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Abstract

With over 1 billion people world-wide without access to electricity, small-scale
alternative energy systems have the potential to lessen this need. Through hands-on
experimentation and Excel spreadsheet modeling, this project examined the potential of
pumped-hydro storage of renewable energy sources as potentially being more cost
effective than standard lead-acid and lithium-ion battery storage systems.

The research question addressed was: is a gravity fed water storage system a more
cost effective and sustainable storage solution for small (<10kW) photovoltaic and wind
renewable off-grid energy hybrid systems in comparison to more traditional battery
storage systems? [ hypothesized that with adequate sizing, an uphill gravity storage
system would be more cost effective over a 30-year period, than a lead-acid battery (or
other battery) storage system for an off-grid hybrid solar and wind energy production
system.

After calculating the energy requirements for my 20-acre off-grid homestead in
north-east Washington state, experiments were conducted to determine the most cost
effective and energy efficient means of solar and wind renewable energy production. A
700-watt fixed mount PV solar array and 1KW residential wind turbine were installed as
an energy production system. The experiments examined three different renewable
energy storage systems including lead-acid battery, lithium-ion battery and pumped-
hydro storage (PHS). Each storage system was constructed and tested by changing

variables such as wiring size and lengths, along with calculating system maintenance



times for each renewable energy storage system. Water storage equipment and piping
was established on site, and a Pelton wheel water-generator was built and perfected with
a hand-built 12V alternator for optimal efficiency. These system tests and equipment
efficiencies were used in the cost-benefit modeling to determine the most cost effective
and energy efficient means of energy storage.

Through my cost-benefit analysis (CBA), I determined that a gravity fed pumped-
hydro storage system for renewable energies is 95% cheaper than a traditional battery
storage system over a 30-year period. In addition, it was only 27% of the initial
connection charge of tying into the traditional local utility grid system due to the
remoteness of my homestead location, not including the 30 years of grid-connected utility
charges.

This spreadsheet model has the potential to be used on a situational basis to
determine the potential cost-effectiveness of government subsidized renewable energy
projects in lieu of standard grid connectedness for remote communities. Any site that
has the topography of at least 100 feet of elevation available for water storage, along with
adequate wind and solar access and no or overly expensive electrical grid access, could
be suitable for this pumped-hydro storage system. The spreadsheet model can be
adapted by others to evaluate the cost-effectiveness of different scenarios by substituting
site-specific parameter values for different variables and energy generation and storage

system sizes.
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Chapter |

Introduction

The World Bank (2013) estimates that more than 1.2 billion people worldwide do
not have access to electricity. Nearly 80% of those without electricity live in rural areas
with no grid connectedness in the foreseeable future due to high infrastructure costs (IEA,
2014). In countries such as Mozambique and Tanzania, it is estimated that less than 5%
or the rural population has access to electricity (Ahlborg & Hammar, 2014). The IEA
(2014) foresees 350 million of these people worldwide gaining access to electricity via
off-grid systems by the year 2040. Due to climate change pressure, costs of handling grid
peak demand, and grid infrastructure inconsistency, implementation of renewable
energies is expanding. A 2014 International Renewable Energy Agency report outlined
that in most scenarios it is more cost-effective to invest in alternative energies for
electricity than to use fossil fuels (IRENA, 2015).

Renewable Energy Storage (RES) systems have a unique opportunity to fill this
need more sustainably but still require research (Zidar, Georgilakis, Hatziargyriou,
Capuder, & Skrlec, 2016). The demand and use of renewable energies have increased in
recent decades but are regarded as inconstant; solar panels only produce energy when the
sun is out, and wind generators only produce energy when the wind blows. Energy-
storage systems (ESS) limit these uncertainties (Zidar et al., 2016). Wang, Mae, Lu and

Wang (2013) determined that combining an ESS with wind-power and solar has



increased renewable energy penetration into the market; however, the limiting factor of
its implementation is the correct sizing of the ESS and its economic feasibility.
Common ESS include stand-alone battery storage systems, although pumped-
hydro may be a more sustainable RES alternative. Pumped-hydro storage (PHS) is a
means of energy storage where water is pumped uphill during excess energy times and
then released downhill by means of gravity to turn electricity producing turbines during
times of energy demand. Evaluating the potential of this technology for rural RES

systems requires financial feasibility modeling.

Research Significance & Objectives

My research evaluated the feasibility of a prototype model of PHS as an effective
means of energy storage for renewable energy sources in impoverished non-grid
connected areas. The feasibility depended on the appropriate technology selected, the
scale and capacity to meet energy demands as well as the cost effectiveness of installing
and managing the system. This evaluation also compared typical battery storage systems
to the prototype model to determine if this constitutes a sustainable and more economical
means for energy storage where the costs of grid-connectedness are high.

My objectives were:
. To build a model that will serve as a blueprint for future PHS of renewable energy

installations, with a focus on low environmental and health impact, efficient

energy acquisition and storage system design



. To choose appropriate technology for system needs in energy capacity, water
storage, and turbine sizing by conducting return on investment (ROI) sensitivity
analysis in comparison to similarly sized battery storage systems

. To develop and evaluate a prototype model of water stored uphill that is released
as needed to power small turbines to store renewable energy sources on my 20-

acre property in Curlew, WA

Background

In 2007, the UN Secretary General Ban Ki-Moon stated whether we examine
climate change from an economic, social or environmental viewpoint, it is the “defining
challenge of our age”. In 2014, the Intergovernmental Panel on Climate Change (IPCC)
attempted to draw attention to this point by referring to the challenge as being
“irreversible” and urged global policy makers to take immediate action to reduce current
and future greenhouse gas emissions.

These impacts have already started according to the NASA Global Climate
Change report (2017) with loss of sea ice, accelerated sea-level rise, and longer, more
intense heat waves. IPCC scientists predict a possible temperature increase between 2.5
to 10 degrees Fahrenheit over the next century. Greenhouse gas (GHG) emissions,
mainly carbon dioxide, are the most vigorous anthropogenic factors driving climate
change. Carbon dioxide readings (a direct correlative to global warming) in certain
northern sites throughout the world have been recorded at 406 ppm (NASA, 2017). With

the dawn of the Industrial Revolution, human activities have contributed significantly to



rising concentrations of GHGs in the atmosphere, and electricity production comprises

approximately 29% of U.S. greenhouse gas emissions (EPA, 2017).

Renewable Energies Expand

In 2010, the USA ranked second in the world in energy consumption following
China (Barr, 2011). The United States is making great changes in its current energy
development. US oil production is the highest it has been in the last eight years while
imports are at their lowest in more than a decade (Mullaney, 2012). The US currently
produces more natural gas and uses less coal to produce electricity (EIA, 2017). Non-
hydro renewable energy has more than tripled in the past decade while reducing US
carbon pollution (2017, EIA). Furthermore, according to Kevin Bullis of the MIT
Technology Review (2012), the US could get 80% of its energy from renewables by
2050. A new renewable energy market is emerging powered by geothermal, solar and
wind energy (Block, 2012). Global cumulative wind and solar renewable capacity is
expected to continue to expand (Figure 1) (Powerweb, 2018).

With climate and global instability being tied to the concerns of the future
availability and healthiness of oil and coal, our nation needs to embrace clean energy on a
scale and pace that has never been seen before.

Each day enough solar energy strikes the earth’s surface to provide energy to
power the world’s yearly needs many times over (Botkin & Keller, 2011). While the
build-up of CO2 and global warming are becoming a concern due to fossil fuel use, direct
solar energy can become a valuable energy source to help protect our planet.

Development in solar cells in the US has exploded since 2010, reaching an astonishing
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Figure 1. Cumulative global wind and solar installations in gigawatts (GW). Forecast
included for future global installations through 2020 (Powerweb, 2018).

14,626 megawatts of solar PV installed in 2016, a 95% increase from the previous year
(Munsell, 2017). Solar panels are large arrays of silicon wafers mounted beneath glass
connected in series that collect photons from the sun and convert them to DC electrical
power. By five years ago there were more than 303 gigawatts of photovoltaic installations
operating world-wide (IEA, 2016).

Nearly 80% of the more than 1.2 billion people worldwide do not have access to
electricity (World Bank, 2013) live in rural areas with no grid connectedness in the
foreseeable future due to high infrastructure costs (IEA, 2014). In countries such as
Mozambique and Tanzania, it is estimated that less than 5% or the rural population has
access to electricity (Ahlborg & Hammar, 2014). The IEA (2014) foresees 350 million of
these people worldwide gaining access to electricity via off-grid systems by the year
2040. This points to a great need for small-scale, cost-effective, rural energy storage

systems.



Renewable Energy Storage

One of the main difficulties facing renewable energies, including solar and wind,
is storage options when peak demand does not coincide with peak availability (Trainer,
2017). Trainer (2017) reviews several case studies where batteries have been used in
small-scale operations at high costs financially and environmentally. Europe’s largest
renewable energy operation with battery storage is the 10-megawatt German Feldheim
Project at a cost of $1420/kWh, with the calculations not accounting for Lithium-ion (Li-
ion) battery life expectancy at approximately 10-15 years (Steel, 2015).

At the non-grid connected individual household level, Garimella and Nair (2009)
concluded using optimized HOMER models that on a small scale (<5kW) lead acid
batteries are the most cost-effective means of PV storage in comparison with NiCd,
NiMH and Li-ion batteries. However, within most renewable energy efficiency studies,
no consideration is being given to the entire life-cycle of these battery storage systems
(Sullivan & Gaines, 2010). Garimella and Nair (2009) only considered initial capital cost
and cost of operation within their analysis and did not account for replacement costs over
the long term. Furthermore, some of the current recycling methods of these used

batteries have proven deadly (Haefliger et al., 2009).

Pumped Hydro Storage

The highest capacity of Renewable Energy Storage (RES) worldwide is Pumped
Hydro Storage (PHS) (Berrada, Loudiyi, & Zorkani, 2017). While large scale PHS in the
form of hydro-electric dams efficiently generate power world-wide (Trainer, 2017), no

small-scale site specific PHS systems have been identified as a RES. The major problem



with PHS is the storage capacity of the system, which is a function of the height of the
descending water and volume storage of the system as these two main factors lead to
limits on site selection (Evans, Strezov, & Evans, 2012). One study in France attempted
to use an open-air water tank on an apartment building roof in a small-scale PHS system
connected to electricity generating turbines but determined the size was inadequate for

the building’s electrical demand (Libre de Bruxelles, Université, 2016).

Pumped Hydro Storage with Solar and Wind Renewable Energies

One feasibility study was performed in a remote Hong Kong island of a pumped
hydro storage RES fed by wind and solar renewable energies; however, the system was
250+KWh, and optimization factors were not identified (Figure 2) (Ma, Yang, Lu, &
Peng, 2014). With this type of hybrid wind-solar PHS system, PV panels and wind
generators supply electricity, with these renewable energies’ electricity converted from
DC to AC for immediate use with the inverter (Figure 2). Excess electricity is used to
pump water uphill for storage reserve for autonomous periods requiring non-renewable
energy (Figure 2). This stored water is released during these autonomous times to
produce electricity via water turbines (Figure 2). Multiple factors such as PV, wind, and
water turbine sizing, output efficiencies, equipment costs, site variables, labor costs, and
ongoing maintenance costs would affect the cost effectiveness of such a system. These
factors need to be analyzed and compared to a traditional battery system for renewable

energy storage to determine the cost effectiveness of such an endeavor on a small scale.
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Figure 2. A combined solar and wind RES with pumped hydro storage (Ma, Yang, Lu, &
Peng, 2014).
Ma, Yang, Lu and Peng (2014) determined the reservoir needs for a PHS to be
calculated by the equation:

— El-

Jh-,’}-g-h E:=ndu_'.-"Ermd:”r'ﬂ'v'g'h

where V' is the volume of the of the PHS reservoir (m®); E. is the energy storage capacity
of the reservoir measured in Joules calculated by the ngay number of autonomous days x

Evaadaily energy consumption (Joules); p is the density of water (kg/m?); g is the
gravitational acceleration (9.81 m/s?); 4 is the total head (m); 7.is the efficiency of the
turbine determined by the turbine wheel efficiency rating * electrical generator efficiency
rating * the water piping drag efficiency rating. Proper turbine sizing and efficiency
rating was determined to be vital in increasing the overall PHS system efficiency along
with determining the days of autonomy (consecutive days without renewable energy

supply) for the entire system (Ma, Yang, Lu, & Peng, 2014).



Prototype Model Site Location

Over 188,000 households (Davidson, 2006) in the United States are estimated to
not be connected to the electrical grid. In Ferry county, WA, the location for the
prototype model upon which this research is based, more than 20% of the homes are not
connected to the electrical grid due to high initial connecting costs (John Friederichs,
personal communication, January 16 2018). Ferry county is a rugged hilly area of the
Kettle River Range on the eastern edge of the Okanagan Highland. Most of these homes
are using small scale wind and solar RE with lead-acid battery storage in combination
with fossil fuel generators (John Friederichs, personal communication, January 16 2018).

The 20-acre site for the prototype has an elevation gain of over 400 ft within the
property, which is typical in this hilly area, so was well suited as a site to study small-
scale gravity-fed PHS with solar and wind renewable energies as an alternative to typical
battery storage systems for renewable energies.

Multiple studies, including Hoppmann, Volland, Scmidt and Hoffmann’s (2014)
meta-analysis of the economic viability of battery storage for residential PV systems, and
Kohle’s (2009) techno-economic optimal battery sizing for PV study, were used for the
battery types baseline comparisons. These studies provided detailed analysis that take
into account solar radiation, PV array efficiency, load energy requirements, daily energy
availability, daily efficiency of the PV system, maximum load fraction, storage sizing and
storage roundtrip efficiency, guiding modeling included in the system economics

calculations.



Research Question, Hypothesis and Specific Aims

This research specifically addresses this question: Is a pumped hydro storage
(PHS) system a feasible, more cost effective and sustainable storage solution for small
(<10kW) photovoltaic and wind renewable off-grid energy hybrid systems in comparison
to more traditional battery storage systems?

In attempting to answer this question, I hypothesized that with adequate sizing, an
uphill gravity storage system will be more cost effective over a 30-year period, than a
lead-acid battery (or other battery) storage system for an off-grid hybrid solar and wind

energy production system.

Specific Aims

To test this hypothesis, I completed the following steps:

* Determined the system capacity needed for this off-grid location

» Determined the size of the water storage system needed for adequate reserve
needs

* Determined the size of water turbines required for the reserve electricity
generation

» Constructed this prototype model on my 20-acre property in Curlew, WA

+ Calculated if various battery-type storage systems or the prototype water storage
is more cost-effective over a 30-year investment

» Conducted a sensitivity analysis to evaluate the effects of different variables on

cost effectiveness

10



Chapter II

Methods

To evaluate the feasibility and cost effectiveness of the prototype model of PHS
as an effective means of energy storage in impoverished non-grid connected areas,
compared to typical battery storage for renewable energy sources, I created cost benefit
models comparing each type of renewable energy storage systems. The baseline model
was constructed with the setup costs and long-term operating costs for a primary PV solar
system, redundant wind system and lead-acid battery RES system. The baseline model
was comprised of “best-performing” data gleamed from on-site testing of each renewable
energy storage (RES) system.

The model was based on providing 150% of daily electricity needs for the home I
expected to build on the site, as well as three and five (150%) days of autonomy in each
RES scenario. The alternative scenarios were evaluated by comparing their respective
Return on Investment (ROI) over a duration of 30 years.

Although the baseline model used variable costs appropriate for my specific site
and location with additional options added for comparison, the spreadsheet model was set
up so that simple changes in parameter values for variables such as daily power needs,
autonomous days and solar panel cost could create site-specific analyses for any user.
The various storage system tabs in the Excel spreadsheet identify which variable had the

most impact on net present value (NPV) based on a sensitivity analysis.
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Modeling Categorization and Organization
The modeling methods weres based on the type of RES and consequent
accumulation of autonomous days for each RES. Categories of different scenarios were:
e Lead-Acid Battery — Zero Autonomous Days (Baseline Model)
e Lead-Acid Battery — Three Autonomous Days
e [ead-Acid Battery — Five Autonomous Days
e Lithium-Ion Battery Storage — Zero Autonomous Days
e Lithium-Ion Battery Storage — Three Autonomous Days
e Lithium-Ion Battery Storage — Five Autonomous Days
e Pumped Hydro Storage — Zero Autonomous Days
e Pumped Hydro Storage — Three Autonomous Days

e Pumped Hydro Storage — Five Autonomous Days

Baseline Model Scenario

A prototype model for the gravity-fed water storage system was constructed in the
field using large capacity 1500-gallon cisterns both up hill and downhill connected with
both up hill and downhill 1" diameter piping runs on my 20-acre property in north-
eastern Washington state. Water was pumped uphill with renewable energy sources
(solar and wind) using a Rural Power System 400 Solar / Wind Well Pump and allowed
to flow downhill during the renewable non-producing times (night) through small
electricity generating pelton-wheel water turbines (Figure 3). The feasibility of this
model was analyzed by examining efficiencies in storage of this system compared to

various types of battery storage tested on site.

12



Figure 3. Pelton wheel encased in housing to trap water and gravity feed lower storage
tank (photo by author, 2018).

Determining System Size

Electrical load calculations were first conducted to determine the daily electrical
load with ample reserve in kwh and amp/hr. A typical inverter has an 85-90% efficiency
of transforming 12-volt power to 120-volt (Bowman, 2010). Therefore, the home on the
property was designed to run on a 12-volt system that does not invert the 12-volt energy
produced off-grid. This allowed a 20% reduction in the systems size (the extra 5% not
needed for allowances). The total estimate of electrical draw on the 12-volt system was

based on estimates of average time used in a typical 24 hr period (Table 1).

13



Table 1. Electricity daily uses calculated in 12-volt kwh and amp/hrs per day.

Appliance Quantity Draw/hr (amps) Hours/day Total Amps/Day
Circulation Pumps (radiant flooring) 4 0.83 12 39.84
Ceiling Fan (low setting) 1 027 8 2.16
Refrigerator (compressor mnming) 1 12 11 132
Composting Toilet 1 0.16 24 3.84
Lighting (Kitchen: Recessed) 6 0.58 3 10.44
Lighting (Kitchen: strip) 2 0.33 4 2.64
Lighting (Living: Recessed) 4 0.58 4 928
Lighting (Bath: Recessed) 2 0.58 2 232
Lighting (Bath: Spot) 2 033 2 1.32
Lighting (Bath: Strip) 1 033 2 0.66
| Lighting (Loft: Recessed) 2 0.58 4 4.64
Lighting (Loft: Spot) 2 033 2 1.32
Lighting (Bedroom: Recessed) 2 0.58 2 232
| Lighting (Bedroom: Spot) 2 0.33 2 1.32
Circulation Pump (domestic hot water) 1 316 12 38
Max Draw
Total {Amps): 10.17 | Total Energy (Amps)/Day: 1333

The basic energy for essential systems was calculated to be approximately 133
(12-volt) amp hours per day, with a max hourly load of 10.17 amps (122-Watts) (Table
1). As some minor items might need to be plugged into a 12-volt at times (i.e., computer
or cell-phone chargers), the daily energy load was increased to 200 amp hours/day for an
adequate margin, with a max hourly load of 14 amps (170-Watts). This provided a
considerable back-up source (150% of daily need) of amp-hours per day/hour. The
number of solar panels and wind generator size was determined based on these

calculations.

Days of Autonomy

One important determining factor in calculating battery storage systems, cistern
sizing, elevation requirements, and water turbine output is based on system reserve needs
during non-solar and non-wind producing times (days of autonomy). Three to five days

of autonomy (the storage system’s ability to function without charging) is a typical

14



threshold for most off-grid solar systems (IEEE, 2008). Both three and five-day
scenarios were examined, along with zero days, with alterations to all cost factors due to
larger solar bank sizes. Cost per ampere was calculated for these different scenarios as

well.

Baseline Site Requirements
Initially I determined what would be required for energy production for the needs
for my family’s off-grid home, based on these considerations:

e Daily Power Needs: 200 amps maximum daily draw was determined for our home’s
low energy use (Table 1). The use of the sun’s energy through the design,
orientation and construction of our structure was utilized through a passive solar
design. This design allowed for fewer or smaller-scale active equipment to provide
the remainder of the heating and lighting needs. According to the EPA (2016),
continuing energy costs can be appreciably reduced by exploiting the use of passive
solar practices before adding active technologies because the sun’s energy has no
cost. Typically, the climate control of a typical residence constitutes 54% of a utility
bill (Energy.gov, 2018). The use of passive solar design to heat and cool a home can
lower the home’s embodied energy and carbon, as well as harnessing sustainable,
natural operating energy.

e  Peak Sun-Hours: the number of hours in a day in which the sunlight intensity is at
least 1,000 watts per square meter (WWO, 2019). This is an average day over the
year for the site location in Curlew, WA and may be higher or lower depending on

the season and solar angle of incidence.
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e Average Daily Wind Speed: the average wind speed for the Curlew, WA area, which

may be lower or higher at different times during the year (WWO, 2019).

Baseline Solar Energy Production
Based on the expected household energy needs, a 700-watt fixed mount solar panel

system was installed that produces an average of 3.5 kW of power throughout the day.

The line items and variables entering into the Excel cost-benefit model are defined

below:

e  Solar Panel Requirements: Each 12V Monoc