continuous supply of water [12]. 

Batteries can be used to store excess power generated by the PV array to provide continuous 

flow of electricity in the event that there is little to no solar radiation, like during a cloudy 

period or nighttime hours.  

2.2 System Parameters 

Since solar pumps cannot deliver water on demand, a careful assessment of the solar 

potential and accurate measure of water demand is required [11]. The design of PV water pumping 

systems is best accomplished by analyzing the following key system parameters: 

1. Water Demand: The design capacity of a solar water pumping systems depends primarily on 

daily water output (Q), which is measured in m3/day [10]. The water demand is estimated from 

the population size and the daily water consumption per capita. This parameter can be 

calculated as follows: 
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𝑄 = (𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛) × (𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛) (2-1) 

  

  

 

2. Water Storage: In general, a system’s total water storage capacity should be sized to store 

enough water for at least 3 days of water supply [10]. The minimum storage volume (Vtank) can 

be sized as follows: 

  

  

𝑉𝑡𝑎𝑛𝑘 = 𝑄 × 3 𝑑𝑎𝑦𝑠 (2-2) 
  
  

 

3. Solar Data: Solar irradiance (G) is the amount of solar radiation onto earth’s surface per unit 

area, commonly expressed in units of kWh/m2/day [10]. Irradiance is affected by the angle of 

the sun and changes throughout the day as the sun’s position changes. As shown in Figure 1, 

solar irradiance increases during the morning until noon where it reaches the peak and is 

highest when the incident sun rays are perpendicular to the PV module, then decreases until 

sunset. Solar insolation (I) is the amount of solar irradiance measured over a given period of 

time and is shown in Figure 1 as the area under the solar irradiance curve. It is typically 

quantified in peak sun hours and is also expressed in units of kWh/m2/day. 
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Figure 1 Solar Irradiance vs. Time of Day 

 

4. Total Dynamic Head: In pumping systems, the total dynamic head (TDH) refers to the total 

height that the pump must overcome in order to deliver the required amount of water, as 

illustrated in Figure 2 [2]. The TDH is a sum of three components, including the static head, 

discharge head, and friction head [10]. Static head is the actual vertical distance measured from 

the minimum water level to the highest point in the discharge piping. Discharge head 

corresponds to the height from the ground of the water surface to the storage tank.  The TDH 

can be calculated as follows: 

  
  

𝑇𝐷𝐻 = 𝑆𝑡𝑎𝑡𝑖𝑐 𝐻𝑒𝑎𝑑 + 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐻𝑒𝑎𝑑 + 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐻𝑒𝑎𝑑 (2-3) 
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Figure 2 Total Dynamic Head Determination for a Water Well 

 

5. Energy Requirement: The hydraulic energy (Eh) requirement is the potential energy required 

in raising the water to the discharge level and is measured in kWh/day [10]. The electrical 

energy (EE) requirement is the kWh/day value needed to meet the load demand. By knowing 

the daily water output (Q), density of water (), total dynamic head (TDH), acceleration due 

to gravity (g), and motor-pump efficiency (M), the energy requirements can be determined as 

follows: 

  
  

𝐸ℎ =
𝑄 × 𝑇𝐷𝐻 × 𝜌 × 𝑔

3,600,000
 (2-4) 

  

  

 

𝐸𝐸 =
 𝐸ℎ

𝜂𝑀
 (2-5) 
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6. PV Array Capacity: By utilizing the data for solar irradiance (G), efficiency (PV) and area 

(APV) of the selected PV panel, the electrical energy requirement (EE), and the maximum power 

output of the panels (Wp,PV), the required number of PV panels (NPV) and the required power 

output of the PV array (PPV) can be determined, as follows: 

  

  

𝑁𝑃𝑉 =
𝐸𝐸

𝐺 × 𝜂𝑃𝑉 × 𝐴𝑃𝑉
 (2-6) 

  

  

 

𝑃𝑃𝑉 = 𝑁𝑃𝑉 × 𝑊𝑝,𝑃𝑉 (2-7) 
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3.0 The Case of the Navajo Nation 

 The Navajo Indian Reservation, founded in 1868, is the largest federally-recognized 

sovereign Native American reservation in the United States with a population over 170,000 people 

[13]. It is split into five agencies, as shown in Figure 3. Each agency is geographically and 

politically divided into a total of 110 different chapters across all agencies. These chapters serve 

as sub-governmental entities to address local issues pertaining to the land and health status of their 

respective chapter population [14].  

 

 

Figure 3 Map of the Five Agencies on the Navajo Nation 

 

 The reservation extends across three states in the Southwest, including: Arizona, Utah, and 

New Mexico and covers over 27,000 square miles of arid deserts and alpine forests with high 

plateaus, mesas, and mountains [15]. Since the Navajo Nation is located in an isolated and rural 

area, the cost of power line extension is very costly, making it economically infeasible for most 
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homeowners to acquire centralized water systems, especially when considering their economic 

condition and the limited government funding [16]. These challenges have hindered progress 

towards implementing water infrastructure in the Navajo Nation. Today, most Navajo residents 

live without access to basic needs, such as running water, reliable lighting, modern forms of home 

heating and cooling, and appliances such as refrigerators.  

3.1 Water Accessibility 

The Navajo Department of Water Resources reports that approximately 30% of the 

population does not have direct access to running water in their homes, and every few days must 

haul water, sometimes as far as 40 miles, for drinking, cooking, and bathing [17]. The severity of 

the problem can be understood best if one considers the following disparity in the standard of 

living between Navajo residents and the average American: Many Navajo residents have less than 

10 gallons of water at home at any given time, use as little as 2-3 gallons of water per day, and pay 

an average of $0.13 for a gallon of water [13]. In comparison, the average American, who has 

access to endless running water, uses about 88 gallons of water per day, and the typical suburban 

Arizona resident pays 72 times less for a gallon of water. For a population that is among the poorest 

in the U.S., water is among the most expensive. Given the limited tribal resources and the limited 

federal budgets and authorizations, the water resource problems will become increasingly acute, 

intensifying the poor socioeconomic conditions on the Navajo reservation [18]. The Indian Health 

Service, an agency within the Department of Health and Human Services, estimates over $200 

million worth of infrastructure would be needed to provide all Navajo homes access to safe 

drinking water and basic sanitation [17]. 
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  The LeChee Chapter is one of the only chapters in the Western Agency without any 

groundwater wells and the proposed system in this study is designed and sized for this community. 

Due to its lack of water access points, the LeChee Public Water System serves the water demand 

of its community by purchasing potable water from the City of Page, located about 4 miles away 

[19]. This water is supplied from Lake Powell, the largest reservoir in the Colorado River system, 

and about 100,000 gallons of treated water is delivered to the LeChee community per day [20].  

3.2 Water Availability & Climate Change 

 Climate change is a relevant issue affecting the reliability of water on the Navajo Nation 

and it is important to understand and evaluate how these changes will further impact the 

availability of fresh water when planning for solutions [21]. With the rapidly changing climate, 

especially in the Southwest region, streamflow and surface water resources, like Lake Powell, are 

at increased risk. As shown in Figure 4, Arizona’s temperature projections are expected to rise 

significantly in the upcoming decades [22]. An increase in air temperature is projected to intensify 

naturally occurring droughts and, as a result, surface water is expected to experience reduced flows 

and gradual depletion. Long-term droughts will not only further challenge limited water resources, 

but also increase the frequency and severity of wildfires, which is already a concern for this arid 

state.  
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Figure 4 Projected Changes in Average Annual Temperatures in Southwest U.S. 

 

 

 Rain and snowfall are key elements to Earth’s water resources, as rain and melted snowfall 

are typically plentiful in the spring and summers. However, over the past century, the Navajo 

Nation has experienced long-term decreases in annual rain and snowfall [23]. As shown in Figure 

5, spring precipitation in northern Arizona is projected to decrease 5% to 10% by the mid-twenty 

first century [22].  

 

 

Figure 5 Projected Changes in Spring Precipitation by Mid-21st Century 
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 As a result, this is projected to further reduce late season snowpack accumulation in the 

mountains and decrease flows in the Colorado River and water supply in reservoirs, like Lake 

Powell [22]. This reduction in water flow can severely affect communities, like LeChee, that rely 

on the snowpack for summer water supplies. The projected rise in spring temperatures will also 

result in earlier melting of the snowpack, further decreasing water resources needed during the 

summer. According to the National Oceanic and Atmospheric Administration (NOAA), there is a 

50% chance of full depletion of the Colorado River reservoir storage by mid-twenty first century 

[24]. The limited resources and poor economic conditions constrain the Navajo Nation’s ability to 

respond effectively to these changes. 

 Fortunately, there are adequate groundwater aquifers available that can serve communities 

on the Navajo Nation, as shown in Figure 6 [19]. Although the C-Aquifer is dry across the LeChee 

chapter, the Navajo (N) Aquifer provides opportunities for implementing water pumping from 

groundwater resources. According to the National Institute of Science, the N-Aquifer is one of the 

most “pristine” water sources and is among the few sources of drinking water in the U.S. that 

naturally meets the Environmental Protection Agency’s standard for drinking water. In fact, it is 

one of northeastern Arizona’s most productive aquifers for dependable water supply.  
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Figure 6 Groundwater Aquifers in Navajo Nation’s Western Agency 
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4.0 System Design & Sizing 

Electric water pumping systems can be classified as either DC or AC systems, depending 

on the type of motor used [2]. Since PV panels convert light energy into DC power, the power can 

be directly supplied to a DC motor or it can be converted to AC using an inverter to drive an AC 

motor. Figure 7 shows four possible ways of power transfer from PV to either DC or AC motor 

applications and are described as follows:  

1. PV driven AC motor with inverter (line 1) 

2. Direct PV driven DC motor (line 2) 

3. PV driven AC motor with DC-DC converter and inverter (line 3) 

4. PV driven DC motor with DC-DC converter (line 4) 

 

 

Figure 7 Classification of PV Driven Motors 

 

For this study, a PV driven DC motor with a DC-DC converter is considered. DC systems 

have become lauded for their potential to reduce power conversion losses, improve power quality, 

and reduce costs of power systems [25]. DC motors have been widely used for speed or position 

control applications because of their simple speed/torque control and excellent drive performance. 

However, AC motors have been preferred for most motor drive applications since DC motors 
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require mechanical commutation devices, consisting of brushes and commutators, that change the 

direction of the current of conductors to produce an average torque for continuous rotation. Since 

these mechanical parts require periodic maintenance, AC motors have been preferred in motor 

drive applications that demand long life and reliability, as traditional DC motors are less reliable 

and unsuitable for a maintenance-free operation. To overcome this challenge, the brushless DC 

(BLDC) motor was developed in 1962, which has similar electrical characteristics to the traditional 

DC motor, but the mechanical commutation is replaced with sensors and driving circuits for 

electronic commutation.  

BLDC motors have a different configuration from that of traditional DC motors because 

the armature windings are placed on the stator side and permanent magnets are placed on the rotor 

side [25]. The sensors detect the position of permanent magnets on the rotor and based on this 

information the driving circuits decide which winding to energize for continuous rotation. 

Compared to induction motors, BLDC motors consume less power because they do not require 

current to be induced in rotor windings and the elimination of brushes contributes to increased 

efficiency, reliability, and durability [2]. This makes these motors ideal for use in applications with 

varied loads, such as PV water pumping, because they have integrated controls or are paired with 

drives. For this study, a BLDC motor is not only a cost-effective solution, but it has many merits 

such as high efficiency, high-power density, high torque-to-inertia ratio, high-speed operation 

capability, and simple drive method [25]. The system layout for the proposed PV-battery water 

pumping system is shown as a block diagram in Figure 8. 
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Figure 8 Block Diagram of Proposed PV-Battery Water Pumping System 

 

 The performance of the motor depends on the input voltage from the PV array. This can be 

seen by the DC motor voltage equation: 

  
  

𝑉 = 𝐸 + 𝐼 ∙ 𝑅 + 𝑉𝑏 (4-1) 
  

  

 

where V is the applied voltage, E is the motor back e.m.f., I is the armature current, R is the 

armature resistance, and Vb is the brushes voltage drop [26]. The rotor speed and flow rate from 

the pump are proportional to solar irradiation, which varies each day depending on the weather 

conditions. In the event that there is little or no sunshine, the batteries provide the power and, when 

discharging, the voltage at the output of the batteries and input to the motor will drop. Thus, a DC-

DC converter between the battery and motor will regulate the input voltage to the motor and will 

allow the motor to run at constant speed, even at different solar irradiation levels, in order to 

maintain a consistent flow rate of water. This can improve the efficiency of the water pump, which 

is dependent on the input power.  
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4.1 Battery Storage 

 Most rural areas in the United States have already experienced the impacts of climate 

change and observed warming trends are expected to increase in the coming decades [27]. This 

presents a new challenge for battery supported systems, as consistent operation outside of 

temperature ranges recommended by the original equipment manufacturer (OEM) can 

significantly affect the performance of batteries and lead to faster degradation. The relationship 

between battery state of health (SOH) and charging cycles is depicted in Figure 9.  

 

 

Figure 9 Battery SOH and Charging Cycles at Different Temperatures 

 

 As a battery degrades, the effective capacity of the battery to store and discharge energy 

decreases over time [27]. The state of charge (SOC) of a battery refers to its level of charge relative 

to its capacity and varies between 0% and 100%. Overtime, as a battery degrades, its maximum 

SOC starts decreasing [28]. Typically, a battery is assumed to be at the end of its useable life when 
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it can only store 80% of its original available capacity. Batteries account for a significant portion 

of capital costs during the life of a system, making understanding the relationship between 

temperature and expected lifetime in warmer climates critical in system design and ultimately 

important in understanding overall economics of the project. There are a number of factors that 

can affect the lifetime of batteries. For the purpose of this study, only the direct effects that 

variations in air temperature has on the internal chemical reactions of the battery cell are 

considered.  

 The Arrhenius equation shown below models the temperature dependence of certain 

chemical reactions and is a common approach to understand the effect of temperature on battery 

degradation: 

  
  

𝐾 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  (4-2) 

  
  

 

where K is the rate constant, A is the frequency factor, Ea is the activation energy representing the 

energy barrier for the chemical reaction, R is the universal gas constant (or Boltzmann’s constant), 

and T is the absolute temperature in Kelvin [29]. Internal chemical reactions in a battery are driven 

by voltage and temperature [30]. As battery temperature increases, the rate of chemical reactions 

increases and results in a corresponding loss of battery life. An off-shoot Arrhenius equation is the 

“decade rule”, which states that the useful life of the battery doubles for every 10°C decrease in 

temperature, or that the aging rate doubles for every 10°C increase. 

This study attempts to quantify the effects climate change can have on the lifetime of lead 

acid batteries at a minimum SOC (MSOC) level of 50%, which is commonly used in practice [31]. 

Given the uncertainties inherent in projecting the magnitude of future temperature increases due 
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to climate change, estimating the lifetime of batteries can be quite difficult. In light of these 

uncertainties, the “three-point estimation” [32] technique is applied in this research, which is a 

technique used in decision sciences to estimate the output of future events based on limited 

information. The three scenarios are defined as follows: 

1. Optimistic estimate (O): The minimum temperature increase, if climate change occurs ideally 

low and manageable.  

2. Most likely estimate (M): The most probable temperature increase, if climate change patterns 

occur as projected.  

3. Pessimistic estimate (P): The maximum temperature increase, if climate change impacts are 

substantial. 

The considered optimistic, most likely, and pessimistic temperature increases by 2050 (projected 

by the NOAA) are shown in Table 1 [22]. 

 
Table 1 Projected Temperature Increases by 2050 

Scenario Temp. Increase 

Optimistic (O) 2°F 

Most Likely (M) 4°F 

Pessimistic (P) 6°F 

4.2 System Sizing 

According to the U.S. Census Bureau, LeChee has a population of about 1,660 residents 

[33]. The water consumption per capita in LeChee is about 45 gallons per day, compared to a 

national average of about 85 gallons per day [20]. This study aims to provide an adequate number 

of water access points with the proposed PV-battery operated water pumping system to minimize 
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long distance traveling and water hauling. In doing so, the goal is to achieve a standard of living 

that can accompany an increase in water demand and meet the future water needs of the LeChee 

community. 

4.2.1 Technical & Economic Assumptions 

Given the LeChee community’s size, geography, and underground water sources, this 

study considers ten PV-battery water pumping systems for every 166 people. The system is sized 

to meet a projected per capita water demand of 55 gallons per day for a 25-year time period. A 5% 

discount rate is assumed and the Federal Reserve’s target inflation rate of 2% will be applied for 

cost analysis purposes [34]. Table 2 summarizes the assumptions used for the proposed system. 

 
Table 2 Assumptions for Proposed System 

Parameter Value 

Population per system 166 people 

Number of Systems 10 

Per Capita Water Consumption 55 gallons/day 

Discounting Rate 5% 

Inflation Rate 2% 

System Lifetime 25 years 

 

 

For this study, generic flat plate 1 kW PV panels are considered. Each panel is assumed to 

have an area of 1.7 m2 and module efficiency is assumed to be 13%. To maximize overall 

production year-round, the tilt of the PV array is set to the latitude of the location, which is 37° for 

LeChee, AZ [35]. The azimuth, or the horizontal orientation of the panels in relation the Equator, 

produces best results when the panels face toward the Equator [35]. Therefore, the azimuth is 

selected to be 180°. According to a study conducted by the National Renewable Energy Laboratory 
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(NREL) in 2017, the cost of utility-scale fixed-tilt PV is approximately $1.11/W [36]. The lifetime 

of the panels is assumed to be 25 years, with estimated annual operation and maintenance (O&M) 

cost of $10/kW. The assumptions used for the PV panels are further detailed in Table 3. 

 
Table 3 Assumptions for PV Panels 

Parameter Value 

Capital Cost $1.11/W 

Rated Capacity 1 kW 

Panel Area 1.7 m2 

Module Efficiency 13% 

Operating Temp. 47°C 

Maintenance Cost $10/kW/year 

Derating Factor 80% 

Tilt 37° 

Azimuth 180° 

Panel Lifespan 25 years 

 

For this study, a lead acid battery is considered as the storage component. The selected 

battery model is Trojan SIND 06 1225, which has 6 V nominal voltage and 7.69 kWh of energy 

storage capacity [30]. This study is based on a 50% MSOC, as noted previously. The cost of capital 

with installation included is $2,205 per battery with estimated O&M cost of $10/year. The life of 

the battery, according to the OEM, is 17 years when it is operated consistently at 25°C [30]. Table 

4 outlines the assumptions used for the battery in the proposed system. 
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Table 4 Assumptions for Battery Storage 

Parameter Value 

Battery Model Trojan SIND 06 1225 Lead Acid 

Capital Cost $2,205 

O&M Cost $10/year 

Nominal Voltage 6 V 

Energy Rating 7.69 kWh 

Capacity 1225 Ah 

Mass 188 kg 

Maximum Operating Temp. 45°C 

Minimum Operating Temp -20°C 

Minimum State of Charge (MSOC) 50% 

Lifetime 17 years 

Degradation Limit 20% 

 

As for the proposed system’s operation, it is assumed that it will operate for 19 hours a day 

(4:00 AM to 11:00 PM), as shown in the daily load profile in Figure 10. Within this time frame, 

the system is assumed to operate for 10 minutes every hour resulting in a total daily operation time 

of 190 minutes and a total operation time of 28,896 hours in the 25-year lifetime of the system. 

Table 5 summarizes the assumptions made for the system’s operation used for this study. The peak 

demand is assumed to occur between 7:00 AM – 11:00 AM and between 4:00 PM – 8:00 PM with 

a peak load of about 2.87 kW. 

 

 

Figure 10 Daily Load Profile 
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Table 5 Assumptions for System Operation 

System Operation Time 

Daily Length of Operation 19 hours 

Operating Increments 10 minutes/hour 

Daily Operation 190 minutes 

Lifetime Operation (25 years) 28,896 hours 

 

4.2.2 Quantitative Results 

Properly sizing the proposed PV-battery microgrid system involves determining the 

electrical energy requirement, which is needed to calculate the required power output of the PV 

array (PPV) and battery storage capacity (EB). The first step is to determine the required daily water 

output (Q) for the system. Using the projected per capita water demand of 55 gallons/day and 

population of 166 people per system, Q is determined to be: 

  
  

𝑄 = (𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛) × (𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑑𝑒𝑚𝑎𝑛𝑑) = 166 𝑝𝑒𝑜𝑝𝑙𝑒 × 55 
𝑔𝑎𝑙𝑙𝑜𝑛𝑠

𝑑𝑎𝑦

= 9,130 
𝑔𝑎𝑙𝑙𝑜𝑛𝑠

𝑑𝑎𝑦
 𝑜𝑟 35

 𝑚3

𝑑𝑎𝑦
    

(4-3) 

  
  

 

The second step is to determine the required water storage volume (Vtank). The system’s water tank 

is sized to store an adequate amount of water for at least 3 days of basic water needs. Thus, the 

water tank should be able to store a minimum of: 

  
  

𝑉𝑡𝑎𝑛𝑘 = 𝑄 × 3 𝑑𝑎𝑦𝑠 = 9,130 
𝑔𝑎𝑙𝑙𝑜𝑛𝑠

𝑑𝑎𝑦
× 3 𝑑𝑎𝑦𝑠 = 27,390 𝑔𝑎𝑙𝑙𝑜𝑛𝑠 𝑜𝑟 104 𝑚3   (4-4) 
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Next, the pumping hydraulic energy requirement (Eh) needs be determined. To calculate this value, 

the TDH is assumed to be 130 m, density of water (𝜌) is 1,000 kg/m3, and gravity (g) is 9.8 m/s2. 

Thus, the hydraulic energy required to supply the water flow rate, Q, can be calculated as: 

  
  

𝐸ℎ =
𝑄 × 𝑇𝐷𝐻 × 𝜌 × 𝑔

3,600,000
=

35 
𝑚3

𝑑𝑎𝑦
× 130 𝑚 × 1000 

𝑘𝑔
𝑚3 × 9.8 

 𝑚
𝑠2

3,600,000 
𝐽

𝑘𝑊ℎ

 

= 12.23 
𝑘𝑊ℎ

𝑑𝑎𝑦
 

(4-5) 

  
  

 

Now, the electrical energy requirement (EE) can be determined. Assuming motor-pump efficiency 

(M) of 60%, the effective electrical energy requirement for the proposed system will be: 

  
  

𝐸𝐸 =
 𝐸ℎ

𝜂𝑀
=

12.23 
𝑘𝑊ℎ
𝑑𝑎𝑦

0.60
= 20.38 

𝑘𝑊ℎ

𝑑𝑎𝑦
   

(4-6) 

  
  

 

Next, based on NREL’s global horizontal irradiance data from [37], the average solar irradiance 

(G) on the Navajo Nation is 5.04 kWh/m2/day and using the assumed PV panel efficiency (PV) of 

13%, the usable solar irradiance (Geff) per day will be: 

  
  

𝐺𝑒𝑓𝑓 = 𝐺 × 𝜂𝑃𝑉 = 5.04 

𝑘𝑊ℎ
𝑚2

𝑑𝑎𝑦
× 0.13 = 0.6552 

𝑘𝑊ℎ
𝑚2

𝑑𝑎𝑦
 

(4-7) 

  
  

 

Using this value and the assumed PV panel area (APV) of 1.7 m2, the energy consumption per panel 

(EPV) is calculated as:  
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𝐸𝑃𝑉 = 𝐺𝑒𝑓𝑓 × 𝐴𝑃𝑉 = 0.6552 

𝑘𝑊ℎ
𝑚2

𝑑𝑎𝑦
× 1.7 𝑚2 = 1.1138 

𝑘𝑊ℎ

𝑑𝑎𝑦
 

(4-8) 

  
  

 

With this information, the required number of PV panels (NPV) will be: 

  
  

𝑁𝑃𝑉 =
𝐸𝐸

𝐸𝑃𝑉
=

20.38 
𝑘𝑊ℎ
𝑑𝑎𝑦

1.1138 
𝑘𝑊ℎ
𝑑𝑎𝑦

= 18.3 𝑝𝑎𝑛𝑒𝑙𝑠 (4-9) 

  
  

 

Finally, with the assumed PV panel rating (Wp,PV) of 1 kW, the required power output of the PV 

array (PPV) will be:  

  
  

𝑃𝑃𝑉 = 𝑁𝑃𝑉 × 𝑊𝑝,𝑃𝑉 = 18.3 𝑝𝑎𝑛𝑒𝑙𝑠 ×  1 
𝑘𝑊

𝑝𝑎𝑛𝑒𝑙
 = 18.3 𝑘𝑊  (4-10) 

  
  

 

Given the Navajo Nation experiences annual solar radiation (I), or peak sun hours (tI), of 6.57 

kWh/m2/day (see Appendix A) and the system’s operation time span (top) of 19 hours/day, the 

required battery storage capacity (EB) can be calculated as follows: 

  
  

𝐸𝐵 =
𝐸𝐸

24 
ℎ𝑟

𝑑𝑎𝑦

(𝑡𝑜𝑝 − 𝑡𝐼) =
20.38 

𝑘𝑊ℎ
𝑑𝑎𝑦

24 
ℎ𝑟

𝑑𝑎𝑦

(19
ℎ𝑟𝑠

𝑑𝑎𝑦
− 6.57

ℎ𝑟𝑠

𝑑𝑎𝑦
) = 10.6 𝑘𝑊ℎ (4-11) 

  
  

 

In an ideal setting, sizing the battery storage bank for a system is not a complex task. For 

example, the battery storage demand (EB) of 10.6 kWh/day requires a 10.6 kWh battery capacity. 
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However, the Trojan SIND 06 1225 battery used for the proposed system has a nominal capacity 

(EB,nominal) of 7.69 kWh, which results in a requirement of 2 battery units. Assuming 2 days of 

autonomy (tA), then 4 battery units will be required. Further, assuming 50% minimum SOC, then 

the total number of batteries (NB) required for the system would be 8 units, as shown in Equation 

4-12.  

  
  

𝑁𝐵 =

(
𝐸𝐵

𝐸𝐵,𝑛𝑜𝑚𝑖𝑛𝑎𝑙
∙ 𝑡𝐴)

1 − 𝑆𝑂𝐶
=

(
10.6 𝑘𝑊ℎ
7.69 𝑘𝑊ℎ

∙ 2 𝑑𝑎𝑦𝑠)

1 − 0.5
=

(2 ∙ 2)

0.5
= 8 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 

(4-12) 

  
  

 

However, in realistic settings this estimation can become insufficient to meet system loads 

when considering battery life degradation under extreme air temperatures [38]. The number of 

required batteries is further analyzed in the next section, where effects of temperature variations 

based on the optimistic, most likely, and pessimistic scenarios are evaluated and compared with 

and without temperature effects. A summary of the quantitative results for system sizing is shown 

in Table 6.  

 
Table 6 Summary of Quantitative Results for System Sizing 

Parameter Value 

Daily Water Output (Q) 9,130 gallons/day 

Water Tank Volume (Vtank) 27,390 gallons 

Hydraulic Energy Requirement (Eh) 12.23 kWh 

Electrical Energy Requirement (EE) 20.38 kWh/day 

PV Capacity (PPV) 18.3 kW 

Number of Batteries Required (NB) 8 units 
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4.2.3 HOMER Pro Simulation  

 In order to support the quantitative sizing results, the HOMER Pro software is utilized for 

this study. HOMER Pro is a techno-economic modeling software developed by NREL and is a 

useful tool in optimizing microgrid design based on the net current costs of utilities and sensitivity 

analysis on uncertain variables [39]. The sensitivity, or “what-if”, analysis tool allows the user to 

explore the influence of changing an item or variable on the whole system. By performing a 

sensitivity analysis and specifying a range of values for each component, the software generates 

results which allow for determining how “sensitive” the outputs are to changes in a specific 

variable. In HOMER, the best possible, or optimal, system configuration is the one that satisfies 

the load demand at the lowest Net Present Cost (NPC), which is used to represent the life-cycle 

cost of the system. To calculate NPC, HOMER uses the following equation:  

  
  

𝐶𝑁𝑃𝐶 =
𝐶𝑎𝑛𝑛,𝑡𝑜𝑡

𝐶𝑅𝐹(𝑖, 𝑅𝑝𝑟𝑜𝑗)
 (4-13) 

  
  

 

where 𝐶𝑎𝑛𝑛,𝑡𝑜𝑡 is the total annualized cost, i is the discount rate, 𝑅𝑝𝑟𝑜𝑗 is the project lifetime, and 

CRF is the capital recovery factor [35]. 

4.2.3.1 Simulation Inputs 

The input data required for the HOMER simulation includes annual load profile, average 

monthly temperatures, and technical and economic data of system components. HOMER offers 

the optimized structures and component dimensions that can supply the load and performs an 

hourly simulation of all possible combinations of components and sizing for analysis. Figure 11 
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shows the considered generation sources (PV and lead acid battery storage) for the proposed off-

grid microgrid system to meet the load demand of the LeChee community. 

 

 

Figure 11 HOMER Schematic of Proposed System 

 

As discussed earlier, the effect of air temperature on the battery storage component is 

considered in this analysis. In order to model temperature effects on battery performance and 

lifetime, HOMER offers a “Modified Kinetic Battery Model” feature, which adds a series 

resistance (R0) to model temperature effects on capacity, degradation rate, and cycle-by-cycle 

degradation based on depth of discharge (DOD) [39]. The functional model is shown in Figure 12. 

 

 

Figure 12 HOMER Functional Model of Modified Kinetic Battery 
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Any energy dissipated by the effective series resistance is converted to heat, which increases the 

bulk temperature of the storage bank. Based on the monthly ambient temperatures, which are 

manually inputted based on the optimistic, most likely, and pessimistic scenarios, heat dissipates 

to or is absorbed from the air temperature of the environment which the system is located. Losses 

in the series resistance that are converted to heat is given by: 

  
  

�̇� = 𝐼2𝑅0 (4-14) 
  

  

 

where I is the current in amps, and R0 is the series resistance in ohms [39]. This heat generation 

and rate of heat exchange drives a rate of change in the battery’s internal temperature. This energy 

balance is given by: 

  
  

𝑚𝑐�̇� = �̇� − (𝑇 − 𝑇𝑎)ℎ (4-15) 
  
  

 

where m is the mass of the battery in kg, c is the specific heat capacity in J/kgK, h is the thermal 

conductance to ambient, �̇� is the rage of change in K/s, T is the internal temperature of the battery, 

and Ta is the ambient temperature in K [39]. HOMER uses the solution to this differential equation 

to model the internal temperature of the battery, which is used to calculate the temperature effects 

on capacity and the degradation rate:  

  
  

𝑇𝑖+1 = (𝑇𝑖 − 𝑇𝑎 −
�̇�

ℎ
) 𝑒−

ℎ
𝑚𝑐

𝑑𝑡 +
�̇�

ℎ
+ 𝑇𝑎 (4-16) 
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where Ti is the current internal temperature of the battery and Ti+1 is the temperature after the time 

dt has elapsed [39].  

Since the Modified Kinetic Battery Model allows for custom batteries to be created, the 

specifications for the Trojan battery was inputted into the model. Figure 13 depicts the exponential 

relationship between shelf-life versus temperature. As can be seen, the shelf-life of a battery is a 

decreasing convex function of temperature: as the temperature increases, the lifetime of the battery 

is reduced at a decreasing rate. HOMER applies a simplified Arrhenius equation to model this 

relationship: 

  
  

𝑘 = 𝜇1 ∙ 𝑒
−

𝜇2
𝑇𝑘 (4-17) 

  
  

 

where k is the rate of increase in degradation, 𝜇1 and 𝜇2 are fitted parameters, and Tk is the 

temperature in Kelvin [39]. 

  

 

Figure 13 Relationship between Shelf Life and Temperature 
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In addition, the lifetime of the battery can also be reduced by nearly one third depending 

on how much the battery is depleted, as expressed by the exponential relationship that exists 

between number of battery cycles and depth of discharge (DOD) depicted in Figure 14. The DOD 

= 1 – SOC indicates the percentage of the capacity which has been removed from the fully charged 

battery. HOMER models this behavior as follows: 

  
  

1

𝑁
= 𝛼 ∙ 𝐷𝑂𝐷𝛽 (4-18) 

  
  

 

where N is the number of cycles, and 𝛼 and 𝛽 are fitted constants [39].  

 

 

Figure 14 Relationship between DOD and Cycles to Failure 

 

Furthermore, recognizing the second order polynomial relationship between temperature 

and relative battery capacity is important particularly for any techno-economic analysis. The 
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battery will shut down outside of this temperature range, which is between -20°C and 45°C, as 

depicted in Figure 15. HOMER models this relationship as follows: 

  
  

𝐵𝐶(𝑇) = 𝑁𝐵𝐶 ∙ (𝑑2𝑇𝐶
2 + 𝑑1𝑇𝐶 + 𝑑0) (4-19) 

  
  

 

where BC(T) is the battery capacity as a function of temperature, NBC is the nominal battery 

capacity, d0, d1, and d2 are fitted parameters based on the data available, and TC is the temperature 

in degrees Celsius [39].   

 

 

Figure 15 Relationship between Temperature and Relative Capacity 

 

The dispatch strategy used the proposed system is the ‘load following’ strategy. Under this 

control strategy, HOMER dispatches the battery storage bank to serve the load when there is 

insufficient PV energy [39]. In order to analyze the relationship between temperature and battery 

lifetime and how it can impact the economics of the system, average monthly temperatures were 

inputted into HOMER (see Appendix B). Since this study considers three scenarios (optimistic, 
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most likely, and pessimistic) the corresponding monthly temperatures were calculated based on 

the Navajo Nation’s monthly average temperature data (2019) and were adjusted based on 

corresponding projected air temperature increases presented earlier in Table 1 in Section 4.1. Thus, 

the inputted monthly temperatures for the optimistic, most likely, and pessimistic simulations were 

2°F, 4°F, and 6°F greater than the Navajo Nation’s average 2019 monthly temperatures, 

respectively.  

4.2.3.2 Simulation Results 

As discussed, battery life and performance are mainly dependent on temperature and how 

deep the batteries are discharged. In order to analyze the effects of these factors on the economics 

of the system, two sets of results are considered in this study for each of the three scenarios: with 

temperature effects and without temperature effects. All results are generated using HOMER’s 

“OptimizerTM” feature, which utilizes an algorithm to find the optimal system sizing with least 

NPC [39].  

When considering with temperature effects, HOMER uses a lumped thermal model to 

simulate the battery bank’s internal temperatures on capacity and lifetime [39]. Otherwise, when 

the simulation is ran without temperature effects considered, HOMER results are generated using 

a fixed internal temperature for the battery. As shown in Table 7, the simulated lifetime of the 

batteries is 17 years for the without temperature effects case, which is the OEM’s specification. In 

contrast, in the with temperature effects case, the simulated lifetime of the batteries is significantly 

shorter and even a 1-year difference in each operating scenario is observed.  
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Table 7 Summary of Simulation Results 

  w/ Temperature Effects w/o Temperature Effects 

Scenario 
PV 

(kW) 

Battery 

Storage 

(units)  

Battery 

Life 

(years) 

Battery 

Replacement 

Cost  

($) 

Battery 

NPC 

($) 

PV 

(kW) 

Battery 

Storage 

(units) 

Battery 

Life 

(years) 

Battery 

Replacement 

Cost  

($) 

Battery 

NPC 

($) 

Optimistic 15.8 15 11 41,841 66,512 18.4 9 17 12,217 28,772 

Most Likely 17.5 15 10 43,433 71,481 16.0 10 17 13,574 31,969 

Pessimistic 13.9 15 9 44,961 76,719 16.1 10 17 13,574 31,969 

 

The results for the without temperature effects case is relatively close to the quantitative 

results for PV capacity and number of required batteries (calculated in Section 4.2.2 and 

summarized in Table 6), which validates the simulation results with the quantitative results. 

Interestingly, in the with temperature effects case, the longest battery lifetime occurs under the 

optimistic scenario (lowest ambient temperatures), but is still 6 years (35%) shorter than the 

nominal lifetime of the battery of 17 years; under the pessimistic scenario, the expected battery 

lifetime is approximately 50% shorter. This reduced battery lifetime results in significantly higher 

battery replacement costs and, hence, increased battery NPCs due to faster capacity depletion. As 

expected, the pessimistic scenario results in the highest replacement cost and NPC for the batteries. 

On the other hand, in the without temperature effects case, the difference in the battery replacement 

and NPCs for each scenario is not as significant. Appendix C displays the full set of simulation 

results. The overall economic analysis of the proposed system will be discussed in more detail in 

the following section.  
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5.0 Economic Analysis 

 The fundamental question regarding any proposed project requiring capital investment is 

whether the investment is likely to be economically viable under uncertain changing conditions. 

In this section, the proposed system’s costs are analyzed in order to better understand climate 

change’s impact on the economics of the system. 

5.1 Effects of Temperature on System Costs 

As discussed in Section 4.0 and shown in Figure 8, the components that make up the 

proposed system include: battery storage, PV array, DC motor, water pump, charge controller, 

DC-DC converter, and water storage tank. Each of these components have a different service life, 

requiring replacement in order to ensure continuous system operation.  

The number replacements associated with the system components, aside from the batteries 

and the PV panels that were simulated by HOMER, are determined by using each components 

lifetime and the 28,896 hours of operation in the 25-year lifetime of the system, discussed earlier 

in the technical assumptions (Section 4.2.1). Table 8 presents the results as well as the assumed 

O&M cost per hour of operation. This information is used to estimate the replacement and O&M 

costs needed to conduct the NPC analysis of the system.  
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Table 8 Estimated Units of Replacements and O&M Costs for System Components 

Component 
Lifetime  

(years) 

Lifetime  

(hours) 

Replacements 

(units) 

O&M  

($/hour) 

Water Pump 15 131,400 1 0.01 

DC Motor 1.1 10,000 3 0.02 

DC-DC Converter 1.1 10,000 3 0.02 

Charge Controller 15 131,400 1 0 

Water Storage 50 438,000 0 0.005 

PV 25 219,000 HOMER Results 0.13 

Battery Storage HOMER Results HOMER Results HOMER Results 0.01 

 

Tables 9 and 10 present the systems costs under the pessimistic (worst-case) scenario for 

the with and without temperature effects cases. Both tables include estimated initial capital, 

replacement, O&M, and salvage costs used for determining the NPC. Aside from the costs 

associated with the system components, the other costs included are ‘installation and related 

services’ (e.g., training and site preparation) and ‘other balance of system (BOS)’ costs (e.g., 

cables, safety equipment, meters and instrumentation). The ‘other BOS’ costs can account for 15% 

of total capital costs and ‘installation and related services’ can account for 25% [10]. The capital 

cost for the water storage tank is determined using the calculated water tank volume of 27,390 

gallons at a rate of $0.3/gallon.   

 
Table 9 System Costs under Pessimistic Scenario – w/ Temperature Effects 

Component Capital Replacement O&M Salvage NPC 

Battery Storage $33,075 $44,961 $2,629 -$3,947 $76,718 

PV $15,419 $0 $2,435 $0 $17,854 

DC Motor $2,000  $6,000  $578  $0 $8,578 

Water Pump/Accessories $800  $800  $289  $0 $1,889 

Charge Controller $750  $750  $0  $0 $1,500 

DC-DC Converter $500  $1,500  $0  $0 $2,000 

Water Storage $8,217  $0 $1,095 $0 $9,312 

Other BOS  15% $0 $0 $0 $9,114 

Installation/Services 25% $0 $0 $0 $15,190 

1 System $85,065 $54,011 $7,026 -$3,947 $142,155 

10 Systems $850,654 $540,110 $70,259 -$39,470 $1,421,553 
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Table 10 System Costs under Pessimistic Scenario – w/o Temperature Effects 

Component Capital Replacement O&M Salvage NPC 

Battery Storage $22,050 $13,574 $1,753 -$5,407 $31,969 

PV $17,846 $0 $2,818 $0 $20,664 

DC Motor $2,000  $6,000  $578  $0 $8,578 

Water Pump/Accessories $800  $800  $289  $0 $1,889 

Charge Controller $750  $750  $0  $0 $1,500 

DC-DC Converter $500  $1,500  $0  $0 $2,000 

Water Storage $8,217  $0 $1,095 $0 $9,312 

Other BOS  15% $0 $0 $0 $7,824 

Installation/Services 25% $0 $0 $0 $13,041 

1 System $73,028 $22,624 $6,533 -$5,407 $96,777 

10 Systems $730,282 $226,240 $65,327 -$54,070 $967,771 

 

While the capital and O&M costs for the two cases are not significantly different, the same 

cannot be said about the battery replacement costs. The battery storage component has the highest 

impact on the NPC between the two cases and the estimated battery replacement cost increases 

from $13,574 to $44,961, which represents over 3-fold increase. Under the ideal setting, where 

temperature effects on battery life is not a concern, the battery replacement cost of $13,574 

constitutes 14% of the NPC per system. However, under the realistic condition of temperature 

effects, the battery replacement cost of $44,961 constitutes 32% of the NPC per system. The 

substantial increase in battery replacement costs and the resulting 1.5-fold increase on the overall 

NPC of the system is of paramount importance for the purpose of this study.   

To extend the analysis beyond just the worst-case scenario, Table 11 is developed using 

the mean values from of the battery storage sizing and costing results for all three scenarios for 

comparison (see Appendix C). The mean of the probability distribution for the three-estimate 

(optimistic, most likely, pessimistic) approach, is determined as follows [30]:  
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𝑀𝑒𝑎𝑛 =
𝑂 + 4𝑀 + 𝑃

6
 (5-1) 

  
  

 

The table presents the mean values for battery life, initial battery bank size, number of battery 

replacements, total number of batteries required throughout the system lifetime, initial capital 

costs, replacement costs, and net present cost for the batteries. Note that the total number of 

batteries required is the sum of the initial battery bank size and number of battery replacements.  

 
Table 11 Battery Storage Sizing and Costs (Mean Values) 

Battery Storage w/o Temp. Effects w/ Temp. Effects % Increase 

Life 17 10 -41% 

Initial Sizing 10 15 53% 

Replacements 6 20 231% 

Total Batteries 16 35 120% 

Capital Cost $21,315 $33,075 55% 

Replacement Cost $13,122 $43,422 231% 

NPC $30,903 $71,526 131% 

 

 The results indicate that even when considering the mean estimates (expected values), the 

life of the batteries is 41% shorter, resulting in a 131% increase in battery replacements, and hence 

expected 55% increase in battery capital cost, 231% increase replacement cost, and 131% increase 

in the overall NPC for the batteries. From the aforementioned analysis, the following 

generalization can be inferred: The battery sizing and costs for any off-grid microgrid system with 

lead acid battery storage will be significantly higher under the current environment of the warming 

climate. This effect will further be exacerbated in the hot climate regions where communities, like 

the ones in the Navajo Nation, are residing. 
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5.2 PV-Diesel vs. PV-Battery Systems 

As mentioned previously, rapid cost decreases in electrochemical energy storage, such as 

batteries, have increased competition with conventional fuel alternatives. For this study, the lead 

acid batteries are replaced with a diesel generator to compare the economics of energy storage in 

the form of fuel instead of battery chemistry. As reported by NREL (2019), generator capital costs 

are about $800/kW and O&M costs are about $0.1/operating hour [40]. The lifetime of the 

generator is assumed to be 15,000 hours, with maintenance intervals every 400 hours of operation 

and $25 of associated maintenance costs. Based on the average diesel fuel prices reported by U.S. 

Energy Information Administration, a fuel price of $0.7/L is used for this analysis [41]. The 

assumptions for the diesel generator are listed in Table 12 and were inputted in the HOMER 

simulation.  

 
Table 12 Assumptions for Diesel Generator 

Parameter Value 

Capital Cost $800/kW 

Replacement Cost $800/kW 

O&M Cost $0.1/operating hour 

Fuel Price $0.7/L 

Lifetime of Generator 15,000 hours 

Maintenance Intervals every 400 hours of operation 

Maintenance Cost $25 
 

Table 13 and Figure 16 illustrate the cost comparison between the two energy storage 

alternatives considered for this study: diesel and lead acid batteries. It is clear that capital and 

replacement costs of the lead acid batteries is higher than for the diesel generator making diesel 

seem to be more economical. However, there is a substantial cost difference between the systems 

when considering the operating costs, such as O&M, fuel, and the overall NPCs for each.  
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Table 13 Cost Summary of Energy Storage Alternatives 

 Energy Storage 

Cost Diesel Generator Lead Acid Battery 

Capital $2,560 $33,075 

Replacement $12,548 $44,961 

O&M $88,007 $2,629 

Fuel $23,174 $0 

NPC $126,003 $76,718 

 

 

 

Figure 16 Cost Comparison between Energy Storage Alternatives 

 

As can be seen, the diesel generator has significantly higher O&M costs, with a cost 

difference of about $90,000 which is approximately 34-fold higher than the O&M costs for the 

lead acid batteries. Further, battery energy storage systems only rely on generated power to 

recharge, whereas a diesel generator relies on fuel to replenish itself. This difference in operation 

introduces a new cost parameter into the mix, which is fuel cost. This results in the diesel generator 

having significantly higher NPC costs, with a cost difference approximately 2-fold higher than the 
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NPC of the battery. Not only does diesel have substantially higher costs, but it also creates negative 

environmental side effects. From this analysis, the following generalization can be inferred: 

Energy storage in the form of lead acid batteries for an off-grid microgrid system is the superior 

choice over a diesel generator due to its long-term economic savings and environmental 

sustainability advantages.  
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6.0 Conclusion and Implications 

 This study addressed the primary issue that most homeowners in off-grid rural areas are 

not good candidates for centralized water systems because power line extension to low population 

dense areas is not economically viable due to the principle of economies of scale. Many people 

living in rural areas, like those in the Navajo Nation, must travel long distances to haul water back 

to their homes due to limited water access points. There are two alternatives to address the limited 

water access and hauling issue: (1) To extend public water systems to provide all individual homes 

with piped water, at substantial costs; or (2) To provide adequate number of water access points 

targeting specific areas and population points by utilizing off-grid microgrid technology. This 

second approach was the motivation for this study. A PV-battery microgrid system for water 

pumping was proposed and was compared to diesel as an alternative source for energy storage. 

Both systems were designed and were evaluated to meet the local loads of a small community in 

the Navajo Nation, the LeChee Chapter, as a prototype example that can be implemented in areas 

with similar socio-economic and environmental conditions.  

Upon identifying the need for an economical and technologically feasible approach to 

confront the water access issues in hot rural areas and the emerging threat of the warming climate, 

this study designed and evaluated the performance of the microgrid system under the optimistic, 

most likely, and pessimistic climate change scenarios. The technical requirements for the system 

components and operation were identified, followed by a quantitative analysis that was performed 

for determining the required power output of the PV array and battery storage capacity. Utilizing 

HOMER Pro, a highly recognized techno-economic microgrid software developed by NREL, the 

Modified Kinetic Battery Model was used to simulate battery performance and lifetime for both 
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with and without temperature effects cases. An economic analysis was performed in order to better 

understand the financial implications of the warming climate on the overall sizing and economics 

of off-grid microgrid systems with lead acid battery storage. The study further conducted a cost 

comparison with a diesel generator as an alternative for energy storage. 

The findings indicated that the expected life of lead acid batteries is 41% shorter, resulting 

in significantly higher battery sizing and costs for any off-grid microgrid system with battery 

storage under the current environment of the warming climate. Aside from the negative 

environmental side effects that diesel generators produce, the findings also indicated that diesel as 

energy storage had substantially higher costs, with a cost difference approximately 2-fold higher 

than the NPC of the battery. In the final analysis, this research reinforced that energy storage in 

the form of batteries for an off-grid microgrid system is the superior choice over a diesel generator 

due to its long-term economic savings and environmental sustainability advantages. Thus, given 

the limited tribal resources, federal budgets, and authorizations, PV-battery systems for water 

pumping is more economical and environmentally advantageous for low-income rural 

communities, like the LeChee Chapter in the Navajo Nation.  

A key practical implication of the findings is that in order to increase the field applications 

of off-grid microgrids, especially in the areas that they are most needed, i.e., hot-climate areas with 

poor economic conditions and infrastructure, scientific and technological efforts must be geared 

towards developing energy storage technologies that perform more economically under hot 

temperature conditions. From a theoretical perspective, this study showed how the decision 

sciences method of the ‘three-point estimation’ technique can be utilized to better predict 

performance of power systems for more effective planning under the conditions of uncertainty. 
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This study highlighted the importance of considering environmental and operating 

temperature conditions for power system design and their effects on life, sizing, and the economics 

of a system. Like any research study, there are a number of limitations that can be considered for 

future research. It would be interesting to further investigate the proposed system under the 

presence of heating, ventilation, and air conditions (HVAC) equipment and evaluate its effects on 

battery life and the overall economics of the system. It would also be interesting to evaluate and 

compare the performance and economics of the system using lithium-ion (Li-ion) batteries. In 

addition, this study can be enhanced by incorporating other capital and O&M costs such as water 

sanitation, well drilling/construction, and DC circuit protection in the overall system’s cost 

analysis.  
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Appendix A Solar Radiation Data 

 Table 14 Solar Radiation Data for Navajo Nation 

Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m2/day) for Navajo Nation 

Tilt Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Annual 

Latitude -15° 4.70 5.42 6.85 7.39 7.81 8.25 7.29 7.00 6.99 6.18 5.04 4.20 6.43 

Latitude 5.47 6.05 7.17 7.23 7.27 7.47 6.71 6.75 7.17 6.77 5.83 4.95 6.57 

Latitude +15° 5.91 6.32 7.08 6.68 6.37 6.37 5.84 6.15 6.93 6.95 6.26 5.4 6.36 

90° 5.39 5.31 5.06 3.79 2.96 2.61 2.64 3.33 4.63 5.58 5.62 5.04 4.33 

 



 

 49 

Appendix B Projections of Monthly Temperatures 

Table 15 Projected Monthly Temperatures in Navajo Nation by 2050 

Month 
Optimistic Most Likely Pessimistic 

°F °C °F °C °F °C 

Jan 49.1 9.5 51.1 10.6 53.1 11.7 

Feb 56.4 13.6 58.4 14.7 60.4 15.8 

Mar 63.5 17.5 65.5 18.6 67.5 19.7 

Apr 71.8 22.1 73.8 23.2 75.8 24.3 

May 81.0 27.2 83.0 28.3 85.0 29.4 

Jun 92.0 33.3 94.0 34.4 96.0 35.6 

Jul 95.0 35.0 97.0 36.1 99.0 37.2 

Aug 92.1 33.4 94.1 34.5 96.1 35.6 

Sep 85.5 29.7 87.5 30.8 89.5 31.9 

Oct 73.7 23.2 75.7 24.3 77.7 25.4 

Nov 59.7 15.4 61.7 16.5 63.7 17.6 

Dec 49.1 9.5 51.1 10.6 53.1 11.7 

Annual 72.4 22.4 74.4 23.6 76.4 24.7 
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Appendix C HOMER Pro Results 

Table 16 Summary of Simulation Results – w/ Temperature Effects 

Scenario 
PV 

(kW) 

Battery 

Storage 

(units) 

Battery 

Life 

(years) 

Battery 

Replacements 

(units) 

Total 

Batteries 

(units) 

Battery 

Capital 

Cost 

($) 

Battery 

Replacement 

Cost ($) 

Battery 

NPC 

($) 

Optimistic 15.8 15 11 19 34 33,075 41,841 66,512 

Most Likely 17.5 15 10 20 35 33,075 43,433 71,481 

Pessimistic 13.9 15 9 20 35 33,075 44,961 76,719 

 

 
Table 17 Summary of Simulation Results - w/o Temperature Effects 

Scenario 
PV 

(kW) 

Battery 

Storage 

(units) 

Battery 

Life 

(years) 

Battery 

Replacements 

(units) 

Total 

Batteries 

(units) 

Battery 

Capital 

Cost 

($) 

Battery 

Replacement 

Cost ($) 

Battery 

NPC 

($) 

Optimistic 18.4 9 17 6 15 19,845 12,217 28,772 

Most Likely 16.0 10 17 6 16 22,050 13,574 31,969 

Pessimistic 16.1 10 17 6 16 22,050 13,574 31,969 
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