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ABSTRACT  
 
 
 

A resilient power grid system is important to ensure the delivery of power to consumers while 
minimizing the cost of new technologies. Due to the increase of electricity consumption and 
CO2 emission, renewable energies and energy storage system are a compelling alternative. We 
started to identify decisions that need to be made, and parameters associated to model a power 
grid system expansion plan. Then, we investigated a utility company demand for the next 15 
years. Also, we identified their current resources, and used that as a starting point.  
 
Then, we formulated an optimization model for a power grid expansion with different types of 
renewable energies, such as solar and wind, to meet the demand and minimize the cost of 
installation; as well as, a battery storage system (Lithium-ion) that is considered to come up with 
an optimal solution of a resilient power grid. Moreover, uncertainties of renewables are 
considered in the model, and robust optimization formulation is used to model them. Existing 
coal facilities are considered as a part of the model as well, and this part is designed on the 
optimization model in a way that would help decrease the use of such facilities and still manage 
them to meet demand.  
 
Numerical experiments are performed on several scenarios, and compared to what the utility 
company has forecasted in terms of cost, and renewable energies integration.  
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1. Introduction 
 
Electricity consumption in the United States increases every year by 0.5% since 2000, and the 
increase of consumption is estimated to be 0.9% per year from 2015-2040 [1]. This increase is 
due to population increase and other industrial demands. On the other hand, the advances of new 
technologies help achieve better efficiency to slow down this increase [1]. The significant 
growing constructions of power grids, such as including power stations, high voltage 
transmission lines and substations, in the United States began in the early 1900s [2]. Because of 
the age of such a power grid and high maintenance cost of power infrastructures, replacing some 
power system components would be necessary. This comes with the following challenges [2], for 
example for transmission lines: 

• New routes for transmission lines 
• Cost challenges to new transmission lines between states in order to maximize the use of 

such transmission lines 
• Making sure Renewable energy sites are located at a reasonable distance of such a 

transmission line 
• The uncertainties in federal laws that would influence the building of new routes 
• Security of the power grid 

A study case that was conducted by the Energy Information Administration (EIA) regarding 
Clean Power Plan (CPP) stated that by 2024 natural gas is taking over coal facilities, and by 
2028 renewables are taking over coal as well [2]. Current renewables account for 13% of energy 
generation, and is expected to increase to 27% of generation by 2040 [1]. In the CPP study case, 
it stated the average growth of renewable energy to be around 5.3% per year from 2015-2040 [1].  
 
Storage systems can be used in a larger scale such as wind/solar facilities, or in a smaller scale 
such as a neighborhood scale. The most mature storage systems that have been known for 
decades are pumped hydro and thermal storage [3]. Other storage technologies, that would be 
discussed later in this thesis, are still considered developing technologies in terms of economic 
growth and technical functionality when it gets to power grid scale such as flywheels and 
batteries [3].  Storage system is an important factor for renewable energy and electric power grid. 
Energy storage systems can play a major role on emergencies as it stabilizes the grid for backups 
from blackouts or for other reasons. Each of the different storage systems can be used for 
multiple applications, such as [4]:  

• Energy management, 
• Backup power, 
• Load leveling, 
• Frequency regulation, 
• Voltage support, and 
• grid stabilization.  
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Also, it has to be noted that not every storage system is acceptable for the different applications, 
as each type would have its uses and benefits. This would bring the challenge of a portfolio 
planning and strategy. Other challenges that would be part of storage system future are cost of 
different storage system technologies, reliability and safety issues, standards or regulations of 
agencies and governments, and requirements of markets.   
 
There is a significant increase in the use of electricity around the world due to the increase of 
population and technology as well. Alternative energy is a must to be used and improve in order 
to keep friendly environment and meet demand. Researchers have been focusing on the 
renewable energy and storage systems to overcome this challenge. In the next 30 years, it’s 
estimated that the use of electricity will increase by 40% [5].  
 
Some of the challenges to develop a model that would minimize the cost include deciding the 
capacity increase of the renewable energy and storage system in a power grid, given the 
uncertainties of renewable outputs and the limitation of storage system. Therefore, the 
uncertainties and limitations of storage systems should be incorporated into the long-term 
planning of power system. For example, these storage limitations should be considered: capacity, 
discharge time, time scale, life cycle and cost.   
 
This research is aiming to develop a resilient power grid system, that ensures the delivery of 
power to consumers while minimizing the cost of new technologies. A plan of a power grid 
expansion is going to be proposed with different type of renewable energies to meet the demand 
and minimize the cost of installation; as well as, a storage system that is considered to come up 
with an optimal solution of a resilient power grid. Existing resources are considered in this 
research, and the installations of new technologies are validated in an existing utility company. 
Moreover, this research tries to provide a suggestion of when coal facilities should be eliminated 
from the power supply. Also, numerical experiments are performed to validate our models and 
provide suggestions.  
 

1.1 Storage systems   
Storage systems as it sounds, it keeps energies that are produced at this moment for use at a later 
time. Some of these storage systems can hold the energy for a short term and other for a longer 
term. As the consumption of electricity has increased around the globe, researchers in this field 
have been focusing on how to use renewable energy (wind, solar, etc.) more efficiently by using 
some energy storage techniques, such as pumped hydro storage, compressed air energy storage, 
hydrogen storage coupled with fuel cells, flow batteries, and etc. [6]. 
  
Hydrogen storage is often used to store energy for wind power, and etc. It has one of the highest 
energy production cost compared to other storages [6]. But it has to be noted that the cost of 
hydrogen storage is not affected by the increase of energy autonomy, unlike other storage system 
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that it was compared with, such as Lead Acid, Sodium Sulfur battery (Na-s), and flow battery 
technology (Regenesys). Also, one of the disadvantages of hydrogen is its low energy storage per 
unit volume.  
 
Sodium Sulfur battery storage has high rates of energy density, and it is often used for large-
scale applications [6]. And it has one of the lowest production cost compared to other methods. 
Na-s supports renewable energy sources, such as wind power and solar generation.  
 
Flow battery technology is used for large applications, for example, a large industry facility. Due 
to the further investigations with this method, it is rough to predict its practicality [6]. But, it has 
a high potential for the storage system market. Some of the advantages include a long cycle-life, 
and no harmful emission. 
 
Compressed air energy storage requires a large area storage facility due to the low storage 
density [7]. This method is used for a wide range of applications, such as balancing energy in 
terms of demand and supply, integration of renewable energy, and etc.  

Pumping-up power generation is often used to balance the load of electricity usage. During the 
peak time of the usage of electricity, water is released to generate electricity. And according to 
the Electrical Power institute, pumping-up power generation is the largest capacity of grid energy 
storage and it’s used for large systems [7].  

Flywheel energy storage (FES) tends to have a long-life cycle. FES also has high density and 
high power output compared to other methods to store power [7]. There are various applications 
that FES could be applied to; such as, transportations, uninterruptible power supplies, aircraft 
launching system, and etc. One of the main advantages of FES is that it cannot be affected by 
climate or temperature changes.  

Thermal energy storage is a technology that would hold energy for a later use. It has three 
different types, which are sensible, thermochemical, and latent [8]. Some researchers have 
preferred to use latent heat thermal energy storage system due to the high-energy system capacity 
[8]. The different applications that this method could be applied to are commercial buildings, 
small towns, district, and etc.  

A general comparison of different storage systems is shown in Table1.1, and it shows some 
advantages and disadvantages of each type (see [4] for more details).  
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Table 1.1: General Comparison of Different Storage Systems 
Storage system Advantages Disadvantages 

Compressed 
Air Energy 
Storage  

• Well known method, since 1970s 
• No dispose of waste chemicals  
• Fast to release energy 

• Limited on location 
• Lower response compared to 

batteries  

Lithium-ion  
• High energy density  
• Long life cycle  
• High charge/discharge efficiency  

• Expensive  
• Sensitive to temperature  

Pumped hydro • High ramp rate  
• Cost effective  

• Specific locations 
• High project cost  

Lead-acid 
• Low cost  
• Good life-cycle  
• Can be recycled  

• Limited depth of discharge 
• Low density  

Flywheel 
• Long life-cycle 
• No harmful emission 
• High peak power  

• Rotor strength limitation 
• Limited energy storage time 

 

In terms of capacity, storage capacity, installed cost, energy cost, and technology development 
for different energy storage systems are shown in Table 1.2 (see [9] for more details). 

Table 1.2: Comparison of Different Storage Systems  

Storage system Capacity Storage 
Capacity 

Installed 
Cost $/kW 

Energy Cost 
$/kWh 

Technology 
Development 

Compressed 
Air Energy 

Storage 

100 MW to 
500 MW 

150 MWh to 
750 MWh 

$1,000 to 
$2,000 /kW 

$150 to 
$300/kWh 

Commercial 

Lithium-ion Less than 
1MW 

0.1 MWh to 
0.5 MWh 

$3,500 to 
$4,500 /kW 

$1,100 to 
$1,300/kWh 

Deployment 

Pumped hydro 250 MW to 
2,000 MW 

1,500 MWh to 
20 GWh 

$5,000 to 
$8,000 /kW 

$150 to $250 
/kWh 

Mature 

Lead-acid 
Less than 

1MW 
0.1 MWh to 1 

MWh 
$4,500 to 

$7,000 /kW 
$700 to $900 

/kWh 
Commercial 

Flywheel Less than 
20MW 

Less than 5 
MWh 

$2,000 to 
$5,500 /kW 

$4,000 to 
$5,000 /kWh 

Deployment 

 

Future energy storage cost is expected to decrease within the next five years [10]. Also, there is 
going to be an increase in demand for storage systems by industry, which is one of the reasons 
that storage system technologies prices will decrease.  
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According to a report from the US Department of energy, a total of 24.6 GW of storage systems 
were deployed as of August 2013 in different locations of the United States. Various 
technologies were used such as, pumped hydro, different batteries, compressed air, flywheel, 
thermal storage, and etc., the Figures 1.1-1.2 explain in detailed about those different projects. 
 
  

 

 
 

A project in Minnesota was funded to support 11MW wind facility with 1 MW sodium-sulfur 
battery [11]. It was found on this project that each 1MW generated by wind, would require 
storage with 0.2-0.4MW capacity [11]. But this storage system would support the variability of 
the wind output. One of the utilities companies in Michigan planned to install a small scale 
lithium-ion battery storage system in different neighborhood [12]. They deployed 20 different 
lithium-ion battery units, and each unit has a maximum output of 25kW [12]. All the units are 
equivalent of half MW, which would help decrease the stress at times of peak demand. Nickel-
cadmium batteries project was implanted in Alaska for emergency power [12]. The project 
consisted of 14,000 individual nickel-cadmium batteries that would have a total of 26MW 
capacity for 15 minutes, and about 40MW for 7 minutes [12].   
 

1.2 Renewable energy and standards 
Renewable resources are the energy that is obtained by natural resources, such as wind, sunlight, 
water, and etc. Three resources that are commonly used are wind, solar, and biomass. Utility 
companies such as Tucson Electric Power (TEP) are required by federal laws to follow their 

95%

5%

Pumped	hydro,	23.4GW Others,	1.2	GW

Figure 1.1: Percentage of Different Type 
of Energy Storage Systems in the United 
States  
 

Figure 1.2: Percentage of Different Type of 
Energy Storage Systems in the United States  
 

36%

35%

26%

3%

The	other	5%

Thermal	Storage,	431MW	 Compressed	air,	423MW

Batteries,	304MW Flywheel,	40MW
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standards of renewable energy integration. Some of those upgrading laws that TEP has to follow 
are stated as:  

• US Environmental Protection Agency (EPA) has a goal of reducing CO2 emission by 
25% in 2025, and 30% by 2030 based on 2005 CO2 emission [13]. 

• Arizona Renewable Energy Standard and Tariff (AZ REST) stated a rule that by 2025 
shall have 15% of their retail generated energy should be generated by renewable energy 
resources, and 4.5% of total retail sales shall be generated by distributed renewable 
resources [14]. 

• Electric Energy Efficiency Standards has a requirement that the total savings of energy 
should increase from 1.25% in 2011 to 22% in 2020 [15] 

• North American Electric Reliability Corporation (NERC) Transmission Planning 
Standard (TPL-001-0.1, TPL-002-0b, TPL-003-0b, TPL-004-0a) this would make certain 
of power systems planning and operation process. [16] 

1.2.1 Arizona renewable energy standards  
As mentioned previously, TEP and other utility companies in Arizona have to follow federal 
laws and regulations. One of those major standards is AZ REST (see [14] for detailed standards), 
and their major rules is as follow:  

• One-half of renewable energy distribution shall be from residential, and the other one-
half shall be from non-residential; 

• Utilities companies could charge a tariff to consumers to recover the cost that’s 
associated with applying the renewable energy standards;  

• By 2025 utilities shall have 15% of their retail generated energy should be generated by 
renewable energy resources; 

• And 4.5% of total retail sales shall be generated by distributed renewable resources 
 
With detailed requirements for the annual renewable energy for utility, Table 1.3 illustrates those 
requirements.   

1.2.2 Clean power plan by EPA 
US Environmental Protection Agency (EPA) Clean Power Plan (CPP) has a goal of reducing 
CO2 emission by 25% in 2025, and 30% by 2030 based on 2005 CO2 (see [13]). The milestone 
plans to reduce emissions by US is stated in details in Table 1.4.  
 
Moreover, Arizona’s goals for rate-based and mass-based emission performance are shown in 
Tables 1.5-1.6. 
 
 
 
 
 



 14 

Table 1.3: Annual Renewable Energy and Distributed Energy Requirement 

Year Renewable Energy 
Standard 

Distributed Renewables 
Requirement 

2006 1.25% 
 

2007 1.5% 5% 
2008 1.75% 10% 
2009 2.00% 15% 
2010 2.50% 20% 
2011 3.00% 25% 
2012 3.50% 30% 
2013 4.00% 30% 
2014 4.50% 30% 
2015 5.00% 30% 
2016 6.00% 30% 
2017 7.00% 30% 
2018 8.00% 30% 
2019 9.00% 30% 
2020 10.00% 30% 
2021 11.00% 30% 
2022 12.00% 30% 
2023 13.00% 30% 
2024 14.00% 30% 
2025 15.00% 30% 

 
Table 1.4: Summary of CO2 Reduction Plan for US 

 CO2 (millions short tons) 
2020 Final Guidelines  
Base Case 2,155 
Final Guidelines 2,085 
Emissions Reductions 69 
2025 Final Guidelines  
Base Case 2,165 
Final Guidelines 1,933 
Emissions Reductions 232 
2030 Final Guidelines  
Base Case 2,227 
Final Guidelines 1,812 
Emissions Reductions 415 

 



 15 

Table 1.5: Summary of Rate-based Emission Performance 
Time line lbs/MWh 
2020-2024 1,263 
2025-2027 1,149 
2028-2029 1,074 
2030 1,031 

 
Table 1.6: Summary of Mass-based Emission Performance 

Time line Tons 
2020-2024 35,189,232 
2025-2027 32,371,942 
2028-2029 30,906,226 
2030 30,170,750 

 

1.2.3 Electric energy efficiency standards 
Electric Energy Efficiency Standards has a requirement that the total savings of energy should 
increase from 1.25% in 2011 to 22% in 2020 in Arizona (see [15]). Table 1.7 shows the annual 
requirements of saving energy for each year and the cumulative savings of each year as well.  
 

Table 1.7: Annual Energy Saving [15] 

Year 
Annual Energy Savings in Each Calendar Year as a 

Percent of the Retail Energy Sales in the Prior 
Calendar Year 

Cumulative 
Energy 
Savings 

2011 1.25% 1.25% 
2012 1.75% 3.00% 
2013 2.00% 5.00% 
2014 2.25% 7.25% 
2015 2.25% 9.50% 
2016 2.50% 12.00% 
2017 2.50% 14.50% 
2018 2.50% 17.00% 
2019 2.50% 19.50% 
2020 2.50% 22.00% 

 

1.3 Literature review  
The paper on [17] discusses a power-balance for a power grid with one conventional generator 
and multiple renewable energy sites that is co-located with a storage system for each site, and it 
is connected with external markets. The paper [17] formulated a stochastic model that takes the 
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considerations of the following design matters: supply management, demand management, 
storage management, uncertainty of renewables, real-time algorithms, and distributed algorithms. 
One of the main contributions of this paper [17] is that it shows the optimality of their algorithms 
even with small energy storage. It also shows that the solution is optimal as the energy storage 
increases and the conventional energy decreases.  
 
Phase-balancing is one of the main issues for power grids. The paper on [18] discusses phase 
balance with the integration of energy storage systems in a power grid. One of the main focus on 
this paper [18] is the imbalance among phases, and how to incorporate energy storage system to 
reduce such a thing. So, a stochastic model is formulated for phase balancing that consider the 
following [18]: system uncertainty, storage characteristic, and power network constraints. Two 
different storages are considered in [18], one of them is an ideal storage and the other non-ideal. 
So, the ideal storage system losses are not considered, and the system performance is evaluated 
accordingly [18]. Whereas, the non-ideal system does not have perfect charging/discharging 
efficiency, and the performance is evaluated for this system accordingly [18]. Through 
algorithms that are used by [18], one of the main findings is that evenly distributed storages over 
different phases would give the best performance [18]. 
 
The paper [19] discusses contingency analysis of a power system. The importance of this topic is 
due to the increase use of electricity, and especially the renewable energy. With the increasing 
use of electricity, it would go beyond the increase of system capacity growth leading to system 
failures and blackouts. The goal is to minimize the blackouts, and this goal would lead to an 
economic cost. So in the planning phase, the cost of the blackout shall be considered comparing 
it with the cost of actually minimizing the blackout. According to the North American Electric 
Reliability Corporation (NERC) standards, if the system loses a single element, the system shall 
restore its stability with a limited loss-of-load, (. − 0) where 0 is simultaneous failures. The 
paper by [19] discusses the transmission and generation expansion planning (TGEP) including 
the problem that it has regarding its constraints. And the goal is to minimize the cost that would 
satisfy the contingency constraints. The criterion of (. − 2) was used, and it required at least a 
fraction of ( 1 − 45)  of the total demand must be satisfied [19]. Two cutting plane algorithms 
were proposed, one of which is Benders Decomposition (BD), and the other is implicit 
contingency screening (ICS). Those two methods were tested on IEEE 30-bus and IEEE 57-bus 
systems. ICS surpassed BD since it showed an optimal solution after a 30min, whereas BD failed 
to show an optimal solution even after 2 hours. The time between elements failing is not 
considered in the model, so in future models this could be applied to reflect the actual 
operational situation. Moreover, it is important to take stochastic problems into consideration, 
which was not done in the paper.  
 
The paper [20] discusses various papers regarding expansion planning, and work that has been 
done in the field of energy. It highlights different approaches for expansion, and evaluates some 
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papers weaknesses. Some of the optimization approaches regarding expansion planning that were 
discussed are linear programming, dynamic programming, and mixed integer programing [20]. 
Also, more optimization techniques were mentioned such as, brunch and bound, hierarchical, and 
Benders [20]. A stochastic programming approach was used in [21] to reduce vulnerability in an 
expansion model. Different scenarios were considered in this model based on previous analysis 
that were conducted on other researches [21].  
 
Storage systems help users to save money and less pollution for the environment. Previous 
researches have been conducted also to compare different batteries storage. The paper [22] 
discuses energy that supplies a telecommunication facility. The method used is to supply those 
facilities with Renewable Energy Source (RES) that would require an Energy Storage System 
(ESS). This paper discuses [22] two types of batteries that could be used for RES, and compares 
them in term of cost. The RES that could be used for a telecommunication facility are 
photovoltaic, and wind, which they are environmentally friendly. Telecommunication stations do 
not consume as much electricity, and so it would be expensive and not feasible to be connected 
to a bulk power distribution. This problem was resolved in the past by connecting them to a 
diesel generator, but this method isn’t friendly to the environment. So, RES is a must to be 
improved to be used for those types of facilities, and so this paper discusses the use of coupled 
microgrid systems. A robust mixed-integer linear program (RMILP) method is used to minimize 
the total cost of the RES including the uncertainties in the model. And it’s used for the two types 
of batteries that are used in this paper, which are valved-regulated lead-acid (VRLA), and 
lithium-ion(Li-ion). Since the paper discuses a mix of autonomous power systems, the capacity 
losses are considered in the model especially in the objective function to determine the optimal 
technology that would minimize the cost and satisfy the reliability.  
 
Storage system is an alternative method to store or deliver irregular generation of electricity by 
renewable energy to meet the desire demand. Paper [23] proposes a unit commitment with real-
time power balance where generic and ideal storage devices are considered including a 
renewable energy resources. Generic storage device is defined in [23] that any storage has the 
capability of storing and transferring energy. Whereas, ideal storage is defined as a general form 
of storage system, with less technical and economic considerations in its parameters [23]. For 
example, ideal storage system wouldn’t consider the loss of energy stored in batteries. More in 
depth definition of ideal storage system is in [23].  
 
Two models were presented by [23] for storage systems: a deterministic unit commitment model 
and a stochastic real time unit commitment. Both of these models were formulated as Mixed 
Integer Linear Programming (MILP). One of the findings in the models in [23] show that as the 
non-dispatchable resources increases, the reserve cost increases. Whereas, when a storage unit is 
included in the operation, the total cost of operation decreases. The study [23] suggests three 
findings, which are: storage systems reduce total cost of supplying energy; storage systems help 
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to level power generation profile; and storage systems accommodate uncertain demand in the 
system and renewable energy sources, and would serve as a reserve. 
 
A long-term model was conducted in [25] for a mix of wind energy and fossil energy. A parallel 
model was conducted to minimize cost for the long term [25]. Some of the advantages of the 
model in [25] is: reducing emission of the new mixture power plans with renewable energy, 
increasing the use of renewable energy and satisfy renewable energy standards, and solving the 
problem of the uncertainty of renewable energy by adding storage systems. 
 
A Monto Carlo simulation model was done in [26] to evaluate a system with large renewable 
energy sources. It was a long-term probabilistic model evaluating reserve requirements with 
renewable energy [26].  
 
The paper [27] discuss the development of portfolio energy consisting of renewable energy, 
storage system, and thermal generators. In [27] three different storages were considered and two 
types of renewable energy. The goal of this paper [27] is to minimize the investment of the grid 
that would install the renewable energy and storage systems. So, the optimization model was 
solved using scenario approximation based on historical data [27].  
 
Decentralized power grid with renewable energy and storage system is discussed in [28] in terms 
of planning. A joint optimization model was developed in [28] with the consideration of different 
chrematistics of energy storage system and different type of renewable energy; as well as, diesel 
generator as the conventional energy. One of the purposes of this paper is to help future planning 
on decentralized power grid, and policy makers on writing regulations regarding renewable 
energy and storage systems [28].  
 
This paper [29] talked about hybrid energy storage systems that consist of batteries, super 
conductors, and compressed air energy. The main contributions of [29] are: developed a linear 
programming for hybrid energy storage systems to find the optimal size of each storage, and 
evaluated the superconductors, and showed that it has similar performance as batteries.  
 
One of the findings in [29] is that having a single storage system is insufficient use of storage 
technologies as if it were using multiple resources as a hybrid energy storage system. Also, there 
were three keys factors that were considered to come up with the optimal hybrid energy storage 
systems, which were choice of storage technology, sizing, and charge/discharge rate [29].  
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2. Optimization Model for Expansion Planning 
 
The desired model is to minimize the total investment in a renewable energy plant that contains 
wind turbine, solar panels, and a battery storage system. The purpose of such a model is to show 
an optimal decision of capacity of each variable to meet the given demand and budget.  
A reliable power grid system is important to ensure the delivery of power to consumers while 
minimizing the cost of new technologies. A plan of a power grid expansion is going to be 
proposed with different types of renewable energies to meet the demand and minimize the cost 
of installation; as well as, storage systems installation that would be included to come up with an 
optimal solution of a reliable power grid. The NERC contingency criteria are also considered in 
the optimization model, such as line failures, generator failures, loss-of-load, and etc.  

Indices and Index sets 

 6: Set of buses (indexed by 7)  

 8: Different period of time (indexed by 9) 

 :: Set of generating units with resource coal (indexed by ;) 

 .: Set of generating units with resource natural gas (indexed by <) 

 =: Set of generating units with resource solar (indexed by >) 

 ?: Set of generating units with resource wind (indexed by @) 

 A: Set of storage facilities (batteries) (indexed by B) 

 C: Set of transmission elements (indexed by D) 

 7E, 5E: Tail/head (bus no.) of transmission element D = (7E, 5E) 

 A%: Set for capacity options of battery storage units (indexed by B%) 

 :F: Set of possible capacity options of natural gas generating units (indexed by cH) 

 :%: Set of possible capacity options of solar generating units (indexed by ;%) 

 :*: Set of possible capacity options of wind generating units (indexed by ;*) 

 

Decision Variables  
 IJ,$: generation output of coal facility ; during period 9 
 IF,$: generation output of natural gas facility < during period 9 
 I%,$: generation output of solar facility > during period 9 
 I*,$: generation output of wind facility @ during period 9 
 IK,$: charging/discharging amount of unit B during period 9 
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 LE,$: power flow for transmission element D during period 9 
 MJ,$ : binary variable that is 1 if coal generating unit ; is added during period 9, and 

0 otherwise 
 MF,$,NO : binary variable that is 1 if natural gas generating unit < is added during 

period 9 with option capacity ;F, and 0 otherwise 
 M%,$,JP : binary variable that is 1 if solar generating unit ; is added during period 9 

with option capacity ;%, and 0 otherwise 

 
 M*,$,JQ : binary variable that is 1 if wind generating unit @ is added during period	9 

with option capacity ;*, and 0 otherwise 

 
 RK,$,KS		 : binary variable that is 1 if battery storage B is added during period 9 with 

option capacity B%, and 0 otherwise 
 TE,$ : binary variable that is 1 if transmission element D is added during period 9, 

and 0 otherwise 
 

Parameters 
 U",$: load demand at bus 7 during period 9 
 UV$: load demand from renewable resources during period 9 that shoule be met 

through AZ REST standards 
 :J,$: maximum value of the capacity of the coal generating unit ; during period 9 

 
 

 .F,$,JW: maximum value of the capacity of the natural gas generating unit < during 
period t with option capacity ;F  
  =%,$,JP
XYZ: maximum capacity of solar of generating unit > option capacity of c[ 

during period 9  
  ?*,$,JQ

XYZ : maximum capacity of wind of generating unit @ option capacity of c\  
during period 9  
  AE: electrical susceptence of transmission element D 

 ]": phase angle of bus 7  
  LE,$: actual value of capacity in element D during time 9 
  IK,$,KP
XYZ : maximum charging rate during period 9 

  	IK,$,KP
X"F : maximum discharging rate of battery B during period t 

  ^J_: charging efficiency of the battery (%) 
 ^`"%: discharging efficiency of the battery (%) 
 

2.1 Basic model for planning 
For bus 7 ∈ 6 in year 9 ∈ 8, the forecasted demand U",$ should be satisfied from all its generator 
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resources, including coal (IJ,$), natural gas (IF,$), solar (I%,$), wind (I*,$), and storage systems 
(IK,$). By considering the inflows and outflows of this bus (LE,$), the flow balance constraint is 
expressed as follows:  

																		 IJ,$
"bc";	J∈e

+ IF,$
"Wc";	F∈g

+ I%,$
"Pc";%∈h

+ I*,$
"Qc";*∈i

+ IK,$
"jc";K∈k

+ LE,$
lmc"

− LE,$
"mc"

= U",$,							∀7 ∈ 6, ∀9 ∈ 8 
(2.1) 

where 7J is the bus that the coal generating unit ; is connected to, and 7F, 7%, 7*, 7K are the 
corresponding buses that natural gas, solar, wind and battery are connected to, respectively.  
 
In order to satisfy the AZ REST requirements, for each year, the fraction of the demand from 
renewable resources should be satisfied by: 

																		 IJ,$
"bc";	J∈e

+ IF,$
"Wc";	F∈g

+ I%,$
"Pc";%∈h

+ I*,$
"Qc";*∈i

+ IK,$
"jc";K∈k

+ LE,$
lmc"

− LE,$
"mc"

≥ UV$,							∀7 ∈ 6, 9 ∈ 8 
 

For each transmission element D ∈ C, the Kirchhoff’s current law must be enforced: 
AE ]"E − ]lE TE,$ − LE,$ = 0,								∀D ∈ C, ∀	9 ∈ 8 

   
(2.2) 

Where the binary decision variable TE,$ to indicate that whether transmission element should be 
built in year 9 or not. For an existing transmission element, we assume that TE,p = 1, and also 
TE,p = 1 for all 9 ∈ 8. Once the element is built, it should be functional, and this is limited by:  

TE,$ ≤ TE,$rp,							9 = 1,2, . . . , 8 − 1 
     

(2.3) 
The capacity requirements for each transmission line can be expressed by: 

−tE,$TE,$ ≤ LE,$ ≤ tE,$TE,$,							∀9 ∈ 8, ∀D ∈ C 
 

(2.4) 
  
where tE,$ is the actual value of capacity in element D during time slot 9.  
 
For each coal generator ; ∈ :, it has existing generation capacity :J,$ (This number is usually a 
constant across all time periods; but if the utility company decides to change its shared amount of 
certain generators, the capacity will be different in different time periods). Let MJ,$denote 
whether generator ; ∈ : is retired in time period 9 ∈ 8(MJ,$ = 0) or not (MJ,$ = 1). Thus real 
power output is limited by this capacity:  

0 ≤ IJ,$ ≤ :J,$MJ,$,										∀9 ∈ 8, ; ∈ :	 (2.5) 

Initially, MJ,$cp = 1 for all ; ∈ :. Once the coal generator is retired, it would be dysfunctional in 
the following time periods, which is implied by:  

MJ,$ 	≥ MJ,$rp,																												9 = 1,2, . . . , 8 − 1, ∀; ∈ : (2.6) 
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For natural gas generators, new facilities will be added. Let set . denote the existing gas 
generators and potential new generators to be added. For every generator < ∈ ., if it is an 
existing one (MF,$,JW=1), the capacity .F,$,JW is a fixed value with the option capacity of :F; if it is 
a one to be decided. And inequality (2.8) is used to the constraint force that only one option 
capacity can be chosen out of all ;F ∈ :F.  

0 ≤ IF,$ ≤ .F,$,JW
JW∈eW

MF,$,JW,																∀9 ∈ 8, ∀< ∈ . (2.7) 

MF,$,JW
JW∈eW

≤ 1,																																									∀9 ∈ 8, ∀< ∈ . (2.8) 

 
where the binary decision variable MF,$,JW indicates whether a natural gas generator should be 
built in year 9 or not. For existed gas generators, we assume that MF,$,JW = 1 for all 9 ∈ 8. Once 
the generator is built, it should be functional, and this is limited by:  

MF,$,JW ≤ MF,$rp,JW,																			9 = 1,2, . . . , 8 − 1, ∀< ∈ ., ∀;F ∈ :F 
             

(2.9) 

2.2 Storage constraints 
Battery storage system needs to be defined in terms of capacity and charging/discharge rates. Let 
A denote the existing storage systems and potential new storages to be added. For every storage 
B ∈ A, if it is an existing one (RK,$,KP = 1), the capacity IK,$,KP

XYZ 	u<v		IK,$,KP
X"F 	are fixed values with 

option capacity of  B%; if it is a one to be decided. And inequality (2.12) is used to force the 
constraint that only one option capacity can be chosen out of all B% ∈ A%. The following 
constraints define the upper and lower bound of the electricity that is charged to the battery.  

		IK,$,KP
X"F

KP∈kP

. RK,$,KP. ^J_ 	≤ IK,$ ≤ 	 IK,$,KP
XYZ

KP∈kP

. RK,$,KP	. ^`"%,

		IK,$,KP
X"F

KP∈kP

< 0 < IK,$,KP
XYZ

KP∈kP

	 , ∀9 ∈ 8, ∀B ∈ A 

  

(2.10) 

RK,$,KP ≤ RK,$rp,KP,																			9 = 1,2, . . . , 8 − 1, ∀B ∈ A, ∀B% ∈ A% (2.11) 

RK,$,KP
KP∈kP

≤ 1	,																																								∀9 ∈ 8, ∀B ∈ A, ∀B% ∈ A% 
(2.12) 

where IK,$,KP
X"F 		and IK,$,KP

XYZ  represents the maximum charging and discharging rate, respectively. In 
addition, IK,$,KP

X"F  has to be less than 0, and it is shown in inequality (2.10), which means that when 
the value is negative, then the battery is charging. Moreover, IK,$,KP

XYZ  has to be greater than 0, 
which is shown in (2.10), and this means that the battery is discharging. The variables ^J_ and 
^`"% represent charging and discharging efficiency of the battery, respectively, and it’s a 
percentage of the allowable state that it can reach at minimum or maximum.  
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2.3 Renewable energy constraints 
For solar generators, new facilities will be added. Let set = denote the existing solar generators 
and potential new solar generators to be added. For every solar generator > ∈ =, if it is an 
existing one (M%,$,JP=1), the capacity =%,$,JP

XYZ is a fixed value with the option capacity of :%; if it is a 
one to be decided. And inequality (2.14) is used to force the constraint that only one option 
capacity can be chosen out of all ;% ∈ :%.  

0 ≤ I%,$ ≤ =%,$,JP
XYZ

JP∈eP

. M%,$,JP,			∀9 ∈ 8, ∀> ∈ = (2.13) 

M%,$,JP
JP∈eP

≤ 1,																			∀9 ∈ 8, ∀> ∈ =, ∀;% ∈ :% 
(2.14) 

M%,$,JP ≤ M%,$rp,JP	 ,											∀9 ∈ 8, ∀> ∈ = 
      

(2.15) 

Inequality (2.15) represents that the next period has to be greater than or equal to the current 
period in terms of solar facilities, so this would decide whether or not to add new facilities.  
 
For wind generators, new facilities will be added. Let set ? denote the existing wind generators 
and potential new wind generators to be added. For every wind generator @ ∈ ?, if it is an 
existing one (M*,$,JQ=1), the capacity ?*,$,JQ

XYZ  is a fixed value with the option capacity of ;*; if it 
is a one to be decided. And inequality (2.17) is used to force the constraint that only one option 
capacity can be chosen out of all ;% ∈ :%.  

0 ≤ I*,$ ≤ ?*,$,JQ
XYZ

JQ∈eQ

. M*,$,JQ,				∀9 ∈ 8, ∀	@ ∈ ? (2.16) 

M*,$,JQ
JQ∈eQ

≤ 1,																																	∀9 ∈ 8, ∀@ ∈ ?,∀;* ∈ :* (2.17) 

M*,$ ≤ M*,$rp	,								∀9 ∈ 8, ∀	@ ∈ ? (2.18) 

Inequality (2.18) represents that the next period has to be greater than or equal the current period 
in terms of wind facilities, so this would decide whether or not to add new facilities.  
 
2.3.1 Robust formulation 
In above formulations (2.13) and (2.16), the generation amounts from renewable sources (solar 
and wind) are limited by its capacity. However, depending on the weather situations, in most 
time periods, the output amount cannot achieve their respective capacity.  

In order to model uncertainties, a couple of variables need to be introduced. Let I%,$ and  I*,$ be 
the nominal value in the interval [I%,$−I%,$, I%,$+I%,$] and [I*,$−I*,$, I*,$+I*,$]. Where,  I%,$ 
and I%,$ are the mean value coefficients, andI%,$ and  I*,$ are the range. Moreover, each entry of 
I%,$ and  I*,$ are modeled independently as an 9 ∈ 8, where 8 = {1, . . , 9}. I%,$ and  I*,$ are 
symmetric and bounded random variables with unknown distributions. Also, it is safe to say that 
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I%,$ and  I*,$ can equal 0, and the assumption made on this distribution that the coefficient I%,$ 
and  I*,$ are symmetric. And, Γ",$%  and Γ",$* are the budget of uncertainty to control conservatism 
of the interval [I%,$−I%,$, I%,$+I%,$] and [I*,$−I*,$, I*,$+I*,$]. And, Γ",$%  and Γ",$* take values 
over interval [0, = ] and [0, ? ]. Where |",$% ={>: I%,$ > 0}and |",$*={@:I*,$ > 0}. If Γ",$% = 0 and 
Γ",$
* = 0, then no deviation from the nominal value of uncertain parameters are considered. On 

the other hand, if Γ",$% =|S| and Γ",$*=|W|, full deviation are considered. The following is a robust 
counterpart of equation (2.1): 
 

IJ,$
"bc";	J∈e

+ IF,$
"Wc";	F∈g

+ I%,$
"Pc";%∈h

+ { I%,$
"P∈",%∈h∩ÄÅ,Ç

P
{ÄÅ,Ç

P ∪{ÑÅ,Ç
P }|ÄÅ,Ç

P ÜáÅ,Ç
P ,ÄÅ,Ç

P Ü àÅ,Ç
P ,ÑÅ,Ç

P ∈áÅ,Ç
P \ÄÅ,Ç

P }
ä"F																														

+ Γ",$
% − Γ",$

% IÑÅ,Ç
P } + I*,$

"Qc";*∈i

+ { I*,$
"Q∈",*∈i∩ÄÅ,Ç

Q
{ÄÅ,Ç

Q∪{ÑÅ,Ç
Q}|ÄÅ,Ç

QÜáÅ,Ç
Q ,ÄÅ,Ç

QÜ àÅ,Ç
Q ,ÑÅ,Ç

Q∈áÅ,Ç
Q\ÄÅ,Ç

Q}
ä"F																														

+ Γ",$
* − Γ",$

* IÑÅ,Ç
Q } + IK,$

"jc";K∈k

+ LE,$
lmc"

− LE,$
"mc"

≥ U",$	,																																							∀7 ∈ 6, 9 ∈ 8 
 

(2.19) 

The constraints on equation (2.19) have to be linearized, and in order to do so, and it’s defined as 
follows: 

ã",$
% = { I%,$

"P∈",%∈h∩ÄÅ,Ç
P

{ÄÅ,Ç
P ∪{ÑÅ,Ç

P }|ÄÅ,Ç
P ÜáÅ,Ç

P ,ÄÅ,Ç
P Ü àÅ,Ç

P ,ÑÅ,Ç
P ∈áÅ,Ç

P \ÄÅ,Ç
P }

ä"F																														 + Γ",$
% − Γ",$

% IÑÅ,Ç
P } (2.19a) 

ã",$
* = { I*,$

"Q∈",*∈i∩ÄÅ,Ç
Q

{ÄÅ,Ç
Q∪{ÑÅ,Ç

Q}|ÄÅ,Ç
QÜáÅ,Ç

Q ,ÄÅ,Ç
QÜ àÅ,Ç

Q ,ÑÅ,Ç
Q∈áÅ,Ç

Q\ÄÅ,Ç
Q}

ä"F																														 + Γ",$
* − Γ",$

* IÑÅ,Ç
Q } 

 

(2.19b) 

Equations (2.19a) and (2.19b) are equal to the following, respectively, more detailed of this 
conversation is shown in [24]: 

ã",$
% = å7<	 I%,$

"Pc";%∈h

T%,$ 

>çB5D;9	9é	 

T%,$
"Pc";%∈h

≤ Γ",$
% ,			∀7, 9 

	0 ≤ T%,$ ≤ 1,						∀9 ∈ 8, ∀	> ∈ =, 7% = 7				 	
 

   
   
 
 
 

 

 

(2.19c) 
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ã",$
* = å7<	 I*,$

"Qc";*∈i

T*,$ 

>çB5D;9	9é	 

T*,$
"Qc";*∈i

≤ Γ",$
*,			∀7, 9			 

0 ≤ T*,$ ≤ 1,							∀	9 ∈ 8, ∀	@ ∈ ?,∀	7* = 7 
      

 
     

 

 

(2.19d) 

Next, converting equations (2.19c) and (2.19d), respectively, to dual as follows: 
 

ã",$
% = åuM	 è%,$

"Pc";%∈h

+ T",$
% Γ",$

%  

>çB5D;9	9é	 
T",$
% + p%,$ ≤ I%,$,					∀9 ∈ 8, ∀> ∈ =, 7% = 7	 
è%,$ ≤ 0	,					∀9 ∈ 8, ∀> ∈ =, 7% = 7				 
T",$
% ≤ 0,						∀9 ∈ 8, ∀> ∈ =, 7% = 7 

  	

 
 

	

 
    
 

 

 

(2.19e) 

 

ã",$
* = åuM	 è*,$

"Qc";*∈i

+ T",$
*Γ",$

* 

>çB5D;9	9é	 
T",$
* + p*,$ ≤ I*,$	,				∀9 ∈ 8, ∀@ ∈ ?, 7* = 7	 
è*,$ ≤ 0,					∀9 ∈ 8, ∀@ ∈ ?, 7* = 7	 
T",$
* ≤ 0,				∀9 ∈ 8, ∀@ ∈ ?, 7* = 7 

(2.19f) 

The output of wind and solar are considered to have uncertainties. And for this reason, robust 
constraints are added to the model to provide full control of the degree of conservatism for each 
uncertain parameter [22].  
Since most of the uncertain parameters appear in power balance (2.1), its robust form is as 
follows:  

IJ,$
"bc";	J∈e

+ IF,$
"Wc";	F∈g

+ I%,$
"Pc";%∈h

+ è%,$
"Pc";%∈h

+ T",$
% Γ",$

%

+ I*,$
"Qc";*∈i

+ è*,$
"Qc";*∈i

+ T",$
*Γ",$

* + IK,$
"jc";K∈k

+ LE,$
lmc"

− LE,$
"mc"

≥ U",$,								∀7 ∈ 6, ∀9 ∈ 8	 

(2.20) 

Where è%,$ is the dual variable of constraint (2.13), and T",$%  is used to obtained a linear 
expression. Those variables are being used to model the uncertainty of solar output, and they are 
negative values. Also, they are controlled by the uncertainty value of Γ",$%  ranging from 0 (the 
most optimistic case), to 1 (the worst case). Moreover, è*,$ is the dual variable of constraint 
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(2.16), and T",$*  is used to obtained a linear expression. Those variables are being used to model 
the uncertainty of wind output, and they are negative values. Also, they are controlled by the 
uncertainty value of Γ",$* ranging from 0 (the most optimistic case), to 1 (the worst case). For 
those uncertainties ranges to be considered, the constraints below are added.  
 

T",$
% + p%,$ ≤ =%,$,JP

XYZ − =%,$,JP
X"F 	

  
(2.21) 

T",$
* + p*,$ ≤ ?*,$,JQ

XYZ −?*,$,JQ
X"F  (2.22) 

è%,$ ≤ 0					∀9 ∈ 8, ∀> ∈ = 
   

(2.23) 
T",$
% ≤ 0,					∀> ∈ = (2.24) 

è*,$ ≤ 0,					∀9 ∈ 8, ∀@ ∈ ? 
    

(2.25) 
T",$
* ≤ 0,					∀@ ∈ ? (2.26) 

Inequalities (2.21)-(2.26) are forcing the auxiliary variables to take values of the uncertainties. 
So, for the solar case in (2.21). If Γ",$%  is equal to 0, then variable è%,$ is zero as the value of the 
uncertainty range would be assigned to T",$% . Moreover, since T",$%  is multiplied by Γ",$%   in (2.20), 
then it would force the equation to be like the original equation in (2.1). However, if Γ",$%  is equal 
to 1, then variable è%,$ and T",$%  will force an increase. Also, those are valid assumptions for the 
wind case on (2.22).  

2.4 Objective function 
The objective function is to minimize the total investment in a power grid expansion including 
natural gas facilities, battery storage system, solar, wind, and transmission lines.  

å7<	 2JW. MF,$,JW
$∈ë;	JW∈eW

+ 2JP. M%,$,JP
$∈ë;	JP∈eP

+ 2JQ. M*,$,JQ
$∈ë;	JQ∈eQ

+ 2KP. RK,$,KP
$∈ë;	KP∈kP

+ 2E. TE,$
$∈ë;	E∈í

 

 

(2.27) 

Where: 
• 2JW is the cost of option capacity ;F ∈ :F, and it is accounted for when MF,$,JW = 1 or 

zero otherwise across all time period 9 ∈ 8.  
• 2JP is the cost of option capacity ;% ∈ :%, and it is accounted for when M%,$,JP = 1 or zero 

otherwise across all time period 9 ∈ 8.  
• 2JQ is the cost of option capacity ;* ∈ :*, and it is accounted for when M*,$,JQ = 1 or 

zero otherwise across all time period 9 ∈ 8.  
• 2KP is the cost of option capacity B% ∈ A%, and it is accounted for when RK,$,KP = 1 or zero 

otherwise across all time period 9 ∈ 8.  
• 2E is the cost of transmission element D ∈ C, and it is accounted for when TE,$ = 1 or 

zero otherwise across all time period 9 ∈ 8.  
 
All cost parameters are calculated using Table 3.6 from Section 3.4.  
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3. Numerical Experiments 
 

In this section, we use the publicly available data from two reports [9] and [10] that were 
prepared by the local utility company Tucson Electric Power (TEP). The generation output of 
facilities such as, coal, natural gas, solar, battery storage, and wind are considered to be decision 
variables that would be tested to come up with optimal solution that minimize the total 
investment cost on expansion and meet the demand.  
 
3.1 Setting of parameters 
 

• Coal  
The maximum output of coal facilities is defined by the parameter :J,$  for all generators ; ∈ :. 
Table 3.1 defines the maximum capacity of existing facilities that are owned by the utility 
company from 9 = 1(represerting 2016). The utility company has a share of those facilities (see 
[10] for more details, Pg. 34), and their annual report highlights those facilities.   
 

Table 3.1: Coal Facilities  
Capacity (MW) Facility 

Number (index c) 
t=1 

Four Corners 1 110 
Navajo 2 168 
San Juan 3 340 
Springerville 4 598 
Total  1216 

 
• Natural Gas 

The maximum output of natural gas facilities is defined by the parameter .F,$,JW for all 
generators < ∈ . and capacities ;F ∈ :F. Table 3.2 defines the maximum capacity of existing 
facilities that are owned by the utility company as of 2016. The period that is considered in the 
model is from 9 = 1(represerting 2016). The utility company has a share of those facilities (see 
[10] for more details, Pg. 35), and their annual report highlights those facilities.   
 

• Solar  
The maximum output of solar facilities is defined by the parameter =%,$,JP

XYZ for all generators > ∈ = 
and capacities ;% ∈ :%. Table 3.3 defines the maximum capacity of existing facilities that are 
owned by the utility company as of 9 = 2016. The period that is considered in the model is from 
9 = 1(represerting 2016) to 9 = 15(represrting 2030). The utility company solar resources are 
highlighted in their annual report (see [10] for more details, Pg. 37).  
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Table 3.2: Natural Gas Facilities 
Capacity (MW) Facility 

Number (index î) 
t=1 

Sundt 1-4 1 422 
Luna Energy Facility 2 185 
Gilla River Power 
Station 

3 374 

DeMoss Petrie CT 4 75 
North Loop CT 1-4 5 95 
Sundt CT 1-2 6 49 
Total  1200 
 

Table 3.3: Solar Facilities 
Solar Locations Facilities indexed by (ï) Capacity (MW) 
Springerville 1 6.4 
Solon UASTP III 2 5 
Gato	Montes	 3 6 
Solon	Prairie	Fire		 4 5 
TEP	Warehouse	 5 0.5 
Ft	Huachuca	I	 6 17.2 
Ft	Huachuca	II	 7 5 
Community	Solar	 8 5 
Solon	UASTP	I	 9 1.6 
E.On	UASTP	 10 6.6 
FRV	Picture	Rocks	 11 25 
NRG	Solar	Avra	Valley	 12 35 
E.On/TEP	Valencia	 13 13.2 
Avalon	Solar	I		 14 35 
Red	Horse	Solar	 15 51.25 
Avalor	Solar	II	 16 21.53 
Amonix	UASTP	II	 17 2 
Cogenera	 18 1.38 
Areva	Solar		 19 5 
Total  247.66 
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• Wind 
The maximum output of wind facilities is defined by the parameter ?*,$,JQ

XYZ  for all generators 
@ ∈ ? and capacities ;* ∈ :*. Table 3.4 defines the maximum capacity of existing facilities 
that are owned by the utility company as of 9 = 2016. The period that is considered in the model 
is from 9 = 1(representing 2016) to 9 = 15(representing 2030). The utility company wind 
resources are highlighted in their annual report (see [10] for more details, Pg. 37). 
 

Table 3.4: Wind Facilities  
Wind Locations Facilities indexed by (ñ) Capacity (MW) 
Macho Springs 1 50.4 
Red Horse Wind 2 30 
Total  80.4 
 

• Storage System 
The maximum output of the battery storage system is defined by the parameter IK,$,K%XYZ  for all 
generators B ∈ A and capacities B% ∈ A%. Table 3.5 defines the maximum capacity of a storage 
facilities that will operate in 2017 that are owned by the utility company from 9 = 1(representing 
2016) to 9 = 15(representing 2030). The utility company storage resources are highlighted in 
their annual report (see [10] for more details, Pg. 35). 
 

Table 3.5: Storage Facilities  
Capacity 
(MW) 

Facility number 
indexed by (ó) 

t=1 t=2 

Lithium-ion 1 0 20 
 
The utility company that is being studied in this case is obtaining two storage system projects 
that anticipate operation in 2017 if approved [10]. Two vendors are working on plans for two 
different 10MW battery storage. The 20MW represents 1% of retail peak load [10]. 
When the utility company proposed a request for proposal, it received 21 bids. TEP accepted two 
out of the 21, and one of which is 10MW Lithium Nickel-Mangnese-Cobalt facility; and the 
other is 10MW Lithium Titanate facility plus a 2MW solar plant [10]. The utility company is 
presented with an opportunity to obtain the 20MW by these two vendors because it costs far less 
than what they anticipated to acquire a 10MW.  
 
Current prices on Lithium that the utility company is obtaining is estimated to be $3,724/kW [9].  
 
3.2 Uncertainties of renewables 
The uncertainties on the model are considered to be the solar output, and the wind output. They 
are modeled using a robust method that is explained in Section 2 in details. They are controlled 
by the uncertainty value of Γ* (wind) ranging from 0(the most optimistic case), to 1(the worst 
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case). Moreover, the uncertainty value for solar is Γ% ranging from 0(the most optimistic case), to 
1(the worst case).  
 
However, three scenarios that are considered on solving the model, and it is shown as follows: 
 

• Scenario 1: Γ",$% = 0.5, Γ",$* = 0.5 
• Scenario 2: Γ",$% = 0.8, Γ",$* = 0.5 
• Scenario 3:	Γ",$% = 0.5, Γ",$* = 0.8 

 
Those scenarios represent the curtailed output of wind and solar. For example, scenario 1 means 
that 50% of the solar output is lost, and 50% of wind output as well lost or not considered on 
other words, due to environmental impact, such as cloudy days for solar.  
 
3.3 Option capacities  
As mentioned in Section 2, the desired new facilities for natural gas, solar, wind, and storage 
system are being treated as a stochastic programming. Which means that each of the generator 
elements would have different option of capacities that would be picked if it is optimal for all 9 ∈
8.  
 

• Natural	gas		

The maximum output of natural gas facilities is defined by the parameter .F,$,JW for all 
generators < ∈ . and capacities ;F ∈ {95, 185}. If a new generator is to be added, then .ô,$,Jö =
95 is considered, as an example.  
 

• 	Storage	system		
The maximum output of battery storage system is defined by the parameter IK,$,KP

XYZ  for all 
generators B ∈ A and capacities B% ∈ {10,20}. If a new generator were to be added, then 
Iõ,$,Kú
XYZ = 10å?, as an example. 

 
• 	Solar		

The maximum output of solar facilities is defined by the parameter =%,$,JP
XYZ for all generators > ∈ = 

and capacities ;% ∈ {35, 50}. When a facility is to be added, then =õ,$,Jú
XYZ = 35 is considered.  

 
• Wind	

The maximum output of wind facilities is defined by the parameter ?*,$,JQ
XYZ  for all generators 

@ ∈ ? and capacities ;* ∈ 30, 40 . If a facility is to be added, then ?õ,$,Jú
XYZ = 30 is considered.  
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3.4 Costs  
The cost for existing facilities are considered to be zero. The costs on the model are considered 
per MW, and it includes the cost of plant construction, and interconnection. The cost of each of 
the different power sources are shown in Table 3.6 (see [10] for more details, Pg. 69). Those cost 
parameters are taking into account the capital, tax incentive, and total cost of projects and 
divided them by quantity of energy.  
 

Table 3.6: Cost 
Plant 
Construction 
Cost 

Units Solar Wind Natural Gas Storage 

Plant 
Construction 
Cost 

$/kW 1450 1250 1135 Not 
Specified 

Interconnection 
cost 

$/kW 50 200 165 Not 
Specified 

Total  $/kW 1500 1450 1300 3500 
Total $/MW 1500000 1450000 1300000 3500000 
 
3.5 Results 
The decision variables are associated to the generation output of natural gas, solar, wind, and 
storage systems. As mentioned previously, there are three different scenarios that are considered 
in the model. Therefore, three different experiments were conducted. Moreover, the maximum 
generation output in exciting facilities of .F,$,JW, =%,$,JP

XYZ, ?*,$,JQ
XYZ , and IK,$,KP

XYZ   are shown on Table 
3.2-3.5. And the discharging efficiency of battery is ^`"% = 20%. The predicted demand by the 
utility company is shown on Table A-1 in Appendix A for the next fifteen years starting 2016. 
 
3.5.1 Experiment 1  
The parameter of the uncertainties on this experiment is Γ",$% = 0.5, Γ",$* = 0.5. Figure 3.1 shows 
the optimal solution of solar with the worst case scenario as a loss of 50% for both wind and 
solar, and the best case scenario as a generation of the maximum output. Table A-4 to Table A-6 
in Appendix A also show what is the feasibility of each year and the optimal values.  
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There are not any solar facilities added from t=1 to t=4 due to the fact that the demand is 
satisfied with the existing facilities. But starting from year 5 to 2015, it experienced an increase 
on solar facilities as it is shown on Figure 3.1. The optimal solution of the total installed capacity 
of the 15 years is 225MW of solar panels. Table A-2 on Appendix A shows the optimal values of 
each year. 
 
The utility company forecasted the installation of solar panels in MW for the next fifteen years. 
And Figure 3.2 shows the forecasted total capacity of solar panels by the utility company, and it 
shows the optimal total capacity of solar panels.  
 
As it can be seen in Figure 3.2 the big difference on the total solar installation in MW between 
the two curves are going to make a difference when it gets to cost, which will be discussed in 
Section 3.5.6. And the two curves ultimately satisfy the desire goal, which is the standards of 
EPA that by 2030, utility companies shall have 30% of total power is generated by renewables 
[13].  
 
Next, is Figure 3.3, which shows the optimal solution of wind with the worst case scenario as a 
loss of 50% for both wind and solar, and the best case scenario as a generation of the maximum 
output. 
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Figure 3.1: Cumulative Optimal Solar 
Output with  Γ",$% = 0.5, Γ",$* = 0.5 
 

Figure 3.2: Cumulative Optimal Solar 
Output with  Γ",$% = 0.5, Γ",$* = 0.5, and 
Utility Forecast 
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The optimal solution of the total installed capacity of the 15 years is 220MW of wind generators. 
Table A-2 in Appendix A shows the optimal values of each year. Also, Table A-4 to Table A-6 
in Appendix A shows what is the feasibility of each year and the optimal values. 
 
Similarly, the utility company forecasted the installation of wind generators in MW for the next 
fifteen years. And Figure 3.4 shows the forecasted total capacity wind generators by the utility 
company, and it shows the optimal total capacity of wind generators.  
 
As it can be seen on Figure 3.4, similar behavior on the utility side, with a high increase of 
capacities. Where the expansion model in this paper is minimizing the installation and meeting 
the requirements. Those uncertainties that are considered in this experiment has an effect on the 
installation of new storage system and natural gas facilities, and it is discussed on Section 3.5.4. 
Though, the optimal battery storage capacity in 15 years for experiment 1 is 20MW.  
 
3.5.2 Experiment 2  
The parameter of the uncertainties on this experiment is Γ",$% = 0.8, Γ",$* = 0.5. Figure 3.5 show 
the optimal solution of solar with the worst case scenario as a loss of 80% for solar and 50% for 
wind, and the best case scenario as a generation of the maximum output. 
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Figure 3.3: Cumulative Optimal Wind 
Output with  Γ",$% = 0.5, Γ",$* = 0.5 
 

Figure 3.4: Cumulative Optimal Wind 
Generators with  Γ",$% = 0.5, Γ",$* = 0.5, and 
Utility Forecast 
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Since there is an 80% loss of generation considered on the solar output, only a single year that 
considered an installation of solar facility on this experiment as the optimal solution, which is a 
35MW solar facility. The model instead increased the wind generators and storage system 
capacities. The increase of the wind generators is noticeable on Figure 3.7 with an optimal 
solution of 270MW of total wind generators in 15 years. Also, the model installed a total of 
100MW of battery storage system in the 15 years, which will be later discussed in Section 3.5.4. 
The utility company forecasted the installation of solar generators in MW for the next fifteen 
years. And Figure 3.6 shows the forecasted total capacity of solar generators by the utility 
company, and it shows the optimal total capacity of solar generators from the optimization 
model.  
 
As it can be seen in Figure 3.6, the optimal value of solar shows only a single increase in 
capacity in year 5. Whereas, the forecasted capacity experience a high increase in values over the 
period of 15 years. The major effect is cost on this case, which will be discussed on Section 
3.5.6.  
 
It is mentioned previously that due to the high loss of solar capacity, wind will experience a 
significant increase in order for the model to be optimal, and it is shown in Figure 3.7. The 
optimal solution of total capacity of the new added wind generators is 270MW in the period of 
15 years. The yearly optimal increase capacities are shown on Table A-2 in Appendix A. Table 
A-4 to Table A-6 in Appendix A also shows what is the feasibility of each year and the optimal 
values. 
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Output with  Γ",$% = 0.8, Γ",$* = 0.5 
 

Figure 3.6: Cumulative Optimal Solar 
Generators with  Γ",$% = 0.8, Γ",$* = 0.5, and 
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Figure 3.8 shows the forecasted wind generators by the utility company, and also the line of the 
optimal solution of the wind generators. The loss of the output of solar in this experiment has 
effected the total price versus experiment 1, and this will be discussed in Section 3.5.6 in 
addition to the effect on battery storage and natural gas facilities.  
 
3.5.3 Experiment 3 
The parameter of the uncertainties on this experiment is Γ",$% = 0.5, Γ",$* = 0.8. Figure 3.9 show 
the optimal solution of solar with the worst case scenario as a loss of 50% for solar and 80% for 
wind, and the best case scenario as a generation of the maximum output. Also, Figure 3.9 shows 
a curve of forecasted capacity of solar facilities that is done by the utility company.  
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Figure 3.7: Cumulative Optimal Wind 
Output with  Γ",$% = 0.8, Γ",$* = 0.5 
 

Figure 3.8: Cumulative Optimal Wind 
Generators with  Γ",$% = 0.8, Γ",$* = 0.5, and 
Utility Forecast  
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Due to the high loss of wind capacity, solar will experience a significant increase in order for the 
model to be optimal, and it is shown in Figure 3.9. The optimal solution of total capacity of the 
new added solar generators is 300MW in the period of 15 years. The yearly optimal increase 
capacities are shown in Table A-2 in Appendix A. And Table A-4 to Table A-6 in Appendix A 
also shows what is the feasibility of each year and the optimal values. This experiment shows a 
similar behavior with experiment 2, since the 80% loss is used this time with wind. Which has 
also increased the capacity of the battery storage system to 90MW in 15 years, and it will be 
discussed further in Section 3.5.4. Figure 3.10 shows the optimal solution of wind.  
 
The model shows the only way to optimality is to show a single increase of capacity of wind, and 
the optimal value of this increase is a 30MW wind generators. Also, Figure 3.10 shows the curve 
that represent the forecasted wind generators for the next 15 years, which will show a difference 
in terms of cost, but it will be discussed in Section 3.5.6.  
 
3.5.4 Battery storage analysis 
On the three previous experiments, battery storage system is analyzed in the period of 15 years. 
It is found through the experiments that as the uncertainties increases of either wind or solar, the 
capacity of the battery storage would be larger as it is shown on Figure 3.11. 
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Figure 3.9: Cumulative Optimal Solar 
Generators with  Γ",$% = 0.5, Γ",$* = 0.8, and 
Utility Forecast  
 

Figure 3.10: Cumulative Optimal Wind 
Generators with  Γ",$% = 0.5, Γ",$* = 0.8, and 
Utility Forecast  
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  Figure 3.11: Cumulative Optimal Battery Storage System, and Utility Forecast  

 
Due to the high prices of battery storage systems, it explains the reason that the less loss of the 
output of renewable, the less capacity needed of storage system. The utility company only 
predicted to use the same capacity of battery storage system through the next 15 years. Whereas, 
the model shows that on scenario 1, where the loss of output of both wind and solar are 50%, 
only two different installments of new capacity throughout the 15 years. And the optimal new 
installed capacity in this case is a 20MW battery storage system. Similarly, scenario 2 and 3 are 
experiencing a close behavior since on scenario 2 the loss of load of solar is 80% and in scenario 
3 the loss of load is 80% for wind. The optimal installed capacity of scenario 2 is 100MW, and 
scenario 3 is 90MW in 15 years. The installments years of those capacities are shown in Table 
A-2 in Appendix A. Also, Table A-4 to Table A-6 in Appendix A shows what is the feasibility of 
each year and the optimal values. 
 
3.5.5 Coal facilities reduction  
The reduction of the output of coal is the same across all the scenarios. The reduction of such 
power is shown below in Figure 3.12. 
 

 
Figure 3.12: Coal Reduction 
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Coal facilities experienced a total reduction of 340MW of the next 15 years. Which leave only 
about a 1,000MW to operate in 2030. This is about a 31% cut of coal capacity from the original 
one in 2016.  
 
3.5.6 Cost analysis  
Although, scenario 1 experienced the highest installed capacities of renewable energy, it has 
lowest investment price than scenario 2 and 3 in the period of 15 years. Figure 3.13 show the 
investment costs of scenario1, scenario 2, scenario 3, and the forecasted cost by the utility 
company.  
 
 

 
Figure 3.13: Cumulative Investment Cost 

 
Due to the fluctuation of demand, some years such as year 6 across all scenarios, no installment 
needed. This made all scenarios have a lower cumulative investment cost over the 15 years. 
Figure 3.13 shows the cumlative investment cost. Table 3.7 summarizes all the results of the new 
installments of all scenarios in the 15 years period.  
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Table 3.7: All Scenarios Optimal Values 
 
 
 
Scenario1: 
†°,¢
ï = £. §, 
†°,¢
ñ = £. § 

 Cumulative 
Installed 
Capacity (MW) 

Cumulative 
Investment 
Cost (Millions) 

Coal -340  
 

$850 
Natural Gas 95 
Storage 20 
Solar 225 
Wind 220 

 
Scenario2: 
†°,¢
ï = £. •, 
†°,¢
ñ = £. § 

Coal -340  
 

$917 
Natural Gas 95 
Storage 100 
Solar 35 
Wind 270 

 
Scenario3: 
†°,¢
ï = £. §, 
†°,¢
ñ = £. • 

Coal -340  
 

$932 
Natural Gas 95 
Storage 90 
Solar 300 
Wind 30 

 
The installed capacities that the utility company forecasted has a total cumulative investment 
cost over the 15 years of $1,743 in millions, which makes the most expensive scenario in the 
optimization model is lower than what the utility company has forecasted. And Figure 3.14 
shows the cumulative cost of each scenario and the utility company.  
 
3.5.7 Transmission line  
An extra high voltage 500kV transmission line is planned to be added from an area called “Pinal 
Central” to “Tortolita”, which will help the utility company to meet future demands since it is 
located on potential sites of renewables on the future. Year 6 on the expansion model represent 
2021, which has a 0 investment cost across all scenarios on the model. It is suggested to invest 
on the transmission line during that year with a cost of $111 million.  
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4. Conclusion  
 

It is important to develop a power grid expansion plan to meet consumers demand while 
minimizing the cost of new technologies. The increase in the use of electricity has come with 
challenges for utility companies to provide sources to ensure the delivery of power. While 
keeping in mind that utility companies has to follow federal laws to reduce CO2 emission, 
renewable energies and storage system are becoming the alternatives.  
 
Decision variables were identified and parameters as well by investigating a utility company 
demand for 15 years period. Also, existing resources of the utility company were considered. 
Then, we formulated an optimization model that take into considerations of all the decisions and 
parameters that were identified in order to model a power grid system expansion plan. Then, the 
model was solved using LINGO.   
 
Three different experiments were conducted under three different scenarios regarding the 
renewable energies uncertainties. Lithium-ion battery storage system is analyzed in the period of 
15 years. After detailed analysis and modeling were completed there were three key findings: 

1) Cumulative investment cost is far less than what the utility company forecasted across all 
scenarios.  

2) As renewable energy uncertainties increase, storage system capacity increases.  
3) Natural gas facilities are cheaper to build than renewables, but it is only built in larger 

capacities.  
 
This work can help to develop future works that could add on constraints with federal laws in 
terms of renewable energies standards, and CO2 emission reduction standards. Also, future work 
could analyze the cost of renewable energies and storage systems in the future whether it is an 
increase or a decrease to help minimize the cost of expansion.  
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Appendix A 
 

Table A-1: Forecasted Demand by Utility Company 

Demand,	MW	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

Residential	 1,139	 1,101	 1,115	 1,212	 1,259	 1,269	 1,281	 1,296	 1,308	 1,332	 1,354	 1,377	 1,401	 1,425	 1,455	

Commercial	 508	 479	 475	 516	 536	 540	 545	 552	 557	 567	 576	 586	 596	 606	 619	

Industrial	 485	 444	 443	 482	 500	 504	 509	 515	 520	 529	 538	 547	 557	 566	 578	

Mining	 124	 292	 337	 366	 380	 383	 387	 392	 395	 402	 409	 416	 423	 430	 439	

Other	 28	 5	 5	 5	 5	 5	 5	 6	 6	 6	 6	 6	 6	 6	 6	

Distributed	Generation	 -32	 -35	 -39	 -42	 -45	 -48	 -51	 -54	 -56	 -58	 -59	 -60	 -62	 -63	 -65	

Energy	Efficiency	 -143	 -163	 -183	 -202	 -221	 -237	 -253	 -268	 -283	 -299	 -312	 -327	 -341	 -356	 -383	

Firm	Wholesale	Demand	 205	 251	 186	 186	 182	 182	 129	 129	 129	 44	 44	 44	 44	 44	 44	

System	losses	 209	 211	 214	 232	 240	 240	 241	 242	 243	 246	 249	 253	 256	 260	 263	

Total	 2,523	 2,585	 2,553	 2,755	 2,836	 2,838	 2,793	 2,810	 2,819	 2,769	 2,805	 2,842	 2,880	 2,918	 2,956	
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Table A-2: Scenarios Results 
Scenario 1 Result (MW) 

t=	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

Coal	 0	 0	 -170	 0	 0	 0	 -170	 0	 0	 0	 0	 0	 0	 0	 0	
Natural	gas	 0	 0	 0	 0	 0	 0	 95	 0	 0	 0	 0	 0	 0	 0	 0	
Storage	 0	 0	 0	 0	 10	 0	 0	 0	 10	 0	 0	 0	 0	 0	 0	
Solar	 0	 0	 0	 0	 35	 0	 35	 35	 0	 0	 0	 0	 50	 35	 35	
Wind	 0	 0	 0	 0	 40	 0	 30	 0	 0	 0	 0	 40	 30	 40	 40	

 
Scenario 2 Result (MW)	

t=	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

Coal	 0	 0	 -170	 0	 0	 0	 -170	 0	 0	 0	 0	 0	 0	 0	 0	
Natural	gas	 0	 0	 0	 0	 0	 0	 95	 0	 0	 0	 0	 0	 0	 0	 0	
Storage	 0	 0	 0	 0	 20	 0	 20	 0	 0	 0	 0	 0	 20	 20	 20	
Solar	 0	 0	 0	 0	 35	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
Wind	 0	 0	 0	 0	 40	 0	 30	 30	 30	 0	 0	 40	 30	 40	 30	

 
Scenario 3 Result (MW)	

t=	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

Coal	 0	 0	 -170	 0	 0	 0	 -170	 0	 0	 0	 0	 0	 0	 0	 0	
Natural	gas	 0	 0	 0	 0	 0	 0	 95	 0	 0	 0	 0	 0	 0	 0	 0	
Storage	 0	 0	 0	 0	 20	 0	 10	 10	 10	 0	 0	 0	 10	 20	 10	
Solar	 0	 0	 0	 0	 50	 0	 50	 0	 0	 0	 0	 50	 50	 50	 50	
Wind	 0	 0	 0	 0	 30	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
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Table A-3: Scenarios Results 
Scenario 1 Result (In Millions)	

Total	Installation	cost	

t=	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

$	 $0	 $0	 $0	 $0	 $145	 $0	 $219	 $52	 $35	 $0	 $0	 $58	 $118	 $110	 $110	
 

Scenario 2 Result (In Millions)	

Total	Installation	cost	

t=	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

$	 $0	 $0	 $0	 $0	 $180	 $0	 $237	 $43	 $43	 $0	 $0	 $58	 $113	 $128	 $113	
 

Scenario 3 Result (In Millions)	

Total	Installation	cost	

t=	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

$	 $0	 $0	 $0	 $0	 $188	 $0	 $233	 $35	 $35	 $0	 $0	 $75	 $110	 $145	 $110	
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Table A-4: Feasibility and Optimal Scenario 1 

	   
$145,500,000	

t=5	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 10	 Optimal	
solar	 35	 17.5	 Optimal	
wind	 40	 20	 Optimal	

 

	   
$153,500,000	

t=5	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	
	

not	
battery	 10	 10	 not	
solar	 50	 25	 not	
wind	 30	 15	 not	

 

	   
$219,500,000	

t=7	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 95	 Optimal	
battery	 10	 0	 Optimal	
solar	 35	 17.5	 Optimal	
wind	 30	 15	 Optimal	

 

	   
$233,500,000	

t=7	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 95	 yes	
battery	 10	 10	 yes	
solar	 50	 25	 yes	
wind	 40	 0	 yes	

 

	   
$52,500,000	

t=8	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 0	 Optimal	
solar	 35	 17.5	 Optimal	
wind	 40	 0	 Optimal	
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-Continued on Table A-4: 

	   
$35,000,000	

t=9	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 10	 Optimal	
solar	 35	 0	 Optimal	
wind	 40	 0	 Optimal	

 

	   
$58,000,000	

t=12	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 0	 Optimal	
solar	 35	 0	 Optimal	
wind	 40	 20	 Optimal	

 

	  	
$70,000,000	

t=12	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	
	

yes	
battery	 20	 20	 yes	
solar	 50	 0	 yes	
wind	 30	 0	 yes	

 

	  	
$118,500,000	

t=13	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 20	 0	 Optimal	
solar	 50	 25	 Optimal	
wind	 30	 15	 Optimal	

 

	  	
$128,000,000	

t=13	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 yes	
battery	 20	 20	 yes	
solar	 35	 0	 yes	
wind	 40	 20	 yes	
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-Continued on Table A-4: 

	   
$110,500,000	

t=14	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 0	 Optimal	
solar	 35	 17.5	 Optimal	
wind	 40	 20	 Optimal	

 

	  	
$122,500,000	

t=14	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 yes	
battery	 20	 20	 yes	
solar	 35	 17.5	 yes	
wind	 40	 0	 yes	

 

	   
$110,500,000	

t=15	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 0	 Optimal	
solar	 35	 17.5	 Optimal	
wind	 40	 20	 Optimal	

 

	  	
$122,500,000	

t=15	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 yes	
battery	 20	 20	 yes	
solar	 35	 17.5	 yes	
wind	 40	 0	 yes	
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Table A-5: Feasibility and Optimal Scenario 2 

	  	
$180,500,000	

t=5	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 20	 20	 Optimal	
solar	 35	 7	 Optimal	
wind	 40	 20	 Optimal	

 

	  	
$237,000,000	

t=7	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 95	 Optimal	
battery	 20	 20	 Optimal	
solar	 50	 0	 Optimal	
wind	 30	 15	 Optimal	

 

	   
$269,000,000	

t=7	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 95	 yes	
battery	 10	 10	 yes	
solar	 35	 7	 yes	
wind	 40	 20	 yes	

 

	  	
$43,500,000	

t=8	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 20	 0	 Optimal	
solar	 50	 0	 Optimal	
wind	 30	 15	 Optimal	

 

	   
$87,500,000	

t=8	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 yes	
battery	 10	 10	 yes	
solar	 35	 7	 yes	
wind	 40	 0	 yes	
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-Continued on Table A-5: 

	  	
$43,500,000	

t=9	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 Optimal	
battery	 20	 0	 Optimal	
solar	 50	 0	 Optimal	
wind	 30	 15	 Optimal	

 

	   
$58,000,000	

t=9	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 yes	
battery	 10	 10	 yes	
solar	 35	 0	 yes	
wind	 40	 0	 yes	

 

	   
$58,000,000	

t=12	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 0	 Optimal	
solar	 35	 0	 Optimal	
wind	 40	 20	 Optimal	

 
t=12	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 yes	
battery	 20	 20	 yes	
solar	 50	 0	 yes	
wind	 30	 0	 yes	

 

	  	
$113,500,000	

t=13	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 20	 20	 Optimal	
solar	 50	 0	 Optimal	
wind	 30	 15	 Optimal	
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-Continued on Table A-5: 

	   
$145,500,000	

t=13	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 yes	
battery	 10	 10	 yes	
solar	 35	 7	 yes	
wind	 40	 20	 yes	

 

	   
$128,000,000	

t=14	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 Optimal	
battery	 20	 20	 Optimal	
solar	 50	 0	 Optimal	
wind	 40	 20	 Optimal	

 

	  	
$113,500,000	

t=15	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 20	 20	 Optimal	
solar	 50	 0	 Optimal	
wind	 30	 15	 Optimal	

 

	   
$153,500,000	

t=15	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 yes	
battery	 10	 10	 yes	
solar	 50	 10	 yes	
wind	 30	 15	 yes	
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Table A-6: Feasibility and Optimal Scenario 3 

	  	
$188,500,000	

t=5	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 20	 20	 Optimal	
solar	 50	 25	 Optimal	
wind	 30	 6	 Optimal	

 

	  	
$233,500,000	

t=7	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 95	 Optimal	
battery	 10	 10	 Optimal	
solar	 50	 25	 Optimal	
wind	 30	 0	 Optimal	

 

	  	
$254,500,000	

t=7	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 95	 yes	
battery	 10	 10	 yes	
solar	 35	 17.5	 yes	
wind	 30	 6	 yes	

 

	   
$35,000,000	

t=8	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 10	 Optimal	
solar	 35	 0	 Optimal	
wind	 40	 0	 Optimal	

 

	   
$35,000,000	

t=9	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 Optimal	
battery	 10	 10	 Optimal	
solar	 35	 0	 Optimal	
wind	 40	 0	 Optimal	
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-Continued on Table A-6: 

	   
$52,500,000	

t=9	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 yes	
battery	 10	 0	 yes	
solar	 35	 17.5	 yes	
wind	 40	 0	 yes	

 

	  	
$75,000,000	

t=12	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 Optimal	
battery	 20	 0	 Optimal	
solar	 50	 25	 Optimal	
wind	 30	 0	 Optimal	

 

	  	
$113,500,000	

t=12	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	
	

yes	
battery	 20	 20	 yes	
solar	 50	 0	 yes	
wind	 30	 6	 yes	

 

	   
$110,000,000	

t=13	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 Optimal	
battery	 10	 10	 Optimal	
solar	 50	 25	 Optimal	
wind	 30	 0	 Optimal	

 

	   
$145,500,000	

t=13	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 95	 0	 yes	
battery	 10	 10	 yes	
solar	 35	 17.5	 yes	
wind	 40	 8	 yes	
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-Continued on Table A-6: 

	  	
$145,000,000	

t=14	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	 0	 Optimal	
battery	 20	 20	 Optimal	
solar	 50	 25	 Optimal	
wind	 30	 0	 Optimal	

 

	   
$110,000,000	

t=15	 (MW)	 Result	(MW)	 Feasibility	

natural	gas	 185	
	

Optimal	
battery	 10	 10	 Optimal	
solar	 50	 25	 Optimal	
wind	 40	 0	 Optimal	
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Table A-7: Utility Company Prediction of Coal Facilities 

Capacity	(MW)	 TEP	Share	 2016	 2017	 2018	 2019	 2020	 2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	

Four	Conrners	 7%	 110	 110	 110	 110	 110	 110	 110	 110	 110	 110	 110	 110	 110	 110	 110	

Navajo	 7.50%	 168	 168	 168	 168	 168	 168	 168	 168	 168	 168	 168	 168	 168	 168	 168	

San	Juan	 20.2%	 340	 340	 170	 170	 170	 170	
	 	 	 	 	 	 	 	 	

Springerville	 36.70%	 598	 793	 793	 793	 793	 793	 793	 793	 793	 793	 793	 793	 793	 793	 793	

Total	

	

1216	 1411	 1241	 1241	 1241	 1241	 1071	 1071	 1071	 1071	 1071	 1071	 1071	 1071	 1071	
 
 

Table A-8: Utility Company Prediction of Natural Gas Facilities 
Capacity	(MW)	 2016	 2017	 2018	 2019	 2020	 2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	

Sundt	1-4	 422	 422	 422	 422	 422	 422	 422	 422	 422	 422	 422	 422	 422	 422	 422	

Luna	Energy	Facility	 185	 185	 185	 185	 185	 185	 185	 185	 185	 185	 185	 185	 185	 185	 185	

Gila	River	Power	Station	 374	 374	 374	 374	 374	 374	 374	 374	 374	 374	 374	 374	 374	 374	 374	

DeMoss	Petrie	CT	 75	 75	 75	 75	 75	 75	 75	 75	 75	 75	 75	 75	 75	 75	 75	

North	Loop	CT	1-4	 95	 95	 95	 95	 95	 95	 95	 95	 95	 95	 95	 95	 95	 95	 95	

Sundt	CT	1-2	 49	 49	 49	 49	 49	 49	 49	 49	 49	 49	 49	 49	 49	 49	 49	

Total	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	 1200	
 

 
Table A-9: Utility Company Prediction of Solar and Wind 

MW	 2016	 2017	 2018	 2019	 2020	 2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	

Solar	
247.66	 339.32	 430.97	 476.8	 522.63	 614.28	 660.11	 705.94	 758.52	 811.1	 863.68	 968.84	 1021.42	 1074	 1126.58	

Wind	
80.4	 110.95	 141.51	 156.78	 172.06	 202.61	 217.89	 233.16	 250.69	 268.22	 285.76	 320.83	 338.36	 355.89	 373.42	

 
 
 

Table A-10: Utility Company Prediction of cost of Solar and Wind (in Millions) 

	

1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	

Solar	 $0	 $142	 $142	 $71	 $71	 $142	 $71	 $71	 $81	 $81	 $81	 $162	 $81	 $81	 $81	

Wind	 $0	 $44	 $44	 $22	 $22	 $44	 $22	 $22	 $25	 $25	 $25	 $50	 $25	 $25	 $25	

 
 
 


