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Introduction:
Integrating wind farms into the grid requires storage facilities to address the variable power
source. We focus on the Rail Tie Wind Project in Wyoming and three viable energy storage
technologies: pumped hydro, compressed air, and battery. With an Optimal Power Flow
analysis, conclusions are determined for the case study about size of storage, needed types of
storage, integration of the wind farm, and cost savings to supply Denver, Colorado.
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1. Background

1.1 Wind Energy Integration
For the US to achieve the 2030 climate goals and the 2050 target of achieving net-zero
greenhouse gas emissions, fossil fuels must be replaced with renewable sources of energy,
mainly solar and wind, at unprecedented rates.1 One of the biggest bottlenecks in making
progress towards this goal is developing an infrastructure that could operate with 100%
renewable energy sources with the same reliability and resiliency as that of current fossil fuels
i.e., an all-renewable 100% clean grid. What makes this difficult is the challenges that arise
during integration of renewables both on the supply and the demand side.

Integration of wind energy is particularly challenging due to intermittency and unpredictability,
making it difficult for operators to commit to production and completely rely on wind energy. In
recent years, people have looked at finding solutions to the operational, control, and electricity
market challenge so that integration could be accelerated, energy penetration is improved, and
the grid could be reliably operated post-integration.2

A promising solution is coming up with novel energy storage systems that could substantially
overcome the problem of wind intermittency and can enhance power dispatchability. Recent
advancements include the field of lithium-ion battery storage, pumped hydro, compressed air,
super capacitors, and flywheel. Though none of these options can meet both the energy and
power density requirements, their potential could be improved by operating them in conjunction,
with other renewables, as well as with conventional power sources. On the other hand, the
storage market can be incentivized to facilitate manufacturers to bring down costs, thus
improving the life cycle and maturing the current technology.

1.2 Case Study: Wyoming Wind to Denver Grid
Demand: The Denver area has experienced rapid population growth, with no sign of expansion
slowing down. Increasing by 15% (about 1 million residents) in population, power generation
and storage in the area are strained as more and more are demanded.3 5570 megawatts of
electrical generation was added to the Western Grid in order to accommodate Colorado’s
increased growth from only 2009-2015.4 With public support and politicians set on moving away
from coal in the region, the Greater Denver Area is a prime candidate for an influx of renewable
energy sources to meet rising demand.

4 Connecting Colorado's Renewable Resources to the Markets in a Cabon-Constrained Electricity Sector
OSTI. (2009, December 31). Retrieved December 15, 2021, from https://www.osti.gov/

3 Colorado breaking news, sports, business, weather, entertainment. The Denver Post. (n.d.). Retrieved
December 15, 2021

2 Ibrahim, H., Ghandour, M., Dimitrova, M., Ilinca, A., & Perron, J. (2011). Integration of wind energy into
electricity systems: Technical challenges and actual solutions. Energy Procedia, 6, 815–824.
https://doi.org/10.1016/j.egypro.2011.05.092

1 The United States Government. (2021, April 22). Fact sheet: President Biden sets 2030 greenhouse gas
pollution reduction target aimed at creating good-paying union jobs and securing U.S. leadership on
Clean Energy Technologies. The White House. Retrieved December 15, 2021



Supply: Wyoming, Colorado’s northern neighbor, has the capability to supply such power needs.
Typically a fossil fuel provider, state policy in Wyoming is shifting towards wind energy with the
promised economic benefits from the new booming industry. Although work is still needed to
overcome long-time residents’ disdain at the prospect of turbines filling the landscape,
companies are realizing the energy potentials and are flooding into the state. Wyoming’s
geography mainly consists of high altitude prairies with scattered ridgelines and the occasional
mountain range; a perfect landscape to produce high winds at hub heights, especially in the
Southeast region as displayed in Figure (2). Additionally, mining and power generation have
long been major industries, leading towards the electricity transmission infrastructure already in
place for additional wind farms.

Figure (1): Wind Speeds at 50m in Wyoming5

1.3 Introduction to Rail Tie Wind Project
The supply and demand both exist in the Central Rockies region, but they must be connected.
Our analysis will focus on one specific proposed wind farm location in Wyoming in order to
optimize the energy storage and transmission so it can reach Denver homes. As described by
the Rail Tie Wind Project site, “ConnectGen is developing a 504 megawatt wind power project in
southeastern Albany County. The project will be located on private and state lands near
Highway 287 outside of Tie Siding and is anticipated to be operational by the end of 2022.”6 The
wind farm is expected to cost $450 million and have a 35-year project life.7

7 Rail tie tax revenue calculations - rail tie Wind Project. (n.d.). Retrieved December 15, 2021, from
https://www.railtiewind.com

6 Rail Tie Wind Project. (2021, August 10). Retrieved December 15, 2021, from
https://www.railtiewind.com

5 Water Resources Data System & State Climate Office. Wyoming Climate Atlas: Wind - Wyoming State
Climate Office and Water Resources Data System. (n.d.). Retrieved December 15, 2021.



Figure (2): Proposed Layout of Wind Farm

1.4 Rail Tie Power Output
The final model and number of turbines, as well as the layout of the project, is not completely
finalized, but ConnectGen currently is considering the Vestas V150 4.2 MW turbine for the farm.
A total of 120 turbines will achieve the 504 MW listed farm power generation. We used the wind
speed at the location (Longitude: -105.49181, Latitude: 41.0609703) to calculate power output
from the Rail Tie farm based on the turbine’s power curve. For the analysis, we used hourly data
from November 8th, 2021 to December 6th, 2021.

Figure (3): Vestas V150 4.2 MW Information8

8 Project application for commercial ... - rail tie wind project. (n.d.). Retrieved December 15, 2021, from
https://www.railtiewind.com/



Figure (4): Wind Speed at 100m Hub Height

1.5 Transmission Infrastructure and Denver Demand
Both substations at Rail Tie feed into a central 345kV switchyard which connects the farm to the
Ault-Craig 345kV transmission line nearby. Under the jurisdiction of the Western Area Power
Administration (WAPA), the Ault-Craig 345kV transmission line transfers power from Craig, CO
to the Denver Area. It starts at the 1283MW coal-fired power generation plant (which is closing
soon)9 and terminates at the WAPA Ault Substation. Further transmission lines carry power to
the Cherokee Generating Station, a natural gas power plant operated by Xcel Energy, 5 miles
north of downtown so the power can be distributed to the Denver Metropolitan Area grid. Data
from the US Energy Information Administration is used for hourly power demands throughout
the WAPA for the analysis.

2. Storage Options and Comparison

2.1 On-Site Batteries
Because on-site batteries can be scaled to essentially any size (there are major space
constraints at Rail Tie), we assign an average size to the lithium ion storage facility of 20 MWh
storage with a charge and discharge rate of 5 MW.10 This has an assumed associated roundtrip
efficiency of 93%.11 We assume the operating cost of battery storage to be 0.02 $/MWh. At a
$100/kWh (projected 2023 rate) for lithium ion batteries, we expect the on-site battery storage to
have a capital cost of $2,000,000.12

12 Kharaya, A. (2021, February 1). Beyond declining battery prices: 6 ways to evaluate energy storage in
2021. Greentech Media. Retrieved December 15, 2021, from
https://www.greentechmedia.com/articles/read/beyond-declining-battery-prices-six-ways-to-evaluate-ener
gy-storage-in-2021

11 Castillo, A., & Gayme, D. F. (2014). Grid-scale energy storage applications in Renewable Energy
Integration: A Survey. Energy Conversion and Management, 87, 885–894.
https://doi.org/10.1016/j.enconman.2014.07.063

10 Diouf, B., & Pode, R. (2015). Potential of lithium-ion batteries in renewable energy. Renewable Energy,
76, 375–380. https://doi.org/10.1016/j.renene.2014.11.058

9 Craig Generating Station. SRP. (n.d.). Retrieved December 15, 2021, from https://www.srpnet.com



2.2 Pumped Hydro in Craig-Hayden, CO
The Craig-Hayden Pumped Storage Project is proposed by Gridflex Energy LLC and will be one
of the energy storage options available to Rail Tie wind farm. While there are closer natural
bodies of water and elevation differences available by the natural geography of the region than
the 150 miles away proposal, this location has a unique advantage. With the shutdown of the
coal-fired Hayden Power Plant moved up to 2028, opportunities are available in the
Craig-Hayden region to both assume lost jobs and, most importantly, capitalize on the available
capacity on the Ault-Craig transmission line towards Denver.13 Many of the values determined
for the analysis below are based on the 1-page preliminary permit application that Gridflex
Energy submitted to the Federal Energy Regulatory Commission in August 2020 and approved
in November 2020.14

Storage: The proposed plan for the project includes “a new 10 to 60-foot-high dam with a total
crest length of 8,000 feet, creating a 4,800 acre-foot upper reservoir with a maximum surface
elevation of 7,920 feet above mean sea level” and “two new dams to create the lower reservoir,
with a storage capacity of 4,800 acre-feet, at an elevation of 6,470 feet above mean sea level.”15

This results in 4800 acre-feet of water at an elevation difference of 1,450 ft, equivalently
5,920,000 cubic meters of water at a 442 meter elevation difference. This is a maximum
theoretical potential energy storage of 7100 MWh between the two reservoirs. Because of silt on
the basin of the reservoirs and inlet/outlet pipes possibly not being at the true bottom, we
assume that only 90% of this stored energy can be used - approximately 6300 MWh.

Charge / Discharge: The permit proposal states the project will utilize three 200 MW turbines to
pump the water up the gradient and harness the water’s energy, totaling 600 MW of charge and
discharge potential.16

Efficiency: Pumped hydro can be between 60% - 80% roundtrip efficient, depending on the
design and age of the facility. While the Craig-Hayden Pumped Storage Project would be a new
installation, we will assume the average roundtrip efficiency of 70%.17

Cost: There are currently no public cost estimates for the proposed Craig-Hayden Pumped
Storage Project. Another slightly larger project by Gridflex Energy was estimated at $1.8
billion.18 Therefore, the capital cost used for comparison in this analysis is $1.5 billion. We
assume the operating cost of pumped hydro storage to be 0.1 $/MWh.

18 Pivots, A. B. / B. (2021, February 9). Plan for Yampa River Pumped-hydro storage filed with Federal
Agency. CraigDailyPress.com. Retrieved December 15, 2021.

17 Letcher, T. M. (2022). Storing energy: With special reference to Renewable Energy Sources. Elsevier.

16 Environmental and Energy Study Institute (EESI). (n.d.). Fact sheet: Energy storage (2019). EESI.
Retrieved December 15, 2021, from https://www.eesi.org/papers/view/energy-storage-2019

15 Craig-Hayden PS, LLC; notice of preliminary permit ... (n.d.). Retrieved December 15, 2021, from
https://www.federalregister.gov/documents/2020/11/24/2020-25979/craig-hayden-ps-llc-notice-of-prelimin
ary-permit-application-accepted-for-filing-and-soliciting

14 Pivots, A. B. / B. (2021, February 9). Plan for Yampa River Pumped-hydro storage filed with Federal
Agency. CraigDailyPress.com. Retrieved December 15, 2021.

13 Brasch, S. (2021, September 7). How a Colorado coal plant could become a massive battery for
renewable energy. Colorado Public Radio. Retrieved December 15, 2021.



2.3 Compressed Air in Georgetown, CO
A University of Colorado Boulder study (R. Moutoux and F. Barnes) that assesses compressed
air energy storage (CAES) locations and feasibility in the state identifies several locations for
technology implementation. The only that is geographically near our focus region is in
Georgetown, CO. Taking advantage of the numerous abandoned mines in the mountainous part
of the state, the authors identify a location several miles east of the town as an option. The gold
and silver mine remains unnamed but will be called “Spring Creek Mine” for the sake of this
paper, due to its proximity to Spring Creek and trail. The mine chamber itself is estimated at 3.5
million cubic feet.19

Storage: The available power storage in the mine can be calculated with thermodynamic
equations assuming isothermal reversible processes, solved to the equation:20

Where
● P_a = pressure of atmosphere (65 kpa @ 11,000 ft altitude)
● P_b = pressure of mine (5000 kpa according to typical CAES systems)
● V_a = volume of the atmosphere (unlimited, not used in the right side of equation)
● V_b = volume of the mine (3.5 million cubic feet as estimated by study)

By this estimation, the mine can store 462 MWh of equivalent electric power, which is consistent
with the Moutoux and Barnes’s estimation of 525 MWh storage in their model.

Charge: Moutoux and Barnes propose the use of a 50 MW compressor at Spring Creek Mine.
During the compression of the gas in a typical compressor of this scale, we calculate the
efficiency to be approximately 87% (power stored / power provided to storage facility). This is
consistent with industry estimates that place about 80-90% efficiency on the compression phase
of CAES systems.21 Therefore, we use a charge rate of 43.5 MW for the storage, with the ability
to fully charge in 10 hours 40 minutes. This is consistent with the current CAES facilities
worldwide that charge in the range of 8 to 26 hours.22

Discharge: CAES discharge rates are more difficult to calculate during the expansion phase of
the process, and so values were obtained from a review of current facilities. Noting the ability to
discharge in about half the time to charge proportionally, we can estimate a discharge rate at

22 (Hasan et al., 2013)

21 Hasan, N. S., Hassan, M. Y., Majid, M. S., & Rahman, H. A. (2013). Review of storage schemes for
wind energy systems. Renewable and Sustainable Energy Reviews, 21, 237–247.
https://doi.org/10.1016/j.rser.2012.12.028

20 Wikimedia Foundation. (2021, October 28). Compressed-air energy storage. Wikipedia. Retrieved
December 15, 2021, from https://en.wikipedia.org/wiki/Compressed-air_energy_storage

19 Moutoux, R., & Barnes, F. (n.d.). Wind Integrated Compressed Air Energy Storage in Colorado.
University of Colorado at Boulder; Boulder, Colorado.



Spring Creek Mine of 20 MW, which occurs over about 5 hours.23 Expansion efficiency is
therefore approximately 66%, for an overall 58% efficiency for Spring Creek Mine storage.24

Cost: Moutoux and Barnes estimate Spring Creek Mine storage facility to cost $35 million in
capital costs. Their own conducted energy model estimates that CAES storage adds $6,850,000
of value per year for a sample 55 MW wind farm and would have a 5.1 year payback period. We
assume the CAES storage to be 0.04 $/MWh.

2.4 Map of Focus Area

24 Mousavi, S. B., Ahmadi, P., Pourahmadiyan, A., & Hanafizadeh, P. (2021). A comprehensive
techno-economic assessment of a novel compressed air energy storage (CAES) integrated with
geothermal and Solar Energy. Sustainable Energy Technologies and Assessments, 47, 101418.
https://doi.org/10.1016/j.seta.2021.101418

23 (Hasan et al., 2013)



3. Optimal Power Flow Analysis
Optimal power flow analysis (OPF) is an optimization problem that includes a set of variables
and constraints, with an overall objective function (cost) that needs to be minimized while
obeying certain power balance equations. Economic dispatch is OPF without any voltage
angle/frequency constraint or any transmission network constraint and is used for selection,
siting, and optimizing the location of energy storage systems (ESS). We want to use economic
dispatch analysis to find out the optimum storage levels and time of charge/discharge such that
the overall cost of operation is minimized. The demand data of the city of Denver is used in the
form of a time series spanning 650 hours. For the same time period, the wind speed data at
100m/s height is also available. We use this data to calculate the wind power produced. For this,
we assumed that all the power is produced by 1000 Vestas V80-1.8 turbines. However, as
discussed later, with this assumption, the net load (= demand - wind power) remains positive
throughout the time series. Hence, the storages are never used. To counter this problem,
another 1400 MW of power (assuming from other renewable sources) was added. Next, as
mentioned in the previous section, the storages finalized for this analysis were Batteries (Li-ion),
Pumped Hydro Storage (PHS), and Compressed Air Energy System (CAES).

3.1 Variables, Constraints, Bounds
In our economic dispatch model, we consider 10 variables: power production from thermal
(conventional) generators, the storage level of the three types of storages, their charging rates,
and their discharging rates. There are maximum and minimum bounds on all these variables.
For eg: the minimum limit of all these variables is assumed to be zero.

The constraints (four in total) include the power balance equation and the storage level balance
equation of the three types of storages. This takes into account their charging and discharging
efficiencies.

The list of all the different variables and symbol used:

Generation from thermal plants (in MW): p_thermal
Storage levels of batteries, hydro, air (in MW-hr): p_st_b , p_st_h, p_st_a
Charging rates of batteries, hydro, air (in MW): chg_b, chg_h, chg_a
Discharging rates of batteries, hydro, air (in MW): dchg_b, dchg_h, dchg_a
Cost of thermal operation (in $/MW-hr): c_thermal
Cost of storage operation when discharged (in $/MW-hr): c_b, c_h, c_a

At all times t, the bounds can be represented as:

min< p_thermal<max,  min< p_st_(b,h,a)<max,  min<chg_(b,h,a)<max, min<dchg_(b,h,a)<max

The four constraints can be written as:

For every storage, the storage balance equation and the overall power balance equation:



The storage levels are initialized with zero. And, the rest of the parameters are tabulated below.

The cost of operation of thermal is taken from eia.gov. In some literature, the discharge
operation cost of storages is assumed to be negligible. Here, we assume minimal rates (orders
of magnitude lower than thermal) while taking into consideration that hydro will supposedly be
the costliest, followed by air, and by batteries.

The objective function is the overall cost of operation that needs to be minimized.

In our analysis, dt = 1 hour, so the cost in $/MW and $/MW-hr are equivalent.

3.2 Optimization
Optimization is carried out in MATLAB using linear programming. The entire time series is
solved at once. The framework is as follows-



In this analysis, there is no inequality constraint. Further information of the model is as follows:
● 10 variables each for 650 time-steps = 6500 variables
● 4 constraints each for 650 time-steps = 2600 constraints
● Time step = 1 hour
● Aeq = (2600 by 6500), x = (6500 by 1), Beq = (2600 by 1)

The system takes less than 2 seconds to solve on an i7-9900k machine with 3.2 GHz CPU clock
speed.

3.3 Net Load
The adjusted wind power, demand, and the net load (demand-wind power) data is shown below
for 650 hours.

Figure (5): Demand, Supply, Net Load for Time Period

It must be noted that due to the abovementioned adjustment, now the net load becomes
negative at certain times. The model treats wind as a negative demand hence what is produced
is utilized and there is no parameter for wind curtailment in the model.



3.4 Baseline Optimum Storage + Thermal Generation for Minimum Cost Results

Figure (6): Net Load and Conventional Power

Figure () shows net load and conventional power before the addition of Rail Tie Wind Farm. We
see that whenever the net load goes negative, the thermal generation drops to zero almost
suddenly. This charges the storages and they are discharged at certain times (seen by sudden
drop in thermal production for positive net loads) such that the objective function is minimized.

Figure (7): Storage Level Over Time for Optimal Solution

We see that the hydro system is prioritized in charging over batteries and air in Figure ().
Batteries are discharged as soon as the net load becomes negative but the hydro storage is
held to be used at other times. Hydro is mostly used when the thermal generators are ramping
down and is utilized to less than 33% of the capacity. Finally, the hydro system is massively
discharged just after the net load reaches its maxima in the time series.



3.5 Drawbacks of Model
As this is a heavily simplified model, there are certain drawbacks associated with the analysis.

● Net load, Ramp Rate, and Operation Cost
As discussed, we had to assume a certain amount of generation from other renewable
sources that we added to wind output to achieve a negative net load at certain points in
the time series. This is because, in our model, all the storage levels are initialized to zero
and with a simplistic cost function. The only time when the storages would charge is
when the net load drops below zero. Now, we could have incorporated two changes to
our model to go around this problem. Firstly, a constraint on the ramp rate (RR) could be
imposed on the thermal generators. This would not allow the generators to make rapid
changes in the output to follow the net load and the storages can be charged with
positive net load. However, one argument against this could be that with a time step of
one hour, any modern thermal generator could potentially ramp up or down between
zero output to its max output. Secondly, the cost function could have cost of operation
dependent on the time of day or year, which incentivizes the optimizer to produce more
thermal output than demand to charge the storages and then use them when the cost is
the highest.

● Transmission Efficiency
In order to simplify the analysis, we used an OPF economic dispatch model, which
allows for the assumption of dropping transmission constraints. The Craig-Hayden
Pumped Storage Project would connect to the existing Ault-Craig transmission line,
which stretches 140 miles to the Rail Tie Wind Farm. Following currently placed
transmission lines by interstate-70 towards Denver, it is approximately 185 miles from
Spring Creek Mine back to the WAPA Ault Substation outside Denver. These distances
may only mean a few percent of loss between generation to storage and back, but those
efficiencies will add up. Not only will they result in less power delivered to the customer,
but the difference in distances and proximity to other power stations would affect the
viability of each storage method, a factor that is critical for our comparison.

● No wind curtailment
In the analysis, we have treated the wind output as negative demand, i.e., whatever is
generated is used. However, a more sophisticated model could also incorporate
curtailment on wind output as a constraint or in the cost function to keep the net variation
within a certain limit.



4. Results and Discussion

4.1 Effect of Hydro Capacity
To study the effect of hydro capacity on the optimal solution, we use the two extreme cases-
90% max and 10% max of the reservoir, which is approx 6300 MW-hr and 700 MW-hr of
capacity. Running the OPF model again, we gather the results in Figure ().

Figure (8): Results of 10% vs 90% Hydro Capacity

When the 10% capacity of hydro, compressed air energy storage is used, as a last option when
hydro maxes out. The entire capacity is utilized for storage when it is limited. Interestingly as
with 6300 MW-hr capacity, the largest discharge is near the net load maxima, for 700 MW-hr, no
discharge is made at that point but at multiple points when the net load is at a local peak.
However, what this leads to is the cost being lower for 700 MW-hr case over a larger period
which total into a lower cost.

While the maximum storage for the 90% capacity hydro storage is never reached, as the
storage never tops approximately 2000 MWh stored for the month-long period, we will see an
increase once Rail Tie Wind Farm is added. As shown in Figure ()  below, due to the low
utilization of storage in this case, the cost of 10% vs 90% optimal solutions is negligible.



Figure (9): Cost of Optimal Solution of 10% vs. 90% Storage

4.2 Initial Storage Comparisons
As air storage is never used and the effect of battery storage is very small in comparison to
hydro, we analyze the initial change in the optimal solution (before Rail Tie Wind Farm power
addition) if only hydro is provided as an option to the optimizer.

Figure (10): All Three Storages vs. Only Hydro



As shown in Figure (), if hydro is the only storage option in the economic dispatch problem then
the peak storage increases by about 500 MW-hr and is held for a longer time before being
discharged at relatively higher net load towards the end of the time series. Due to this, the
overall cost of using only hydro is just smaller by about $300.

Figure (11): Cost of All Three Storages (B+H+A) vs. Only Hydro

4.3 Effect of Rail Tie Wind Project on Storage
Adding Rail Tie Wind Farm to the analysis, we can see the effect of the larger power supply in
Figure (), where the net load goes negative more frequently and at larger magnitudes.

Figure (12): Addition of Rail Tie Effect on Net Load

Due to such increased power supply and now more times when the net load is negative, the
storage options charge more frequently. The pumped hydro facility is significantly charged 6-8
times and actually discharged fully before the peak demand at the end of the time series.
Approximately 25,800 MWh of power was discharged from the pumped hydro storage. Battery
storage is charged and discharged 15 times over the about 1 month cycle, providing
approximately 300 MWh of power. Similar to previous results before the addition of Rail Tie, the
compressed air energy storage is not utilized due to the other storage options being more
optimal for use in the analysis.



Figure (13): Storage Levels with Rail Tie

4.4 Rail Tie Storage Recommendations
Based on the results above, we can conclude that compressed air energy storage is not needed
as a storage method with the addition of Rail Tie Wind Farm. Pumped hydro is effective for
larger and longer term storage, whereas the on-site batteries help the grid when there is only a
slight net load deficit. The CAES system is also the least proven technology, remains untested
at the Spring Creek Mine location, and has received no endorsements by any governing body.
While also not near a complete plan, The Craig-Hayden Pumped Storage Project has at least
some form of provisional permit, actual commercial interest, and a viable location and workforce
for completion. Similarly, the on-site battery storage could be located at one of Rail Tie’s
switchyards adjacent to the Ault-Craig transmission line, and could be added to the current
construction’s scope instead of initiating a completely new project.

4.5 Cost Savings Estimate
Without Rail Tie and only storage facilities, we see an optimal operating cost of $8,188,818.
With the addition of both Rail Tie Wind Farm and the associated storage facilities, the operation
cost over the 650 hours (27.1 days) is $5,877,468, as 28% further reduction. This is reflected in
Figure () below showing hourly savings.



Figure (14): Hourly Cost with and without Rail Tie

Over the time period used for analysis, Denver demanded 1,687,711 MWh of power. Based on
our assumptions, this would be 777,711 MWh of power directly from conventional thermal
generation - about $21,000,000 [ (total Denver demand - assumed existing renewable supply) *
($27/MWh thermal) ].

Together, the storage and wind farm result in about $15,100,000 savings over the 27 days.
Extrapolating this analysis to the entire year, we expect that Rail Tie Wind Farm and the
associated storage facilities would reduce power costs from thermal generation by
approximately $204,400,000 yearly. Only looking at the capital cost for the wind farm
($450,000,000), battery storage ($2,000,000), and pumped hydro storage ($1,500,000,000), we
can calculate a rough estimate of a payback period of 9.55 years for all facilities.

5. Conclusion
As we have seen, integrating wind energy into the grid can be a challenge due to the variability
of the power source. We have proposed a path forward for the Western Area Power Association
when attempting to add Rail Tie Wind Farm to the grid. Of the three proposed storage
technologies, compressed air is not necessary to employ and has the most risk associated with
it. Both pumped hydro and on-site li-ion batteries are an effective means of storing energy for
the region to supply Denver when at peak demand times. Constructing these storage facilities
will be necessary in the future as more renewable energy is added to the grid, but more effort
should be placed on conducting a full OPF analysis (with voltages), considering other storage
locations and political factors, iterating on the analysis to determine specific power storage size
requirements, and considering other season’s wind data.
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