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ABSTRACT OF THE THESIS 

Station Automation and Optimization of Distribution Circuit Operations 

By 

Jennifer Jin Lee 

Master of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2019 

Professor Scott Samuelsen, Chair 

 

The grid is progressing toward less dependency on central generating plants due to the 

deployment of distributed energy resources (DERs) in the distribution system. These changes 

impact the role of utility substations, and create the need for research to address the challenges 

associated with integrating and managing massive amounts of DERs on circuits served by 

distribution substations.  This thesis addresses a major step toward this end, namely the automatic 

control of substations to manage circuits populated with a large population of DERs.  In particular, 

the research (1) considered each circuit emanating from utility substations as a microgrid, (2) 

developed a model for substation automatic control using a Generic Microgrid Controller 

compliant with the IEEE 2030.7 standard, and (3) evaluated the role and impact of substation 

automation control to improve energy management, increase grid reliability, resiliency, and 

efficiency, and improve environmental quality. 

To this end, a digital simulation model of two 12kV distribution circuits emanating from a 

substation was developed with individual homes modeled and results verified using data obtained 

from the Irvine Smart Grid Demonstration (ISGD) project. 
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 The substation automation control of DERs on circuits emanating from the 

substation was found to increase reliability and efficiency, reduce emissions, and enable demand 

response as an effective resource to mitigate grid challenges associated with a high penetration of 

DER. In addition, the deployment of a fuel cell as a distributed energy resource at the substation 

was found to improve reliability and resiliency of the circuits served by the substation.  
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1. INTRODUCTION 

1.1. OVERVIEW 

Grid evolution for modernization is taking place today where the grid is transforming from 

the conventional centralized power system to distributed power systems such as microgrids and 

smart grids as a solution to address environmental sustainability and electric grid reliability. As of 

2017, 3,820 billion KWh of energy was consumed in the U.S. Approximately 68 percent of our 

electricity comes from burning fossil fuels, mostly coal and natural gas and electricity generation 

make up 28 percent of the total U.S. Greenhouse gas (GHG) emissions. [1] The state of California 

has become the pioneer in the U.S. to address climate change and improve air quality. The state 

has issued the Clean Energy and Pollution Reduction Act (Senate Bill 350), which requires 

California to generate 50% of its electricity from renewable sources by the year 2030 in order to 

lower CO2 GHG emissions [1].  To meet this goal, California is focusing on reducing loads, 

increasing the generation of electricity by renewable resources, and dramatically reducing the net 

emission of carbon in the transportation sector.  For example, energy efficiency is a principal 

objective to reduce loads. The California Public Utilities Commission (CPUC) and the California 

Energy Commission (CEC) have launched a residential Zero Net Energy Action Plan to build a 

self-sustaining market for all new homes to be net-zero energy by 2020. Furthermore, the CEC has 

mandated solar panels on newly built homes starting 2020. In the transportation sector, California’s 

proactive Zero Emission Vehicle (ZEV) program is supporting an increase in zero-emission 

vehicles, such as plug in electric vehicles (relying on a low-carbon grid) and fuel cell electric 

vehicles (relying on zero-carbon hydrogen produced renewably). 
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As more distributed energy resources (DERs) come online, the grid is becoming more 

independent from the central plants and self-sustaining (i.e., smart and decentralized power 

generation). A smart grid is a power system with the integration of communication technology and 

information technology. Smart grid evolution must start from the distribution system level 

considering 90% of all power outages and disturbances originates from the distribution network 

[2]. A smart grid should be capable of substation automation, self-healing (i.e., detect and isolate 

faults in order to minimize impact), control of load, distributed generation and transmission 

through two way communication and bidirectional power flow with Automated Metering 

Infrastructures (AMI) as a backbone. Automation is key to the following three major cornerstones 

of smart grids: communication technology, control and distributed intelligence [3].  

To reach the goal of SB 350 and beyond, the components and the schematic of the grid are 

changing to form microgrids and smart grids. These changes impact the role of substations because 

the current role of the substation do not encompass the advanced control over DERs smart 

equipment in order to accommodate the previously addressed smart grid and microgrid 

capabilities. Especially impacted are the medium and low voltage distribution substations which 

connect the distribution (customer) level and the rest of the power system. More research needs to 

be conducted to address the challenges in integrating massive amounts of DERs and its 

management at the distribution substation. Rather having the conventional power plants service 

the distribution network, some of the services can be achievable at the substation level with 

automation control and at the same time address the challenges of power congestions on 

distribution lines and voltage fluctuations.  A major step toward this end is to enhance automatic 

control of substations at the distribution network in order to achieve reliable and resilient power 

supply, increase efficiency, and reduce environmental impacts.   
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1.2. GOAL 

The goal of this research thesis is to develop a model for automation control and critically 

evaluate the role and impact of automation control at utility substations to achieve improved 

energy management and the potential for an increase in grid reliability, resiliency, efficiency, and 

environmental quality. 

1.3. OBJECTIVES  

To reach the goal, the following objectives were established: 

I. Develop a digital simulation model of the MacArthur utility substation and selected 

circuits. 

II. Develop viable future scenarios of DER and controllable loads for evaluation. 

III. Develop an IEEE 2030.7 compliant controller for the substation and incorporate into the 

simulation model. 

IV. Using the digital simulation model, evaluate the controller performance for a variety of 

scenarios and thereby establish the role of substation automation in the context of reliability, 

resiliency, efficiency, and environmental quality of the electricity system 

2. BACKGROUND 

2.1. GRID EVOLUTION 

The conventional power system was first invented and constructed more than a century ago 

and has been in operation since to supply the electric demands of the U.S. Electricity is delivered 

from the central generation plants through high voltage transmission lines to a step-down 



 

4 

 

substation. At the substation, power is stepped down from a transmission level high voltage to a 

distribution level voltage. Then distribution lines deliver power to the secondary transformers 

where the distribution voltage is stepped down to service voltage for customer end use. The U.S. 

grid consist of more than 360,00 miles of transmission lines connecting to about 7,000 power 

plants and typical transmission lines operate at 765, 500, 345, 230 and 138 kV [4]. Substations 

serve as critical links and key nodes in electricity delivery to the customer. Substations are 

classified into different types: 1) Step-Up Substation which links generation plant to the 

transmission system, 2) High Voltage Substation which connects high voltage transmission 

systems, 3 )Step-Down Substation which connects a high voltage transmission system to a sub-

transmission system and 4) Distribution Substation which connects transmission or sub-

transmission network or medium voltage distribution networks [4].  

 

Figure 1. Electricity Supply Chain [4] 

The conventional centralized power grid system is evolving into decentralized distribution 

systems as it faces increasing stress to meet the low-carbon and digital economy with heavy 

reliance on electricity [5]. Changes in electricity generation sources and demand loads, the aging 

of power system infrastructure, growing expectations for reliability and resiliency in unpredicted 
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events such as extreme weather events and attacks along with the integration of the advanced smart 

technologies are key drivers for this grid evolution [5]. 

 DISTRIBUTION SUBSTATION 

As described in the previous paragraph and in Figure 1, the distribution substation receives 

power from transmission or subtransmission lines and transmits power to distribution feeders. The 

substation voltage levels varies from 120V to 35kV and serves the following five main functions: 

1) voltage transformation, 2) switching, 3) protection, 4) voltage regulation and 5) metering. The 

distribution feeders, or the primary feeders, are 3-phase circuits which supply power to secondary 

distribution systems. Then at the secondary distribution system, the secondary circuits serve a 

neighborhood or subdivision. The secondary transformers step down the voltage to the standard 

secondary voltage: 120/240V single phase, 120/208V 3-phase or 277/480V 3-phase. Figure 2 

shows the schematic of a typical distribution system. The distribution lines are critical in a sense 

that they deliver power directly to the customers. Historically, however, they have had a limited 

role in the power system [6].  Concepts for a microgrid at the substation level have been developed 

as the grid continues to modernize [7] and the challenge of power flow congestion on distribution 
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lines and uncontrolled voltage fluctuations have brought into light the need of intelligent control 

strategies at the distribution subsystem levels [6].  

 

Figure 2. Diagram of a Distribution System [6]  

2.2. MICROGRIDS AND SMART GIRD  

 MICROGRID 

A microgrid is a “group of interconnected loads and distributed generation which can be 

controlled as a single entity and connect and disconnect from the central grid” according to the 
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definition from Department of Energy (DOE). The concept of a microgrid has been developed as 

more distributed energy resources (DER) including renewable energy resources (RES) are 

deployed to strengthen grid reliability and resilience, increase electricity efficiency and reduce 

carbon footprint and greenhouse gas emissions. Reliability and resilience is associated with the 

local generation which can serve the nearby load demands at times of grid disturbances and outages 

and also serve as ancillary services to the main grid. In terms of efficiency, local generation does 

not need to be transmitted long distances. About 5% of the electricity generated is lost in 

transmission and distribution annually in the U.S [8].  By displacing electricity needed from fossil 

fueled central plants, renewable resources deployed as renewable distributed generation (DG) will 

reduces the carbon footprint as well as GHG emissions of the electricity consumed. 

 SMART GRID 

The convergence of information technology and communication technology with power 

system from a smart grid allows pervasive control and monitoring as shown in Figure 3 [2].  



 

8 

 

  

Figure 3. Basic Smart Grid Ingredients [2] 

Reprinted © [2010] IEEE 

The major difference between the conventional grid and smart grids are the following [2]:  

1) One-way versus two way communication 

2) Centralized generation versus distributed generation  

3) Hierarchical operation vs network operation  

4) Few sensors in the distribution level versus sensors throughout the smart grid which allows self-

monitoring  

5) Limited control and manual tests versus pervasive control and remote tests  

6) Manual restoration versus self-healing  

7) Few customer choices versus many customer choices.  
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Smart grid adoption not only may require changes to the power system infrastructure and 

capabilities, but also is subject to significant changes in IT needed to monitor and control the 

operation of the power system in a most cost effective manner considering the limited sensor 

automation and information available at distribution levels [9]. 

Therefore, a smart grid will accommodate greater levels of demand side management, 

encouraging customers to actively be involved in energy management system to control their 

energy uses and adjust energy costs. Also, it will operate with variety of generation options 

including DER on the distribution system with higher penetration of RES. Furthermore, it is 

capable of self-healing as well as preventing failure and system problems while conserving energy, 

improving power reliability and ultimately controlling emissions by reducing carbon footprint 

from the central generation plants [2]. 

The development of the “smart environment” with information technology and 

communication technology and power systems, also known as smart grids, brings distribution 

system automation into light. Kumar and Bhimasingu [3] presents an overview of the distribution 

system automation and its architecture and responsibilities. Smart grid technology is used to faces 

the challenges with distribution system operators. The primary objectives of power distribution 

system automation are listed as: 1) substation monitoring and control, 2) Feeder monitoring and 

control, 3) local automation, 4) DER management, 5) software applications and 6) automated 

metering infrastructure [3].  

2.3. DISTRIBUTED ENERGY RESOURCES IN CALIFORNIA 

A variety of different DERs are deployed today throughout the low-voltage and medium 

voltage electric grid, local to the load, in a single or aggregated system. DER technologies include 
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distributed generation (DG) systems, energy storage system (ESS), and demand response (DR). 

The two major types of distributed generation technologies are conventional combustion cycle 

power generators, and non-conventional generators, which include electrochemical devices such 

as fuel cells and renewable devices such as solar photovoltaic, wind turbine, geothermal systems 

and etc. as shown in Figure 4 [10] .  

 

Figure 4. DER Technologies [10]* 

*Reprinted from Renewable and Sustainable Energy Reviews, vol. 14 no. 2, Mudathir Funsho Akorede, Hashim 

Hizam, Edris Pouresmaeil, “Distributed energy resources and benefits to the environment,” pp. 724-734 © 2010, with 

permission from Elsevier. 

 

 Approximately 12 million DG units are installed in the U.S. which equates to about one 

sixth of the total capacity of the existing centralized power plants in the U.S [11].   
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 SOLAR ENERGY 

California is leading the nation in DER installment, in particular solar energy. High 

insolation in California and the continuous decline in costs are a couple of attracting factors for 

solar energy. In 2017, roughly 27,800MW of generation was from solar and about 6,000MW is 

from self-generation at residential and businesses throughout the state [12]. A record was set in 

March 2018, when 50% of the state’s total electrical power demand was met by solar energy [13]. 

However, challenges result from the abundance of solar energy. The Institute for Energy Research 

group concluded that the surplus of electricity has led to curtailment and multiple events where 

California pays neighbors states to intake the excess electricity to avoid overloading power lines 

and is impacting the benefits of California ratepayers [14]. 

With the increase in solar photovoltaic (PV), the generation of electricity during the day 

results in a duck curve in the net load as shown in Figure 5.  

 

Figure 5. Duck Curve [15] 
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The load during the day shows a dramatic drop and is getting worse as more solar comes 

online every year. This phenomenon creates sharp ramp slopes in net load during the morning and 

afternoon which is a challenge for conventional power plants due to their constraints. First, the 

online capacity of balancing power plants cannot drop below a certain level due to reliability 

services. Secondly, some power plants cannot ramp very quickly and once certain power plants 

shut down, they cannot start up quickly.   The shutdown of power plants is not ideal because start-

up events impact the generator lifetime and this results in inefficient operations of the power plants. 

Also such operations adversely affects the emission levels compared to normal load operation as 

well. Secondly, once the low limit of the power plants are reached and cannot be further ramped 

down, over generation of electricity from solar results in either curtailment, export to other regions 

or stored for later use if storage is available. This challenge of over generation is being studied and 

addressed today with mitigation methods using different DERs and control management [15].  

Haque and Wolf [16] studied the impacts and mitigation measures of high PV penetration in the 

Low Voltage distribution networks; voltage quality problems limit large scale PV deployment. 

The conventional voltage mitigation methods are reconductoring, on-load tap changer and 

capacitors. The emerging mitigation methods are distributed energy storage systems, PV inverters, 

dynamic voltage restorer, distributed static compensators and different controller schematics [16]. 

Palmirtier et al. [17] also investigated the advanced invertor and distribution management system 

(DMS) control options for distributed solar PV and their impacts on distribution system operations, 

specifically voltage regulation. Baran et al. [18] investigated the effects of high penetration 

residential PVs on a distribution feeder protection and operation and concluded that the impacts 

on system protection and voltage variation are manageable with the proper protection coordination 

as it becomes complex.  
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 ENERGY STORAGE SYSTEM 

Energy storage has many applications in the grid space: electricity supply, ancillary 

services, grid system support and end user applications. Furthermore, energy storage is needed to 

overcome the fluctuations in the electricity supply from intermittent renewable sources. In 2013, 

the CPUC decided on a total energy storage procurement target of 1,325 MW for the Investor 

Owned Utilities (IOUs) to be completed by the end of 2020 and implemented by 2024 under the 

Assembly Bill 2514 [19]. In 2016, the CPUC has the further mandated the state’s three IOU to 

procure 500MW of behind the meter energy storage under the Assembly Bill 2868 [20]. Different 

forms of energy storage available and implemented today; Battery energy storage systems (BESS), 

flywheels, compressed air energy storage, superconducting magnetic energy storage and pumped 

hydroelectric storage. A battery energy storage system uses rechargeable batteries to store 

electricity for later use as spinning reserve, load levelling, and in control of voltage, VAR, and 

frequency [10]. The conventional battery stores energy via the buildup of separated charge. It has 

high round-trip efficiency, up to 95% and there are many different types of batteries: lead-acid, 

nickel-metal hybrid, lithium ion and lithium polymer batteries. Flywheels are electromechanical 

storage systems using electric energy to spin a rotation mass for charging and drive the generator 

when discharging. This storage type also has high roundtrip efficiency up to 90% and is in growing 

use for frequency regulation on the grid [10]. However, the danger of the massive wheel shattering 

due to overload and limits on the strength of the material used for the rotor are some challenges of 

this storage type [10]. Compressed air storage system compresses air to store energy in a cavern 

or reservoir; heats and expands air in a turbine to extract energy. Reheat of the air is required if the 

air temperature is too low for the energy recovery process, resulting in a roundtrip efficiency up to 

about 50%. Pumped storage, like compressed air storage, uses electricity to pump water to higher 
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elevation and discharges by releasing the water from the upper reservoir through turbines 

generating electricity. It has relatively high roundtrip efficiency up to 85%. Superconducting 

magnetic energy storage system story energy in a magnetic field. It has extremely fast response 

time and very high power and efficiency but is very expensive and some engineering problems are 

left to solve. 

 In California, as of 2017, more than 4,500MW/3,400GWh of pumped hydroelectric energy 

storage systems were operational, 178MW/1,371MWh of thermal energy storages were installed, 

and 147MW/401MWh of stationary battery energy storage systems were installed [21].  

Several studies have investigated the integration of BESS as a solution to the PV installation 

challenges. Many studies have looked into the different control schemes of BESS coupled with 

PV system for voltage regulation. Zeraati et al. [22] proposed to regulate the charge/discharge of 

the BESS using combination of the local droop based control and distributed control scheme to 

regulate the voltage limit. Lamberti et al [23] carried out a massive data analysis to show the 

benefits of the ESS and PV integration in Low Voltage networks in terms of voltage quality. The 

study concluded that ESS installation can support both local consumption of energy and 

distribution system operator by indirect voltage support. Kabir et al. [24] evaluated the reactive 

capability of PV inverter combined with droop-based BES system for low and high resistance 

feeders and showed that reactive compensation from PV inverters alone is sufficient to maintain 

acceptable voltage profile in a low-resistance feeder, whereas coordinated PV and BESS support 

is required for the high-resistance feeder. Ranaweera et al. [25] and Ratnam et al. [26] both used 

optimization control methods. Chua et al. [27] also proposed BESS as an intelligent active-

management solution for mitigating voltage unbalance and improving the efficiency of the 

network. The simulation results show that the ESS can effectively reduce the VUF as well as the 
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network losses on the networks integrated with PV systems. Sugihara et al. [19] Investigated the 

distribution network operator (DNO) controlling the output of the energy storage systems of 

customers for a subsidy covering a portion of the initial cost of the storage system to manage bus 

voltage levels. Ranaweera et al. [25] used one day ahead active power set points which are 

calculated by an optimization based scheduling algorithm at the local level while maintaining the 

voltage within limits. Also optimization based algorithms were proposed in the context of PV 

incentives and maximizing the daily operation savings, all while penalizing large voltage swings 

[26]. 

 DEMAND RESPONSE 

The DOE defines demand response (DR) as “changes in electric usage by end-use 

customers from their normal consumption patterns in response to changes in the price of electricity 

over time, or to incentive payments designed to induce lower electricity use at times of high 

wholesale market prices or when system reliability is jeopardized” [28]. DR is a promising tool in 

a modern smart grid. It is capable of reducing the peak demand, shifting the load demand and also 

postponing the need for network upgrade [29]. Real-time voltage control can be done as well as 

increasing the reliability of the power system. The U.S. DR resource potential at Independent 

System Operators (ISO) and Regional Transmission Organizations (RTO) was about 28GW in 

2012 and California has forecasted about 2,064 MW of DR in 2014 [30]. DR is usually targeted 

on the end-user equipment such as heating, ventilation and air conditioning (HVAC) and lighting 

because they consume a significant amount of electricity and other plug in appliances. Studies 

have categorized DR programs into two categories: Incentive based program and price based 

program [31], [32]. Direct load controls (DLC) is an example of the incentive based program. 
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Under a contractual agreement, customers allow utilities to remotely schedule, reduce or 

disconnect appliances and receive credit on electricity bills. This type of DR is called dispatchable 

DR or “event-based” DR, where specific events such as extreme weather triggers the DR [33]. 

This approach has limitations in the lack of customer privacy and system scalability [31]. As 

privacy and protection also is critical in DR, many studies address these challenges such as Li et 

al. [34], which proposes an efficient privacy preserving demand response scheme to secure and 

efficient electricity demand aggregation. In the pricing based program, load is indirectly controlled 

by the utility by sending time varying price signals. This encourage customers to shift their load 

from peak demand hours. This type of DR is known as non-dispatchable DR or “non-event-based” 

DR which is not an event base but on a daily basis [33]. Time-Of-Use (TOU) periods were 

analyzed by California ISO (CAISO) [35]: TOU rates are differentiated by weekdays, weekends 

and by season as well. TOU periods are divided into 4 different tiers: super peak, peak, off peak 

and super off peak. Figure 6 shows CAISO proposed TOU rate developed by analyzing historical 

data and comparing trends with projected data. Super peak is from 4 PM to 9PM on July and 

August. It represents the period that require the most load shifting due to severely steep ramps that 

is difficult to manage (refer to Figure 5 for the profile of the duck curve). Peak periods are the same 

time period as super peak but for months other than July and August. Super off-peak is the period 
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from 11AM to 4PM, while the sun is up resulting in over generation and negative electricity prices. 

This is also the cause of a steep ramp in peak/super peak periods.  

 

Figure 6. CAISO Proposed TOU Periods [35] 

Such incentive based program do not encounter customer privacy concerns and results in 

savings on the customer’s side. However, low participation and the “rebound” peak, where the 

shifted load comes online creating another peak are issues that have resulted [32]. Several studies 

have been investigated to address these challenges. Muratoni and Rizzoni [36] proposed an 

innovative price structure called the Multi-Time of Use and Multi-Critical Peak Pricing to mitigate 

the rebound peaks demands. The previously mentioned studies review and discuss the challenges 

in DR and proposes different control schemes.  

 ELECTRIC VEHICLES 
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In 2012, Governor Brown signed an Executive Order which calls for 1.5 million Zero 

Emission Vehicles (ZEVs) in California by 2025 and the 2013 ZEV Action Plan was implemented 

to achieve this goal. As of 2016, Plug-in Electric Vehicle, both battery electric vehicle and plug-

in hybrid electric vehicles, ownership exceeded 230,000 vehicles and more than 20 PEV models 

are available [37]. Moreover as of 2018, another Executive Order was signed to boost the number 

of ZEVs to 5 million by 2030 and charging stations to 250,000 by 2025. With the anticipated large 

scale growth in PEVs, a significant growth in the charging infrastructure is expected. SAE J1772 

standard describes two charging levels: Level 1 and level 2. Level 1 charging equipment charges 

from the standard household outlet using 120V, single phase and AC plug. It is the slowest form 

of charging, making it viable to those who travel less or who can charge overnight. Level 2 

charging equipment uses power at 208/240V which is similar to household appliances and usually 

installed in garages and public charging stations. It provides faster charge time than level 1. Direct 

current fast charging, also known as level 3 charging, supports up to 500V making is a EV charging 

much faster than level 1 and 2. Currently, no standards are in place for DC fast charging; 

CHAdeMO, SAE Combo and Tesla Supercharger are some DC fast charger networks in the market 

and they are capable of a maximum power output of 50kW and 120kW [38]. In As of 2017, 

California has installed about 14,000 public chargers, including direct current (DC) fast chargers 

[39]. CEC and National Renewable Energy Laboratory (NREL) has conducted a study [39] to 

analysis the charging infrastructure needs in order to accommodate the state’s 2025 goal. The study 

resulted that the range of 229,000 to 279,000 chargers are needed to support the 1.5 million PEVs 

by 2025. This includes destination chargers, such as workplace chargers and public chargers (level 

2), fast chargers and charging infrastructures at multifamily dwellings.  
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Also other studies have analyzed the grid impact from all the charging infrastructure. 

Richardson [40] has reviewed the ability of EVs to support the integration of RES such as solar 

and wind, into the grid. However, massive EV charging connections can lead to grid problems 

such as voltage limit violations, transformer overloads and failures. Romos Munos et al. [41] 

investigated in several different charging strategies to reduce the changes of transformer failure. 

Also Razhegi et al. [42] looked at different level chargers and its impact on residential 

transformers. To mitigate the grid operation problems, demand response strategies are investigated 

in the following studies. Shao et al. [43] proposed a home area network (HAN) energy 

management tool where the customer can decide on the specific loads to control in order to match 

the demand limit sent by the utility. A strategy of DR with prioritized home loads including EV 

loads to address transformer overloading and concluded that such strategy works without 

interrupting the customers’ convenience and comfort [44]. Rassaei et al. [45] proposed fast-

converging distributed DR algorithm to manage EV charging without increasing the original peak 

load before EV addition. Raghavan [46] investigated the impact of demand bid elasticity on 

locational marginal prices (LMP) with large PEV penetration. The study resulted that even with 

PEV charging, appreciable increase in LMP is excepted when incorporating demand bid elasticity.  

 FUEL CELL 

A Fuel cell is an electrochemical device that produces electricity with fuels such as 

hydrogen, carbon monoxide, methanol and dilute light hydrocarbons like methane depending upon 

the fuel cell type. Fuel cells convert chemical energy to electrical energy with high efficiency up 

to 60%, without any combustion. The overall net reaction of a fuel cell is the oxidation of a fuel 

by oxygen:  
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2𝐻2 + 𝑂2  ⟶ 2𝐻2𝑂 

Hydrogen fuel + Oxygen ⟶ Water 

A gaseous fuel such as hydrogen is fed into an anode and an oxidant such as oxygen is fed 

into a cathode. Oxidation of the fuel at the anode releases electrons from the fuel into the external 

circuit which is connected from the anode to the cathode. The cathode uses the electron to reduce 

the oxidant into water. And high quality heat is a byproduct of this conversion. The fuel cell type 

is are based on the catalyst used. Polymer Membrane (PEM) fuel cells, Phosphoric Acid fuel cells, 

Solid Oxide Fuel Cells and Molten Carbonate fuel cells are a few of the different types of fuel cells 

those are making the most commercial progress. The different types of fuel cells are explained 

below in Table 1. 

Table 1. Fuel Cell Types 
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The major benefits of a fuel cell on top of its high efficiency are: near zero emission of 

criteria pollutants, very low noise emissions and its scalability. Fuel cells are applied in 

transportation as well as portable and stationary power generation helping meet environmental 

goals and improve reliability and resiliency in power systems. More than 235 MW of large 

stationary fuel cells are in operation in the US, and more than 210 MW of power generation in the 

state of California [47]. Several studies have investigated the control and manage strategies of fuel 

cells and other DER in microgrid settings. Ghazanfari  [48] investigated a microgrid with fuel cell 

/supercapacitor hybrid system and strategy for power management. Bai et al. [49] explored a 

microgrid with PV and fuel cell and proposed control strategies used the artificial bee colony 

method. Shaffer et al. [50] conducted a study with fuel cells installed at the substation for grid 

support. Because intermittent renewables require constant support, this study was conducted to 

support the dynamic needs of the grid with a clean resource, fuel cell, and presented the capability 

of fuel cells to reduce emissions of greenhouse gases and nitrogen oxides (NOx) at a transmission 

level substation [50]. The study concluded that “Transmission Integrated Grid Energy Resources” 

(TIGER) stations with minimal load following provide significant carbon and NOx emission 

reductions and can support renewable energy.  

2.4.  IRVINE SMART GRID DEMONSTRATION PROJECT 

The “Irvine Smart Grid Demonstration Project (ISGD)” was completed in parallel to the 

goals of Smart Grid R&D Program within the Office of Electricity Delivery and Energy Reliability 

(OE) of the U.S. Department of Energy (DOE).  The Program included resource and operation 

optimization, demand response, and consumer participation integration for grid planning and 

operations to modernize the nation’s electric grid [11].  In the ISGD project, four blocks of 
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neighborhood on two 12-kV circuits (looped) were selected at the MacArthur substation. The 

participating homes were equipped with HAN devices such as smart appliance, programmable 

communicating thermostats and home energy management components as well as battery energy 

storage solar PV systems and energy efficiency upgrades. Plug in electric vehicle and chargers 

were also deployed out to the homes. Each block of the homes had different combinations of the 

DER; Zero Net Energy (ZNE) blocks, Residential Energy Storage Unit (RESU) blocks, 

Community Energy Storage (CES) block and control block as shown in Figure 7.  

 

Figure 7. Irvine Smart Grid Demonstration Project 

The primary objective of ISGD project was to verify and evaluate the ability of smart grid 

technologies to operate effectively and securely when deployed in an integrated framework. The 

project was also able to quantify the costs and benefits of these technologies in terms of overall 

energy consumption, operational efficiencies, and societal and environmental benefits. Finally, the 
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project allowed testing and validation of smart grid technologies for the Southern California region 

and the nation as a whole [51]. 

ISGD enhancements at the MacArthur substation resulted in a state-of-the-art facility that 

is now being replicated throughout the utility.  As a result, the MacArthur is equipped to serve as 

an ideal test bed for evaluating automation simulation and the development of constructive 

information related to smart grids and automatic control.  Using this platform, the present research 

will address the key challenges; one being limited information on the best practices and 

performances with the automation systems. 

2.5. CONTROLLER 

Integrating DER including intermittent RES and demand response requires automation, 

monitoring, and control. A controller is required for this purpose.  It is important to find the proper 

control strategy for microgrids and smart grids with various DER that will allow us to fully take 

advantage of the benefits of the system. Many studies have looked into different strategies in tying 

in various combinations of energy generation and storage technologies [52]. El-saadany and 

Seethapathy [53] and Wandhare et al. [54] investigated in the minimization of energy losses with 

different approaches: the multi-period AC OPF-based technique [53] and the optimal mix of 

statistically-modelled renewable sources with passive network management [54]. Olivares et al. 

[55] investigates the multi-level reconfigurable hierarchical control of a microgrid composed of 

PV, wind turbine, micro-hydro and fuel cell based renewable energy sources and concluded that 

the hierarchical control has an advantage over centralized and decentralized control schemes. Also, 

Samuelsen [56] classifies microgrid controls into three tiers where the primary tertiary coordinates 
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the operation of the microgrid and the host grid and the second and third levels are linked to the 

microgrid operation. 

 GENERIC MICROGRID CONTROLLER 

The “Generic Microgrid Controller (GMC)” and the IEEE standard for the specification of 

Microgrid  Controllers, 2030.7, was developed through a major U.S. Department of Energy (DOE) 

initiative that can be applied to any size or type of microgrids and to help establish open source 

industry standards for microgrid control and minimize design work for new microgrids [57]. The 

GMC focuses largely on the grid connect and islanding feature and the generation dispatch feature 

to match the goals of ensuring the microgrid (1) serves the resiliency needs of the microgrid 

community and participating communities, and (2) effectively manages and controls the microgrid 

assets and resources. The GMC has two major functions (transition and dispatch) as shown in 

Figure 8 which also depicts three levels of control.    
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Figure 8. GMC Levels of Control 

As shown in Figure 9, the GMC’s generic module architecture include a Master Microgrid 

Controller, the highest level controller which performs the grid connect and disconnect, 

communicating with the larger grid and the controls for grid dispatch where a Load Controller 

(LC), a Generation Controller (GC), a Storage Controller (SC), and a Breaker Controller (BC).  



 

26 

 

 

Figure 9. GMC Modular Architecture 

Additional control schemes can be added such as load forecast. Such specification and 

controller module can be used not only for microgrids but also for DER manage and control at 

distribution level circuits. 

 SUBSTATION LEVEL CONTROL 

Smart grid control and automation strategies to manage the different DERs in the grid is 

important as discussed in previous paragraphs. The increasing penetration of DERS are imposing 

different challenges to our grid system especially at the low voltage and medium voltage levels. 

Many studies have investigated the different control methods and strategies for the distribution 

network. Ravikumar Pandi et al. [58] addressed that the medium to low voltage transformer 

substation is the key element that connects the distribution system to the rest of the power grid and 

emphasizes the importance of intelligent substations to provide high reliability levels and 

maximum efficiency. Giorgio et al. [59] suggested smoothing out the fluctuation in substation 

feeder flow to a distribution network to support the local frequency control problem, to maintain 
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tie-line flow as scheduled and to increase reliability of the grid. Kadurek et al. [60] addressed the 

need of control of the energy flows in a distribution substation and suggests a solution of Model 

Predictive Control of Energy Storage Systems with high penetration of renewable energy sources 

to make power flow at node level to be more controllable. Also, Dufore and Belanger [61] looked 

into voltage control in connection with DR provided by distribution network with intelligent 

distribution substations.    

2.6. REAL TIME SIMULATION TOOL, OPAL-RT 

The smart grid design has high complexity and require advanced testing methods to 

accurately analyze the behavior of the smart grid [62]. Communication links are critical in testing 

the behavior of smart grids. The OPAL-RT simulator is composed of both software and hardware 

and is capable of Hardware-in-the-Loop (HIL) simulation in real time.  HIL simulation is a method 

used for the test or simulation, in real-time, of complex process systems before its application in 

real environment for cost, safety and quality improvement. Real-time simulation is important in 

power grid control; resiliency, and reliability can be measured according to the actual “wall clock” 

while the grid is under automatic control, making intelligent decisions on its own. The control 

system or the embedded system can be connected to the HIL simulator (mathematical models), 

which will mimic the real utility substation in different scenarios and be simulated. 

2.7. SUMMARY 

The modern power grid is undergoing series of upgrades to achieve a sustainable 

environment while increasing its reliability and resilience. California is targeting many aggressive 

goals; 50% electricity from renewable resources, implementation of zero net energy homes and 



 

28 

 

increase zero emission vehicles to 5 million, to ultimately reduce GHG emissions 80% below 1990 

level by 2050. With this said, we suspect our future distribution circuits to become more complex 

systems and this will require proper distributed energy resource management and control at a 

single point at the distribution level to integrate all the different distributed energy resources, such 

as solar panels, battery storage systems, demand response and fuel cells in order to achieve 

maximum benefits and secure our grid from any technical complications of the power grid. Many 

different research studies have analyzed and investigated the power supply and demand mismatch 

and technical grid problems with the integration of various mixture DERs. Studies have also 

investigated in microgrid controllers and a specification standard for microgrid controller has been 

established. Thus far, research has not yet been conducted to evaluate the impacts and benefits of 

automation control using the microgrid controller specifications at a distribution substation 

standpoint with various distributed energy resources deployed throughout the distribution circuits. 

3. APPROACH  

In order to achieve the goal of the study stated in Section 1.2, the following tasks were 

taken. 

3.1.  TASK-1 

Develop a digital simulation model of the MacArthur utility substation and selected 

circuits 

With the obtained circuit data and electrical model, develop digital simulation model in 

MATLAB Simulink platform. Detailed model of homes will also be included in the simulation 

model.  



 

29 

 

3.2.  TASK-2 

Develop viable future scenarios of DER and controllable loads for evaluation 

With the different DER included in the ISGD project and the simulation model, Task 2 

develops scenarios with different combinations of DER to investigate the different impacts and 

benefits. Also, a fuel cell will be included in the scenarios. PV profile and load profile data will be 

extracted from the ISGD project.  

3.3.  TASK-3 

Develop a controller for the substation and incorporate into the simulation model 

Review the different control strategies from the ISGD project and develop a viable control 

strategy with the usage of real Time of Use signals for each and every DER.   

3.4.  TASK-4 

Using the digital simulation model, evaluate the controller performance under a 

variety of scenarios through simulation  

Run simulations of the model and controller on the OPAL-RT platform. Perform data 

acquisition on the simulations for different scenarios and carry out post analysis. Finally, establish 

the role of substation automation in the context of reliability, resiliency, efficiency, and 

environmental quality of the electricity system  
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4. METHODOLOGY 

4.1. ELECTRIC CIRCUIT MODEL OF SUBSTATION 

 CYME MODEL  

The circuit models for the Mac Arthur substation was provided from Southern California 

Edison (SCE) in CYME, a power engineering software. The CYME model, as in Figure 10, 

contained all the circuit details for cables, transformers, switches, fuse, shunt capacitors and 

breakers. The yellow circle indicates the location of the substation and the red lines indicate Circuit 

A and Black lines indicate Circuit B. 281 transformers by phase and 62 three phase transformers 

are present in both circuits. The figure only shows the higher voltage lines (12kV) and no 

secondary lines. The blue pin indicates the location of the ISGD project. One spot load is 

connected, as an aggregated load of the neighborhood, to each of these secondary transformers. 

To simplify the circuit model, the number of transformers were reduced to 115 transformers by 

phase, aggregating those transformers on the same phase together while keeping the impedance 

percentage the same and connected an aggregated load to it. While doing so, the aggregation of 

the cable lengths were less than 1,000 feet and made sure no significant line impedance was 

neglected in the model. At each aggregated node point of the transformer, different DERs were 

connected along with an aggregated spot load.  
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Figure 10. CYME Model of Two Circuits 

 OPAL-RT EPHASORSIM MODEL 

To ultimately run real time simulations on the OPAL-RT platform, the CYME model was 

translated into an ePHASORsim model. Out of the different types of solver models from OPAL-

RT, the ePHASORsim phasor domain solver was used. In phasor simulation, the voltages and 

currents are computed as phasors, complex numbers representing sinusoidal voltages and currents 

at a particular frequency [63]. It is capable of using time steps of few milliseconds, provides 

voltage and current information representing the phasor measurement unit (PMU) installed in the 

power grid and is capable of precise simulation within real-time and faster performance.  In this 

ePHASORsim model, the input and outputs of the circuits can be managed and modeled separately 

while the solver uploads the CYME model (circuit model) within and perform power flow 

computation. After translating the CYME model into an ePHASORsim model, the power flow 

results were compared for model validation. Figure 11 shows results of the phase A voltage from 
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CYME and ePHASORsim. The results show that the voltage magnitude is nearly similar and 

Figure 12 shows that the error between the two models are less than 0.12%. The error increases as 

the length of the cable increases and this can be explained by the small errors from the unit 

conversion of the two models since cyme is modeled in feet and ePHASORsim in meters.  

 

Figure 11. CYME VS ePHASORsim Results 
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Figure 12. Error % between Two Models 

4.2. SCENARIO DEVELOPMENT 

The scenarios were based off the ISGD project set up. As demonstrated in the ISGD 

project, DERs such as PV and battery storage were selected as appropriate local sources for 

deployment throughout the circuits. Also, as in the ZNE home set up for the ISGD project, it is 

assumed that homes are equipped with smart appliances, energy management systems and electric 

vehicle supply equipment (EVSE) as a controllable load which can respond to demand response 

requests. Scenarios were divided in four main groups: high renewable penetration, energy storage, 

demand response, and circuit-independent. In each group, a variable (e.g. renewable penetration) 

is changed in the circuit and the simulations are done. The outputs include the load flow in the 

circuits, cost of generation, and the operation of DERs. Emissions and efficiency were calculated 
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after the simulations.  Also, cases were repeated for different initial and operating conditions to 

cover different situation (cloudy vs sunny days).  

For the base case, it was assumed that the two circuits had a PV penetration equal to that 

of the ISGD blocks.  The total load associated with circuits A and B is shown in Figure 13 for the 

day of 5/14/2014. These data were recorded using synchrophasors located at the substation and it 

recorded data at 30 samples per second rate.  In the base case, it was further assumed that the 

electricity demand is rigid and not controllable.  

 

Figure 13. Real Power at Substation 

 HIGH PHOTOVOLTAIC PENETRATION  

In these scenarios, solar PV penetration in the circuits was increased from the current PV 

penetration on the circuit to 100%. Based on previous Advanced Power and Energy Program 

(APEP) research conducted under a California Solar Initiative (CSI), it was expected that 100% 

PV penetration is not feasible due to intermittency and instability introduced by PV. Thus, as the 
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PV penetration increases and the simulations are repeated, a threshold for the PV penetration on 

the circuits was established. Studying the scenarios with higher penetration helped identify the 

issues (system constraints), impacts, and solutions to achieve higher penetrations and increase the 

threshold. Along with establishing the maximum PV penetration, another feasibility check was 

conducted to ensure that enough roof space or open space is available on the circuits to install solar 

PV.  

 ENERGY STORAGE 

In these scenarios battery energy storage was added as another DER to the circuits with 

maximum PV penetration to assess the impact of energy storage in addition to high PV penetration. 

Furthermore, the PV penetration was increased to determine whether addition of energy storage 

helps increase the feasible PV penetration on these circuits and distribution system in general.  

These scenarios were divided into three groups modeled after ISGD demonstration:  

1) RESU (Residential Energy Storage Unit), in which each household has a 4kW/10kWh 

battery energy storage. In these scenarios, the “mode” (e.g. PV Capture, peak-shaving) of the 

battery operation was controlled and set by the GMC controller at the substation.  

2) CES (Community Energy Storage), in which each block (corresponding to each 

transformer) is equipped with a 25kW/50kWh energy storage. The operation of these resources 

was controlled by the GMC controller.  

3) Substation (or Circuit) battery: In these cases, a bigger energy storage (2MW/500kWh) 

was simulated at the substation to support the operation of the two circuits under study. Directed 

by the results of the simulation, energy storage of different sizes were also simulated. 
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 DEMAND RESPONSE 

The DR scenarios built upon the previous simulations. It was assumed that the system was 

equipped with energy storage and the corresponding maximum PV penetration for that type of 

storage determined in previous simulations.  The scenarios included two groups: 

1) HVAC and smart appliances: in these scenarios, it is assumed that the homes are 

equipped with HVAC and smart appliances that can participate in demand response. Furthermore, 

they are equipped with energy management systems (EMS) communicating with the GMC 

controller to respond to signals.  

2) Plug-in electric vehicles (PEV): In these scenarios, the homes were equipped with smart 

appliances and HVAC as the previous group, and a plug-in electric vehicle in each household 

which roughly translate to 50% PEV penetration.  It was further assumed that the chargers were 

capable of accepting and responding to signals.   

For these scenarios, initially, the current demand response programs and incentives offered 

by SCE were used.  

 CIRCUIT INDEPENDENT 

In this scenario, a fuel cell was modeled at the substation to serve as a grid resource in 

order to fully support the load of the system without having to “import” any electricity from the 

grid. Low emission combustion systems operated on renewable fuels also are admissible systems 

in terms of low emission electricity generation system. However, for the purpose of considering 

lowest possible criteria pollutants, only fuel cells are investigated in this research. Thus, all the 

required generation was produced locally using DERs and with the help of controllable loads.  This 

is similar to operation of a microgrid in islanded mode (dispatch while islanded) and thus the 
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objective was not to meet the load at minimum cost but to meet the load without import. The 

“transition” from grid connected to islanded and vice versa and the transients associated with 

transition were not studied in this research. 

4.3. CONTROLLER LOGIC 

The GMC specifications were used to establish the requirements and functionalities of the 

controller that was simulated at the substation to enable substation automation and control. It 

includes the dispatch function since the system under study includes two utility 12 kV circuits and 

not a microgrid. Since transitioning to islanded mode was not studied, the breakers were not 

included in the controls. A schematic of the controller and three levels of controls are shown in 

Figure 14. Utility signals and request, as well as system status data (including load data) were 

inputs, and the outputs include signals to the DERs in the two circuits. The DERs on the two 

circuits include demand response, rooftop photovoltaics and different scales of battery energy 

storage systems such as, RESUs, CESs, and larger circuit battery energy storage in different 

scenarios. In one of the scenarios, a fuel cell was simulated at the substation as well.  
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Figure 14. Control Schematic and Levels of Control 

The batteries had a local (device) control mechanism built in as a model and operated as 

either (1) residential energy storage units (RESUs) with PV-capture and time-base load shifting 

modes, or (2)  community energy storage (CES) with permanent load-shifting and load-limiting 

modes. These modes are described in details in Section 4.3.1. 

The mode of operation will be determined by the controller.  This was done to avoid 

sending set-points to individual DERs from the controller, which results in a large number of 

variables and it was impractical for the utility or operator to control thousands of DERs across the 
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grid.  The fuel cell operated in two modes, base loading or load-following mode, determined by 

the controller, and the demand response signal was sent by the controller to local load controller 

based on the utility request or the need to balance load and generation.  Load controllers included 

the local controller on EVSEs associated with PEVs and EMS of the customer.   

In the following sections, first the details of local controls and the logic on the DERs are 

explained and resulting outcomes are shown, and next the logic, assumptions, and strategy of the 

controller at the substation are presented.   

 DEVICE (LOCAL) CONTROL LOGIC 

1. Residential Energy Storage Unit (RESU) 

The residential energy storage units were comprised of a PV array and a battery connected 

to a single inverter. The inputs included the home electricity load, PV array output, and mode of 

operation. The outputs included inverter power output and a measurement port containing the load 

power demand, the PV array output power, the battery output power, the inverter output power 

and the battery state of charge (SoC).  

The RESU component and its mask are shown in Figure 15 and Figure 16. The “Power” 

tab contains the power stage parameters, namely inverter rated power in kW, battery rated capacity 

in kWh, battery initial SoC in percentage and roundtrip efficiency in percentage. The “Control” 

tab contains the parameters pertaining to the control stage of the system, namely admissible battery 

SoC range in percentage, maximum charging power during night time in kW and 

charging/discharging time interval in hours. The RESU output power is calculated based on the 

load demand, PV output and battery charge/discharge power, and is further limited by the inverter 

rated power. The available battery energy is dependent on its SoC.  
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Figure 15. RESU Component 

 

Figure 16. RESU Component Mask 

Two operation modes were modeled for the RESU: PV capture and Time-based load 

shifting. The control logic for each mode was designed and validated by comparing the simulation 

results to the data and the field experiment results from the ISGD project. When operating in PV 

capture mode, the battery output follows its power set-point, which is the difference between the 

PV output and the load demand, as long as the battery SoC remains within the acceptable 

predefined range. The battery charges when the PV output is more than the load demand and 
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discharges when it is less. If the battery reaches its maximum SoC and the load demand is met, the 

surplus PV power is fed back to the grid. Similarly, if it reaches its minimum SoC and the load 

demand is not met, the grid has to provide the required power. Figure 17 presents the simulation 

results for a 24 hours period running the RESU in PV capture mode. The load and PV profiles 

were taken from the ISGD data, the battery initial SoC was set to 50% and the admissible SoC 

range was set to 20%-90%. Negative power means the battery was charging. 

 

 

Figure 17. RESU Simulation Results, PV Capture Mode 
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When operating in Time-based load shifting mode, the battery charges and discharges 

during specified time ranges. The charging power set-point was fixed to the specified “Maximum 

charging power” value, whereas the discharging power was calculated based on the battery SoC 

and the duration of the specified discharge cycle, so that the battery reaches its minimum SoC at 

the end of the cycle. The discharging power is also limited by the inverter rating and PV output 

power. Figure 18presents the simulation results for a 24 hours period running the RESU in Time-

based load shifting mode. The load and PV profiles were taken from the ISGD data, the battery 

initial SoC was set to 50% and the admissible SoC range was set to 20%-90%. Negative power 

means the battery was charging.  
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Figure 18. RESU Simulation Results, Time-based Load shifting Mode 

2. Community Energy Storage (CES) 

The community energy storage were installed near the distribution transformers and supply 

all the customers downstream. Its inputs were the total load power and PV output power from all 

the homes downstream as well as the mode of operation. Its outputs were the inverter power output 

and a measurement port containing the total load power demand and total PV output power of the 

block, the CES output power and the battery state of charge (SoC).  
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The CES component and its mask are shown in Figure 19 to Figure 21. The “Power” tab 

contains the power stage parameters, namely inverter rated power in kW, rated capacity of the 

battery in kWh, battery initial SoC in percentage, roundtrip efficiency in percentage and admissible 

battery SoC range in percentage. The “Permanent Load Shifting mode (PLS)” tab contains the 

parameters pertaining to the CES control stage when operating in PLS mode, namely charging and 

discharging power set-point in kW, charging and discharging power slope limit in kW/h and time 

intervals for the charging and discharging cycles. The “Load Limiting mode” tab contains 

parameters pertaining to the CES control stage when operating in Load Limiting mode, namely 

the load and generation limits in kW. The CES output power is calculated based on the total 

residential block load demand and PV output power. It is limited by the CES inverter rated power 

and also dependent on the battery SoC.  

 

Figure 19. CES Component 
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Figure 20. CES Mask, Power Tab 

 

Figure 21. CES Component Mask, Modes 

Two operation modes were modeled for the CES: Permanent Load Shifting (PLS) and Load 

Limiting. The control logic for each mode was designed and validated by comparing the simulation 

results to the data collected from the field experiments in the ISGD project. When operating in 
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PLS mode, the battery charges and discharges during specific time windows that are determined 

by the operator. The charging power set-point was fixed to the specified “Charging power set-

point”, whereas the discharging power was fixed to the specified “Discharging power set-point”. 

Figure 22 presents the simulation results for a 24 hours period running the CES in Permanent Load 

Shifting mode. The load and PV profiles were taken from the CES block ISGD data, the battery 

initial SoC was set to 50% and the admissible SoC range is set to 20%-90%. Negative power means 

the battery was charging. 

 

Figure 22. CSE Simulation Results, Permanent Load Shifting Mode 
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When operating in Load Limiting mode, the CES charges and discharged as necessary, 

subject to its capacity limits, and to ultimately limit both imported and exported power at the 

distribution transformer to the specified set-points. Figure 23 presents the simulation results for a 

24 hours period running the CES in Load Limiting mode. The load and PV profiles were taken 

from the CES block ISGD data, the battery initial SoC was set to 50% and the admissible SoC 

range is set to 20%-90%. Negative power means the battery was charging. 

 

  

Figure 23. CES Simulation Results, Load Limiting Mode 
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3. Circuit Battery 

The circuit battery energy storage model was based on the community energy storage 

model. Installed near the substation, the battery supplied all the customers downstream. Its inputs 

were the total load power from all the customers downstream as well as the mode of operation. 

The outputs included the inverter power output and a measurement port containing the total load 

power demand, the output power and the battery state of charge (SoC). The circuit battery energy 

storage component are the same as the community energy storage with the same function in modes: 

Permanent Load Shifting (PLS) and Load Limiting. 

4. Fuel Cell 

As with the battery, the fuel cell was located near the substation and supplied all the 

customers downstream. The inputs to the model included the total load power (power set-point) at 

the substation as well as the mode of operation. Its outputs were the fuel cell power output and a 

measurement port containing the fuel cell fuel supply amount and the efficiency.  

The fuel cell component and its mask are shown in Figure 24 to Figure 26. The “Power” 

tab contains the capacity and the performance of the fuel cell: rated power in kW, number of fuel 

cell modules, and ramp up and down rate in kW/h. The “Load Follow mode” tab contains the turn 

down % parameter to set the turndown % of the fuel cell while in operation to follow the demand 

load/power set-point. The “Base Load mode” tab contains the base load % which sets the 

percentage use of the fuel cell to deliver a set load/power. This can be set to an output % at the 

highest efficiency of the fuel cell.  
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Figure 24. Fuel Cell Component 

 

Figure 25. Fuel cell Component Mask, Power Tab 
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Figure 26. Fuel Cell Mask, Modes 

Two operation modes were modeled for the fuel cell: Base Load and Load Following. 

When operating in Base Load mode, the fuel cell outputs a set power which is specified with the 

“base load %” parameter. It will act as a base load supplier at the substation. Figure 27 shows the 

result of the fuel cell operating at base load mode; the parameters are set to max capacity of 6MW 

and base load percentage to 50. The fuel cell outputs 3MW constantly throughout a day.  

When operating in the Load following mode, the Fuel cell outputs power according to the 

power set point/power demand. The fuel cell follows the load within its power capacity and ramp 

up and down constraints. Figure 28 shows the result of the load following mode. With the same 

capacity parameters, 50% turndown set point and 10kW/h and -20kW/h ramp rates, the fuel cell 

follows the load subject to its operational constraints.   
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Figure 27. Fuel Cell Simulation Result, Base Load Mode 

 

Figure 28. Fuel Cell Simulation Result, Load Follow Mode 
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5. Demand Response (DR) 

These Two types of demand response signals were sent from the controller: 1) HVAC and 

smart appliance demand response and 2) Plug-in electric vehicles (PEV).  The demand response 

signal was based on the utility request or was initiated when physical constraints of the system 

were violated.  The measurements from the two circuits were inputs to the controller and the 

controller detected abnormal voltage, transmission overflow and transformer overload.  

1) HVAC and smart appliances: The demand response signal for home appliances 

including the HVAC was sent to the load on the circuit. Figure 29 shows the result of a demand 

response sent to a home during 6AM to 1PM and again at 5pm to 10pm. The capacity of load 

reduction was obtained from the ISGD Project’s demand response experiments.  In practice, this 

signal will be sent to the energy management system of the residence, and the EMS will make the 

decision on how to meet the requested DR.  EMS and its details are outside the scope of the current 

project.  

 

Figure 29. Demand Response Simulation Result 
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2) Plug-in electric vehicles (PEV): Demand response was accomplished on the electric 

vehicle supply equipment (EVSE). With plug-in electric vehicle in each household, a demand 

response signal was sent from the controller to adjust the charging rate or to turn on and off the 

EVSE. Figure 23 shows the EVSE charger mask in the model. The designed EVSE logic was 

based on the ISGD report description and test results and was adapted to fit desired behavior. From 

midnight to 7AM, the EVSE rejected DR events to insure that the PEV reached full charge in the 

morning. From 7AM to midnight, the EVSE accepted DR events, depicted as “ChargeRate%” in 

Figure 30, corresponding to changes in the charging rate. Figure 31 presents the EVSE simulation 

results for one day. The demand response event was selected to test the logic and control. In the 

result, the EVSE power output corresponding to the DR charge rate % change can be seen. Note 

that from 7am-10am, the PEV was not connected to the charger (i.e. Charging status=0), thus it 

could not respond to the Requested ChargeRate.  Also note, that in these simulations, whenever 

the PEV was not available or not connected to the charger (i.e. Charging status=0), the SOC was 

set to 0 due to lack to communication between the EVSE and the vehicle. In these situations the 

EVSE could not respond to the DR request (Requested ChargeRate%).  When the PEV was 

reconnected to the EVSE, the actual SOC was then communicated to the local controller.  For 

example, at 10am the PEV was connected to the EVSE and the actual SOC was read.  The reading 

was lower than the reading at 7am, indicating that the PEV was driven between these hours. 
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Figure 30. EVSE Mask Model 

 

Figure 31. EVSE Demand Response Simulation Result 
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 CONTROLLER LOGIC 

The controller simulated the substation is explained which corresponds to the middle level 

shown in Figure 9 and Figure 14. As mentioned previously, the controller at the substation sends 

signals to the device controllers and set the mode of operation and the details of the operation is 

then determined by the device controllers. This was done so that the DERs had a level of autonomy 

and the customers could determine the details of operation while responding to the 

requests/demands of the utility or grid operator. The controller logic is shown in Figure 32, and 

the details of economic dispatch strategy are shown in Figure 33.  

 

Figure 32. Controller Logic 
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The major inputs included signals from the utility (or grid operator), system electricity 

load, and circuit measurement data.  The utility signals included a demand response (DR) request, 

and an emergency signal.  The emergency signal refers to situations when the grid was congested, 

or there was an outage and the controller goes to the “circuit-independent” scenario where all the 

demand is met by the DERs (including DR).  The outputs included signals that the controller sent 

to the DERs on the circuits: fuel cell, circuit battery, demand response, residential energy storage 

units and community storage units.  In what follows the controller logic for business as usual 

operations (emergency signal=0), as well as circuit-independent (emergency signal=1) operations 

are described.  

 

Figure 33. Economic Dispatch 
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The Economic Dispatch logic was set with the following functions to minimize the import 

from the grid at each time step. The controller will determine which mode the devices should run 

in with the constraints as indicated below.  

Optimization function to minimize import is shown in Eq (4.1). In this equation, D(t) is the 

total load of the circuits seen at the substation at time t, i is the number of RESUs and j is the 

number of CESs deployed in the circuits, RESU(i,t) is the output of the i-th RESU at time t, 

CES(j,t) is the output of the j-th CES at time t, CB(t) is the output of the circuit battery at time t, 

and FC(t) is the output of fuel cell at time t. 

𝐼𝑚𝑝𝑜𝑟𝑡(𝑡) = 𝐷(𝑡) − { ∑ [𝑅𝐸𝑆𝑈(𝑖, 𝑡)]

𝑁𝑅𝐸𝑆𝑈

𝑖=1

+ ∑ [𝐶𝐸𝑆(𝑗, 𝑡)] + 𝐹𝐶(𝑡) + 𝐶𝐵(𝑡)

𝑁𝐶𝐸𝑆

𝑗=1

} (4.1) 

Eq(4.2) indicates that the output of the RESU is a function of demand of that particular 

customer (Dh(i,t)), the output of that customers PV (PVh(i,t)), and the mode of the RESUs 

(modeRESU(t)).  The details of how RESU is calculated in included in the local (device) controller 

and was described in details is section 4.3.1. Similarly, Eq (4.3) shows the output of the CES as a 

function of all demand downstream of CES (Da(j,t)), the sum of all PV downstream of that CES 

(PVa(j,t)), and the mode of the CESs (modeCES(t)). 

𝑅𝐸𝑆𝑈(𝑖, 𝑡) = 𝑓(𝐷ℎ(𝑖, 𝑡), 𝑃𝑉ℎ(𝑖, 𝑡), 𝑚𝑜𝑑𝑒𝑅𝐸𝑆𝑈(𝑡)) (4.2) 

𝐶𝐸𝑆(𝑗, 𝑡) = 𝑔(𝐷𝑡(𝑗, 𝑡), 𝑃𝑉𝑡(𝑗, 𝑡), 𝑚𝑜𝑑𝑒𝐶𝐸𝑆(𝑡)) (4.3) 

Eq (4.4) and Eq (4.5) show that the outputs of the circuit battery (CB) and fuel cell (FC) 

are a function of the circuit load and their respective modes of operation: modeCB and modeFC. The 

details were previously described in sections 4.1.3. 

𝐶𝐵(𝑡) = 𝑘(𝐷(𝑡), 𝑚𝑜𝑑𝑒𝐶𝐵(𝑡)) (4.4) 
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𝐹𝐶(𝑡) = 𝑙(𝐷(𝑡), 𝑚𝑜𝑑𝑒𝐹𝐶(𝑡)) (4.5) 

Note that in Eq (4.2)-(4.5), D(t), Dh(i,t), Da(j,t), PVh(i,t), and PVa(j,t) are known (from the 

data collected from the circuits), and only the mode of operation associated with each class of 

DERs are the variables in this optimization.  

The optimization is subject to multiple constraints corresponding to physical constraints of 

the assets and equipment.  The first constraint is the balance of supply and demand as shown in Eq 

(4.6).  

𝐷(𝑡) = 𝑆(𝑡) (4.6) 

Output power of each DER is limited by the maximum and minimum power. Maximum 

power is usually the rated power of that DER, for energy storage the minimum power is the 

maximum discharge power.  For generating units (such as the fuel cell), the minimum power is 

determined by the economics.  The power limit constraints are shown in Eq (4.7)-(4.10).  

𝑅𝐸𝑆𝑈𝑚𝑖𝑛(𝑖)  ≤ 𝑅𝐸𝑆𝑈(𝑖, 𝑡) ≤ 𝑅𝐸𝑆𝑈𝑚𝑎𝑥 (𝑖, 𝑡) (4.7) 

𝐶𝐸𝑆𝑚𝑖𝑛(𝑗) ≤ 𝐶𝐸𝑆(𝑗, 𝑡) ≤ 𝐶𝐸𝑆𝑚𝑎𝑥(𝑗) (4.8) 

𝐶𝐵𝑚𝑖𝑛 ≤ 𝐶𝐵(𝑡) ≤ 𝐶𝐵𝑚𝑎𝑥 (4.9) 

𝐹𝐶𝑚𝑖𝑛 ≤ 𝑅𝐸𝑆𝑈(𝑡) ≤ 𝐹𝐶𝑚𝑎𝑥 (4.10) 

Another constraint included is the ramp rate limits associated with the fuel cell for both 

ramping up and ramping down. This constraint is shown in Eq (4.11).  In this equation, RLu is the 

ramping up limit and RLd is the ramping down limit.  Since the optimization is done hourly or 

every 15 minutes, it is assumed that the battery energy storage units are not constraints by ramp 

rates with this temporal resolution.  

𝑅𝐿𝑑 ≤ (𝐹𝐶(𝑡) − 𝐹𝐶(𝑡 − 1)) ≤ 𝑅𝐿𝑢 (4.11) 
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The SOC of battery energy storage units (including RESU, CES, and circuit battery (CB)) 

are limited by the minimum and maximum allowable SOC. These constraints are shown in Eq 

(4.12)-(4.14). 

𝑆𝑂𝐶𝐶𝐵,𝑚𝑖𝑛(𝑡) ≤ 𝑆𝑂𝐶𝐶𝐵(𝑡) ≤ 𝑆𝑂𝐶𝐶𝐵,𝑚𝑎𝑥(𝑡) (4.12) 

𝑆𝑂𝐶𝑅𝐸𝑆𝑈,𝑚𝑖𝑛(𝑖, 𝑡) ≤ 𝑆𝑂𝐶𝑅𝐸𝑆𝑈(𝑖, 𝑡) ≤ 𝑆𝑂𝐶𝑅𝐸𝑆𝑈,𝑚𝑎𝑥(𝑖, 𝑡) (4.13) 

𝑆𝑂𝐶𝐶𝐸𝑆,𝑚𝑖𝑛(𝑗, 𝑡) ≤ 𝑆𝑂𝐶𝐶𝐸𝑆(𝑗, 𝑡) ≤ 𝑆𝑂𝐶𝐶𝐸𝑆,𝑚𝑎𝑥(𝑗, 𝑡) (4.14) 

The SOC at time t can be determined by the SOC and the discharge (or charge) power at 

previous time step (t-1). These constraints are shown in Eq (4.15)-(4.17).  In these equations, EC 

is the energy capacity of the energy storage in kWh. 

𝑆𝑂𝐶𝐶𝐵(𝑡) = 𝑆𝑂𝐶𝐶𝐵(𝑡 − 1) −
𝐶𝐵(𝑡 − 1) × {𝑡 − (𝑡 − 1)}

𝐸𝐶𝐶𝐵
 

(4.15) 

𝑆𝑂𝐶𝑅𝐸𝑆𝑈(𝑖, 𝑡) = 𝑆𝑂𝐶𝑅𝐸𝑆𝑈(𝑖, 𝑡 − 1) −
𝑅𝐸𝑆𝑈(𝑖, (𝑡 − 1)) × {𝑡 − (𝑡 − 1)}

𝐸𝐶𝑅𝐸𝑆𝑈(𝑖)
 

(4.16) 

𝑆𝑂𝐶𝐶𝐸𝑆(𝑗, 𝑡) = 𝑆𝑂𝐶𝐶𝐸𝑆(𝑗, 𝑡 − 1) −
𝐶𝐸𝑆(𝑗, (𝑡 − 1)) × {𝑡 − (𝑡 − 1)}

𝐸𝐶𝐶𝐸𝑆(𝑗)
 

(4.17) 

Other physical constraints such as rated power of the inverters, are included in the local 

(device) controllers and the details are provided in section 4.3.1.  

The problem is linear with integer variables (mode of operation of DERs which can be 

represented by binary values). This constitutes a Mixed-Integer Linear Programming (MILP) 

problem. This MILP optimization problem is solved using MATLAB Optimization Toolbox.  

After the optimization, the results are checked against system constraints (such as voltage 

limits, and transformer capacity). If any of the system constraints are violated, a demand response 

sequence will be initiated to meet the demand without violating any system constraints. Note that 



 

60 

 

this is included as a contingency, and the system (and DERs added to the system) are designed in 

a manner so that the system constraints are not violated even in a worst case scenario.  

1. Business as Usual  

In these situations, the larger grid operation is normal (not an emergency situation) and 

thus the objective of the dispatch is to meet the demand and requested DR in the most economical 

way. Depending on whether the utility sends a DR request or not, the two following possibilities 

are included: 

1) No DR Request from the Utility 

With no DR request from the utility, the objective is to meet all the electricity load at a 

minimum cost.  The fuel cell was operated in a baseload mode at its maximum efficiency level. 

These assumptions were made to ensure that the DERs were used to the maximum extend.  

Including the capital costs (or using LCOE) will result in all the electricity be supplied by the 

utility since the technologies dispatched are more expensive that the utility rate which include a 

lot of conventional generation.  With these assumptions, the cost of the RESU, CES and circuit 

battery will be the cost of operation (including maintenance) with the addition of fuel cost for the 

fuel cell.  Thus the objective of the optimization becomes to minimize the electricity import from 

the grid (meet the demand with as much as DER as possible).  Furthermore, it is assumed that the 

mode of operation for a particular class of DERs is the same, i.e. all the RESUs are in mode 1 or 

all are in mode 0.   

The constraints of the optimization include balance of supply and demand, as well as 

physical constraints of the DERs such as rated capacity, ramp rates, and etc.  The outputs of the 

optimization included set-points for the fuel cell, and modes of operation for other DERs.  After 

the optimization, the results were checked against system constraints (such as voltage limits, and 
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transformer capacity). If any of the system constraints are violated, a demand response sequence 

will be initiated to meet the demand without violating any system constraints. Note that this is 

included as a contingency, and the system (and DERs added to the system) was designed in a 

manner so that the system constraints were not violated even in a worst case scenario.  

2) DR Request from the Utility 

In this situation, a DR signal was sent to the controller from the utility, and the controller 

initiates a DR response by sending signals to the DR devices as discussed in section 2.5, the new 

system load is calculated and sent as an input to the economic dispatch and the dispatch was 

complete as explained in the previous section (but with the updated system load).  

2. Circuit-Independent  

In this situation, the utility sent an emergency signal which can be due to congestion, lack 

of generation resources, or an outage.  The objective here was to prevent any import from the 

utility, and serve the load only with DERs (which can result in dropping loads through DR).  The 

RESU, and CES will be in PV capture mode, the fuel cell in load-following mode and the circuit 

battery will discharge if necessary.  If the demand cannot be met, the required amount of load to 

be shed will be calculated and a DR will be initiated to balance supply and demand.  If the load is 

met without any DR event and the fuel cell is not at full capacity, the fuel cell will be used to 

charge the circuit battery in anticipation of the situation continuing to the next time step. 
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5. RESULTS 

5.1. HIGH SOLAR PV PENETRATION 

The maximum allowable PV on the two circuits is investigated. Solar PV penetration in 

the circuits was increased from the current “as-is” case to maximum PV penetration under 

electrical constraints of the circuit and available physical footprint of the circuit area.  

 

Figure 34. Residential and Commercial Areas in the Two Circuits 

Figure 34 shows the locations of the commercial sections in brown and residential section 

in yellow. For the residential sections, instead of looking at the number of customers connected to 

each secondary transformer, the ISGD block transformer size and connected number of homes 

were used as the base standard for the deployment of PV since the number of customers does not 

indicate the number of homes to accurately deploy PV on the rooftop (e.g. One apartment building 

will have more than 1 costumer) throughout the circuits. For each size of the secondary transformer, 

the number of homes and PV connected were established as standards as shown in Table 2. Each 

home was equipped with a 3.6kW solar PV array.  
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Table 2. Standard Number of Homes per Transformer 

 

For the commercial customers/buildings, the physical footprint of the rooftops was 

estimated using “Google Earth View”, and the average solar panel measurements of 39 x 65 inch 

per 265 watts were used to determine the capacity that the available footprint can host. Figure 35 

shows the available rooftop spaces in one section of circuits.  

 

Figure 35. Building Rooftop Footprint (One Section) 

With all the PV deployed on the circuit with the standardized number of homes, the 

residential sector could host8.697MW of PV and the commercial sector could host 2.66MW of 

PV. This resulted in a total of 11.36MW of solar PV on the entire circuit.  This was the capacity 

Transformer size [kVA] 
Number of Homes 

connected 

PV Capacity for each home 

[kW] 

Total PV Capacity 

[kW] 

50 9 3.6 32.4 

75 /100 15 3.6 54 
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the circuits can host merely based on the available footprint of rooftop spaces and assumed number 

of homes on each secondary transformer. 

The system model previously developed was used to run simulations to determine if any 

electrical constraints were violated with deployment of maximum PV. The simulation was 

conducted as a worst case scenario where the PV production is at its highest and the load profile 

at its lowest as indicated in Figure 36. 

 

Figure 36. Load and PV Profile 

This situation led to high gradients (similar to the famous duck curve) and resulted in 

abnormal voltage on 13 phase C node points in the system. Figure 37 is a plot of the voltage at a 

node point for a 24 hour period. While the voltage contraints is +/- 5% from the nominal voltage, 

as can be seen in Figure 37 the voltage shot over +5% at peak PV power generation. After such 

simulations, the PV capacity was adjusted at each of the 13 nodes and reduced by a total of 1.4MW 

PV capacity to avoid any violations. Figure 38 is a plot of the voltage as the same node point as 

Figure 37 and it  shows no voltage violation with the new PV capacity. 
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Figure 37. Overvoltage at a Node  

 

Figure 38. Voltage at a Node With Adjusted PV Penetration 

The results show that the maximum PV hosting capacity of the two circuits is 7.235MW 

on residential housing and 2.66 MW on commercial buildings. Thus, a total of 9.89MW of solar 

PV can be installed on these circuits which leads to great gradients in the power profile (duck 

curves) but it is manageable voltage remained within the normal voltage range on all the nodes. 
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This is equivalent to 85.1% PV power penetration on the two circuits given the maximum power 

at the substation was 11.626MW. Also this is equivalent to 21.6% PV energy penetration on the 

two circuits.  

 GHG EMISSION REDUCTION 

In order to determine GHG emission reduction due to integration of DERs, the NREL 

PVWatts tool [64] was used to estimate the year around total electricity production of a grid 

connected photovoltaic system. The calculator required the system location and basic design 

parameters such as size, module type, and system losses to estimate monthly and annual electricity 

production of PV system using an hour by hour simulation over a period of one year. Table 3 

shows the result from the PVWatts calculator for the total PV installation.  

Table 3. Annual Electricity Production of 9.89 MW PV 

 

 

 

 

 

 

 

 

 

 

Month 
AC Energy 

( kWh ) 

January 1,073,450 

February 1,094,330 

March 1,445,488 

April 1,538,395 

May 1,599,889 

June 1,596,346 

July 1,647,779 

August 1,632,193 

September 1,428,239 

October 1,290,149 

November 1,096,369 

December 992,895 

Total 16,435,522 
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The emission data were extracted from the Emissions & Generation Resource Integrated 

Database (eGRID) [65] released by the EPA. It is a comprehensive source of data on the 

environmental characteristics of electric power generated in the United States. From the 

eGRID2016, California grid average emission rate was found as shown in Table 4 and the total 

emissions offset by the PV installation was calculated. 

Table 4. eGRID Annual Average Emission Rate 

 

The maximum achievable emissions offset for the installation of 9.89MW PV on the two 

circuits result to 4,228,619 kg of CO2 (4,229 mTCO2) equivalent total output emission annually. 

This is given that the excess PV generation is exported to the grid for full usage and not curtailed. 

The transmission loss of 6.58% is also accounted in the offset emissions. 

5.2. ENERGY STORAGE SCENARIOS 

As discussed in section 4.3, battery energy storage was added as another DER to the circuits 

having maximum PV penetration previously determined in order to assess the impact of energy 

storage in scenarios with high PV penetration. The PV penetration is increased to determine 

whether addition of energy storage helps increase the feasible PV penetration on these circuits and 

ultimately the distribution system. The PV capacity increased from 3.6 kW determined in the 

eGRID 

subregion 

annual NOx 

total output 

emission rate 

(kg/MWh) 

eGRID 

subregion 

ozone season 

NOx total 

output 

emission rate 

(kg/MWh) 

eGRID 

subregion 

annual SO2 

total output 

emission rate 

(kg/MWh) 

eGRID 

subregion 

annual CO2 

total output 

emission rate 

(kg/MWh) 

eGRID 

subregion 

annual CH4 

total output 

emission rate 

(kg/MWh) 

eGRID 

subregion 

annual N2O 

total output 

emission rate 

(kg/MWh) 

eGRID 

subregion 

annual CO2 

equivalent 

total output 

emission rate 

(kg/MWh) 

0.257 0.240 0.024 239.437 0.015 0.002 240.356 
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previous scenario without energy storage to a maximum of 7kW per home which is consistent with 

data collected in California. Although the U.S. average residential PV has been reported as 5.5kW 

[66] in the state of California 858 MW of residential solar PV was added in 2017 with an average 

size of 7 kW per residence [67]. 

This scenario was divided into three groups, inspired by the ISGD project: 1) Residential 

Energy Storage Unit (RESU), 2) Community Energy Storage (CES) and 3) Circuit Battery. In this 

project, the data collected from the ISGD Project were utilized. The load and PV profiles were 

extracted from the data set associated with a high load and high PV day. May 15th, 2014 data of 

the ZNE block (9 homes), shown in Figure 39, were then chosen for the simulations. The load in 

Figure 39 also included the EV load. The EV charge times were included according to the charge 

pattern determined from the ISGD project. Out of the 9 homes in one block on average, 2 homes 

charge their EVs in the morning, 1 home in the midday, 4 homes in the afternoon/evening and 2 

homes at midnight as shown in Figure 40. 

 

Figure 39. Block Load and PV Profile – 5/15/2014 
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Figure 40. Average EV Charging Schedule per Home 

For the commercial section of the circuits, the load data from the South Coast Air Quality 

Management District (SCAQMD) building obtained from the CEC funded project [68] were used. 

The load data from 2007 to 2009 were averaged as shown in Figure 41, and this profile was used 

throughout the commercial load points in the circuits. The pre-set spot load embedded in the 

CYME model was used as a scaling factor for these commercial loads because the actual building 

type and load data are not available for these sections of the circuits.  
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Figure 41. Averaged Commercial Building Profile –SCAQMD [68] 

With this set up, the total load at the substation was within a reasonable range compared to 

the actual load data observed and collected at the substation. 

 RESU 

In the RESU scenarios, each household was equipped with a 4kW/10kWh battery energy 

storage on the customer side of the meter. The “mode” (e.g. PV Capture, time-based load shift) of 

the battery operation was controlled and set by the GMC at the substation and all the RESUs were 

in the same mode to reduce number of variables and simulate a practical scenario. PV capacity 

was increased in 20% increments until 80% which equates to about 7kW for each home. As the 

PV and RESU for each home were tied to a single inverter, the inverter size also increased with 

the installed PV capacity. PV Capture mode was selected by the controller for all simulations in 

order to minimize grid import in order to reduce costs and maximize use of DERs.  
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Figure 42 shows the total power profile at the substation, both circuits A and B, with 

different PV capacities, and Figure 43 and Figure 44 show the two circuits separately. In all three 

figures, the “duck curve” [15] was identified which refers to the dip in the middle of the day when 

PV production is at its highest and the steep ramping in the afternoon.   
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Figure 42. Total Power Profile at Substation 

 

Figure 43. Circuit A Power Profile at Substation 
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Figure 44. Circuit B Power Profile at Substation 

The two circuits consist of different building/load types as depicted in load profiles in 

Figure 43 and Figure 44. Circuit A is mainly composed of residential loads with PVs and RESUs, 

whereas Circuit B is mainly composed of commercial loads, with PV only on 10 buildings and no 

RESUs. For that reason, circuit A exports electricity to the grid during the day as the PV capacities 

of the homes are increased to simulate and assess the effects of the RESU in increasing renewable 

DER penetration. Circuit B shows a “dip” in net load during the day as well, but it does not result 

in export to the grid since it does not have a high penetration of DERs. Table 5 lists the results of 

the simulations which shows that addition of RESUs increase the PV hosting capacity of the 

circuits.  This table also shows voltage violations at some nodes within the systems at 80% PV 

capacity increase. For maximum PV, the PV capacity at the nodes with voltage violations were 

reduced until there were no more violations. Voltage violations (>1.05p.u) at 5 nodes close to the 

substation were also identified as shown in Figure 45. Voltage rise can be caused by two factors, 
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reverse power flow and decrease in line impedance. Due to the over generation at peak PV 

production, as shown in Figure 46, it is expected that the voltage rises beyond 1.05p.u. around the 

nodes closer to the substation, since the base voltage is higher near the substation than the node 

points further away from the substation. This is depicted in Figure 47 and Figure 48, the voltage 

profiles presented for the Scenario 1 PV and max case PV. In both figures, differences in the 

voltage profiles for the closest and furthest nodes from the substation are shown. The decrease in 

voltage with the increase in distance from substation can be explained by voltage drop or line drop, 

a phenomenon in circuits due to line current and line impedance.   

Table 5. Result of Simulations - RESU 

 

PV Increase (%) Voltage Violations 
Total PV Capacity 

(MW) 
Total Battery Capacity 

0% (Base case) None 9.89 

8.439MW/21.097MWh 

20%  None 11.342 

40% None 10.129 

60% None 12.789 

80% Yes, 5 Nodes 15.683 

Max None 15.29 
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Figure 45. Voltage Violation Node Location 

 

Figure 46. Over voltage at a Node 
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Figure 47. Voltage Profile for Base Case PV at Two Nodes 

 

 Figure 48. Voltage Profile for Max PV Increase at Two Nodes  
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 CES 

In this scenario, each block (corresponding to each transformer) was equipped with a 

25kW/50kWh battery energy storage (Community Energy Storage or CES). The operation of these 

resources was controlled by the GMC.  PV capacity was increased in the same manner as the 

RESU scenarios. The initial conditions for the two CES modes are shown in Table 6 and Table 7. 

The time intervals for Mode 1 were selected based on the load stress at the transformer and the 

load limiting set points were selected in order to reduce peak loads at the transformer node in order 

to relieve stress on the infrastructure and assets. Similar to the RESU simulations, Mode 0, load 

limiting mode, was selected by the controller during the simulations to minimize grid import and 

reduce operation costs.  

Table 6. CES Mode 1, Time based Permanent Load Shifting 

 

 

Table 7. CES Mode 0, Load Limiting 

 

 

Figure 49, Figure 50 and Figure 51show the power profiles at the substation with different 

PV capacities with CES, for Total, as well as circuit A, and circuit B separately. Similar to the 

RESU scenarios, the net load at the substation resembles the famous duck curve showing that 

addition of PV even with energy storage integration exacerbates the duck curve. As previously 

mentioned, because most of the residential housing is on circuit A, the impact of PV increase is 

more visible in Figure 50 associated with circuit A compared to circuit B. Due to the difference in 

Charging Time Interval Discharging Time Interval 

1:00 ~ 4:00 17:00 ~ 22:00 

Load Limit (kW) Generation Limit (kW) 

5 0 
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the battery capacity, circuit A starts exporting electricity to the grid at 40% PV increase compared 

to 60% PV increase associated with the RESU scenario.  

 

 

Figure 49. Total Power Profile at substation 
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Figure 50. Circuit A Power Profile at substation  

Figure 51. Circuit B Power Profile at substation 
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Table 8 lists the results for each simulation. Unlike the RESU scenarios where there were 

no voltage violations until 80% PV increase, in CES scenario, over voltage (>1.05p.u.) 

observations start at 40% PV increase.  

 Figure 52 shows the distance and aggregated PV capacity at the node points with voltage 

violations at 75% PV increase. Voltage violations occurred mostly at the node points close to the 

substation as indicated in red. For maximum PV, the PV capacity at the nodes with voltage 

violations was reduced until there were no more violations as shown in Figure 53 and Figure 54. 

The overall model was updated accordingly to reflect these changes. Figure 55 shows the voltage 

profiles at the closest and furthest nodes from the substation for maximum PV penetration. 

Table 8. Result of Simulations - CES 

  

The voltage violation node points near the substation were the same as the RESU scenario, 

however, in the CES scenario, additional violation node points were present near the end of the 

distribution circuit. Along with the closest node having the highest voltage rise rate shown from 

section 5.2.1, this shows that the voltage rise rate was also high with high penetrations at the end 

of the distribution line. This confirms the findings from the ideal four bus model study included in 

the CSI final report [69] performed by APEP which studied the voltage rise rate for high PV 

PV Increase (%) Voltage Violations Total PV Capacity 

(MW) 

Total Battery 

Capacity 

0% (Base case) None 9.89 5.1MW/10.2MWh 

20%  None 11.342 

40% Yes, 1 nodes 10.129 

60% Yes, 9 nodes 12.789 

80% Yes, 14 nodes 15.683 

Max None 14.89 
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penetration at different locations in the distribution system: beginning, middle and end, and 

concluded that high PV penetration fixed at the end point of the distribution circuit results in the 

highest voltage rise rate. Therefore, high voltage rises at node points near the substation and far 

node points of the substation are as expected. 

 

 

 Figure 52. Voltage Violation Node Location 
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 Figure 53. Overvoltage at A Node 

 

 

Figure 54. Voltage At Node With New PV Penetration  
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Figure 55. Voltage Profiles for Max PV Penetration 

From the results shown in Table 5 and Table 8, it is concluded that both RESU and CES 

scenarios result in almost the same PV capacity (12.6 MW vs 12.2 MW, respectively); however, 

this PV penetration was achieved in the CES scenario with an overall 5.1 MW/10.2 MWh battery 

energy storage compared to 8.4MW/21.1MWh in the RESU scenarios.  This result demonstrated 

that the same PV penetration can be achieved less expensively in the CES scenario due to less 

energy storage in these scenarios reducing capital costs significantly.   

 SIMULATIONS WITH VARIOUS PV PROFILES 

After running simulations for each scenario with one profile, different PV profiles with 

different resolutions and associated with different days were also simulated in order to assess the 

sensitivity of the outcomes to the inputs. To this end, PV data were collected across the University 

of California Irvine (UCI) microgrid- which is adjacent to the ISGD community- and used to 

develop two different types of PV profiles: (1) high PV day on 4/16/2014 (Figure 56), and (2) 
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intermittent and cloudy PV day on 1/10/14 (Figure 57), all with 15 min temporal resolution. The 

impacts of data with higher temporal resolution were investigated as well as the impact of PV 

intermittency especially on a cloudy day. These PV profiles were uploaded to the model and 

analyzed at the max PV case determined from the RESU and CES simulations previously 

discussed.  

 

Figure 56. Normalized UCI PV Profile – High PV Day (4/16/14) 
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Figure 57. Normalized UCI PV Profile – Intermittent PV Day (1/10/14)  

The results of the simulations for the RESU and CES cases were similar. Figure 58 to  

 Figure 61 show the power profiles at the substation for various PV profiles studied.  

 

Figure 58. Power Profile with High UCI PV Profile - RESU 
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Figure 59. Profile with Intermittent UCI PV Profile - RESU 

 

 Figure 60. Power Profile with High UCI PV Profile – CES 



 

87 

 

 

 Figure 61. Power Profile with Intermittent UCI PV Profile - CES 

After running all four simulations, 4 nodes from the CES scenario and 9 nodes from the 

RESU scenarios experience over voltages at high PV penetrations.  These nodes were the same 

nodes seen for the previous CES scenarios from section 5.2.2with ISGD PV profile data. 

 RENEWABLE PENETRATION 

In order to determine the renewable penetration (based on energy), the averaged load and 

PV data are used for one whole year of the ZNE block (Figure 64). The overall power seen at the 

substation, was comparable to the actual substation power data recorded during the ISGD project.  
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Figure 62. Annual Average Load and PV Profile 

The 𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑜𝑡𝑎𝑙  is 39% (associated with 15.29 MW of PV) when all 

the PV generated electricity was used and not curtailed, equation 5.1. However, the two circuits 

were not able to consume all the PV generated electricity and exported to the grid as shown in 

Figure 42 and Figure 49. Exporting can be limited due to the interconnection agreements, and as 

the exporting hours coincide with the belly of the “duck curve,” it is likely that the grid is 

unfavorable of such export, resulting in negative prices or curtailment.  

𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑜𝑡𝑎𝑙 =  
Total Annual PV Generation 

Total Annual Load
 5.1 

To determine the renewable penetration solely for the two circuits, taking into account the 

curtailment, the below equation was used. 

𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑆𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 =  
Total PV Generation − Curtailed Energy

Total Load
 5.2 

As shown in Table 9, the no storage case has over a 6.4 MWh of curtailed energy and the 

renewable penetration is 35.8%. By adding energy storage, the renewable penetration increases to 
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37.5% for the RESU case and 35.3% for the CES case. For both cases, there was only a slight 

difference in the maximum total PV capacity which resulted in small renewable penetration 

difference. 

Table 9. Renewable Penetration 

 AVOIDED DELIVERY LOSSES AND REDUCED FOSSIL FUEL  

With the addition of DERs, the two circuits were able to generate electricity locally and 

supply up to 28.5GWh of energy annually (RESU case). This implied that less generation is needed 

from the central plants. Using reports released by the California Energy Commission [70], 

California state average heat rate for natural gas-fired generating units is 8513 Btu/kWh. The 

avoided fuel input is calculated using this heat rate, and also considering the delivery losses 

(6.58%):  

𝐹𝑢𝑒𝑙 𝑖𝑛𝑝𝑢𝑡 (𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) = 28.5𝐸6(𝑘𝑊ℎ)×8513(𝐵𝑡𝑢𝑘𝑊ℎ)×1.065 = 2.58𝐸11 𝐵𝑡𝑢 

2.58e11 Btu of fuel (mostly natural gas) is avoided annually due to the PV and storage 

addition which ultimately results in reduced criteria pollutant and greenhouse gas emissions.  

The U.S. annual transmission and distribution loss is reported as 5% [8] and the CPUC 

reported 6.58% [71] delivery loss in California’s electric grid in 2017. The average daily demand 

from the two circuits is 208MWh and the 37.2% of the electrical load was served by the local PV 

Scenario 

Total PV 

Capacity 

(MW) 

PV Energy 

for 1 day 

(MWh) 

Curtailed 

Energy 

(MWh) 

Load for 1 

day 

 (MWh) 

Renewable 

Penetration 

(%) 

No Storage 

15.29 

(RESU) 
81.1 6.4 208.1 35.8 

14.89 

(CES) 
78.0 4.7 208.1 35.2 

All RESU 15.29 81.1 3.1 208.1 37.5 

All CES 14.89 78.0 4.2 208.1 35.4 
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and storage units with negligible delivery losses. The reduction in electrical load which is needed 

to be served by the utility through transmission and distribution lines ultimately results in the 

reduction of delivery loss. Considering 6.58% delivery loss, about 4MWh of electricity load can 

be saved daily and 1,460MWh annually which is about a 2% recovery. 

 GHG EMISSION REDUCTION  

To determine GHG emission reduction due to integration of DERs, the NREL PVWatts 

tool [64] was used to estimate the year around total electricity production of a grid connected 

photovoltaic system. Table 11 shows the result from the PVWatts calculator for the total PV 

installation.  

Table 10. Annual Electricity Production of 15.29MW PV  

 

 

 

 

 

 

 

 

 

 

Along with the total PV electricity production, the emissions data from the eGRID2016 

[65] were used. The maximum achievable emissions offset for the installation of 15.29MW PV on 

Month 
AC Energy 

( kWh ) 

January 1,659,561 

February 1,691,840 

March 2,234,733 

April 2,378,371 

May 2,473,438 

June 2,467,959 

July 2,547,477 

August 2,523,379 

September 2,208,067 

October 1,994,579 

November 1,694,992 

December 1,535,022 

Total 25,409,416 
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the two circuits results in 6,537,474 kg of CO2 (6,537 mTCO2) equivalent total output emission 

annually. This calculation assumed that the excess PV generation from the two circuits was 

exported to the larger grid for full usage and not curtailed. The transmission loss of 6.58% is also 

accounted in the offset emissions. To further investigate the impact of the different energy storages 

(RESU and CES), hourly emission factors of the average CA grid are used.  

An hourly metric ton CO2 per MWh was calculated with the demand data and emissions 

data from CAISO [72]. Each month and year were averaged starting April until mid-December of 

2018 as shown in Figure 63. The midday drop in emissions reflects the PV deployment and 

electricity generation. Accounting the dynamics of emissions for 24 hours can give a more accurate 

and detailed emissions analysis. The 2018 average day hourly emission data is shown in black in 

Figure 63. This profile was used to estimate the emissions for the 24 hour simulation of the RESU 

max case and the CES max case.  

Figure 63. Average Emissions for 2018 
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The electricity profile without DER, the red profile in Figure 64, was used to determine the 

emission for the baseline using average emission factors shown in Figure 63. The electricity 

demand profiles with RESUs and CESs from Figure 64 is used to determine the emissions for two 

different storage cases. The transmission loss of 6.58% was added to the calculation to account for 

delivery loss.  

 

Figure 64. Electricity Demand 

The Baseline, RESU case and CES case CO2 emissions are as listed in Table 11. Given 

that the RESU case has more storage, RESU case resulted in less CO2 emissions compared to the 

CES case. A maximum of 19.7 mTCO2 per day was offset (associated with RESU scenario) and 

this resulted in 7,712 mTCO2 offset per year including the transmission loss of 6.58%. This is 

equivalent to 34 % reduction in emissions from these two circuits. Figure 65 shows the different 

emission profiles for different electricity demands. Significant reduction was achieved in 

emissions during midday due to PV electricity generation and the highest emission points during 

the evening hours are shaved due to the energy storage operation.  
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Table 11. Annual Emissions Result  

 

 

Figure 65. 24-hour Emission Profile 

Taking into account the hourly dynamics of emissions and the daily energy storage 

operations, the annual emission offset of 7,205 mTCO2 was larger and more accurate than merely 

accounting for the PV total output and the average grid emission value. This analysis further shows 

the impact and importance of integrating energy storage with renewable resources to further 

decrease GHG emissions.  

 CIRCUIT BATTERY 

First, a 2MW/500kWh battery energy storage was simulated to be at the substation, referred 

to as the “circuit battery” since it served the entire two circuits. During the simulation, the 

controller set the mode of the circuit battery to mode 0, Load limiting mode, in order to minimize 

Baseline CO2 Emissions RESU case CO2 Emissions CES case CO2 Emissions 

20,971 mTCO2 13,766 mTCO2 14,237 mTCO2 
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grid import at the substation and maximize the use of DERs and reduce costs. The parameters were 

set as Table 12.  

Table 12. Circuit Battery Parameters – Mode 0 

 

 

 

 Figure 66 shows the power profile at the substation and circuit battery’s discharge impact 

on the power profiles. Given the low energy capacity of the battery, a minor impact on the power 

profile of the two circuits was observed.  

 

 Figure 66. Circuit Battery Impact on Power Profile 

After the simulation of the 2MW/500kWhbattery storage, a series of different sized 

batteries were simulated with a new load limiting set point of 7MW.  As shown in Figure 67, 

2MW battery energy storage with 2, 4, 6 MWh capacities were simulated. With the 

2MW/6MWh battery, nearly zero export of electricity was possible at the substation by charging 

Initial SoC 50% 

Efficiency  96% 

Load Limit 9 MW 

Generation Limit 0 MW 
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all excess solar generated electricity and discharging to shave the peak loads.  This helped 

alleviate the duck curve issues in the overall grid.  

 

Figure 67. Circuit Battery Impact on Substation – 2MW Battery 

5.3. DEMAND RESPONSE 

For this scenario, all homes were assumed to be equipped with smart appliances and energy 

management system capable of responding to DR requests. DR signals were sent to homes from 

the controller to resolve any system violations that occur in the system.  Simulations with different 

DR load shed percentage, and different participation rate were conducted. The DR signal was sent 

from the grid operator from 5PM to 9PM. This time block is the super peak block from the CAISO 

Proposed TOU Periods [35] (Figure 6) and reflects the high peak load and steep ramp up curve 

resulting from PV generation(the duck curve). The simulation was done on both maximum 

scenarios of CES and RESUs from the previous section. DR signals were sent to each home in 

order to reduce 20% or 40% of the total load consumed and a home management system responds 
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to the DR signal and executed load shed. . For each corresponding percentage and signal, different 

participation percentage was simulated. After analyzing the ISGD data for homes, it was 

reasonable to reduce up to 40% of the home load which was equivalent to turning off 75% of the 

lights and reducing the air conditioning load to half (or other combinations). For EVSEs, a DR 

signal of 50% reduction in charge rate was sent. Figure 68 shows the maximum CES case with 

20% DR and Figure 69 shows the same case with 40% DR. Only a small difference in the load 

reduction occurred between 50% and 100% participation. This was due to the fact that all the 

homes which had the EV charging during those hours participated to reduce 50% of the EV charge 

capacity and the other non-participating homes did not have EV charging scheduled during this 

time. This shows that DR on EV charging, which is a large load compared to other residential 

loads, has a large impact on reducing load.  

 

Figure 68. 20% Demand Response Results 
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Figure 69. 40% Demand Response Results 

 

Figure 70. Netload at Substation with and without DR 

These results show that using DR can help relieve the ramping requirements in the duck 

curve in the afternoon by reducing demand during these intervals as shown in Figure 70.  
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5.4. CIRCUIT INDEPENDENT  

In the circuit independent scenarios, the circuit was equipped with a 2MW/500kWh circuit 

battery and a 2.8MW Phosphoric Acid Fuel Cell (PAFC) at the substation with the given 

parameters in Table 13.  The current substation does not have the required footprint to host a fuel 

cell of this size and a battery.  However, this scenario was simulated and investigated to study the 

possible impacts of a fuel cell at a substation on reliability and outage reduction [50].  

Table 13. Fuel Cell Parameters [73] 

 

According to the annual reliability report from SCE [74], about 95% of customers 

experience 0~10 hours of power outage during a Major Event Day (MED). MED is a day which 

the daily System Average Interruption Duration Index (SAIDI) exceeds a threshold value; the days 

that experience severe stresses on system such as severe weather or unforeseen occurrences. To 

simulate such outages, an emergency signal was sent to the substation with different durations: 

1hr, 5hrs, and 10hrs for both CES and RESU cases. The grid outage started at 11:00 am for the 

simulations for the different outage times.   

Figure 71 to Figure 73 show the three simulation results for the CES cases and Figure 74 

to Figure 76 for the RESU cases. The fuel cell was operating at 56% baseload, at its highest 

efficiency point [73] during normal business as usual operation, and during the emergencies it 

followed the demand (load-following) to its best ability as explained in Section 4.3.2.   

Capacity 

[kW] 

Ramp Up Rate 

[kW/s] 

Ramp Down Rate 

[kW/s] 

Base Load 

[%] 

400 10 -20 56 
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It is observed that load-shedding occurred only during a short interval, and excess PV 

generated electricity is exported during the 1 hour outage during 11-12pm. Should the system not 

be allowed to export to the grid, the PV would have to be curtailed. The 5 hour outage in Figure 

72 shows similar results where all the demand load was met by DERs, except the short interval at 

11am.  

Figure 71. CES Case – 1 Hr Outage 
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Figure 72. CES Case – 5 Hr Outage 

During the 10 hour outage which goes on until the evening, significant load-shedding was 

required after 4pm to ensure supply/demand balance and system stability. About 70% of the load 

was dropped in order to match the local electricity generation and the demand load.  While 

dropping this much of the electricity demand seems excessive; the alternative is for the system to 

experience a complete outage and lose critical loads.   
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Figure 73. CES Case – 10 Hr Outage 

For the RESU cases, the overall results are similar; however, due to the difference in 

operation and size of energy storage units, significant load shedding was required from 11am to 

12pm as shown in Figure 74.  
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Figure 74. RESU Case – 1 Hr Outage 

Both the 5 hour and 10 hour outage simulations, depicted in Figure 75 and Figure 76, 

respectively, are similar to the CES cases requiring significant load-shedding during the evening 

hours with no PV generation and only the fuel cell and energy storage units are available for 

electricity generation.  
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Figure 75. RESU Case – 5 Hr Outage 

Figure 76. RESU Case – 10 Hr Outage 
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For the 24 hour emergency situation, an emergency signal was sent to the substation and 

the controller switched the modes of the DERs on the circuit to accommodate the grid outage as 

described in section 4.3.2 and Figure 32 for the entire 24 hours.  

During the CES scenario simulation, the two circuits were kept “live” with heavy load 

shedding for periods of high loads and zero PV. Zero load was dropped and excess PV generated 

electricity was available during high solar hours but up to 70% load shedding was required during 

the evening. Figure 77 shows the 24 hour power profiles for the two circuits.   

Figure 77. CES 24 Hour Power Outage Profile 

For the RESU scenario, the grid was also “live” during the 24hour outage. As the controller 

sends each home the demand response based on the total load, the total output load is harder to 

manage because each home’s net load depends on the battery storage dispatch associated with that 

home. With the current model, the total load was managed as depicted in Figure 78. The figure 
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shows spikes of power export due to the mismatch of the fuel cell ramp down rate and immediate 

load drop from DR.   

Figure 78. RESU 24 Hour Power Outage Profile 

 RELIABILITY IMPROVEMENT 

Using the SCE Reliability Indices for 2017 as shown in Table 14, a new SAIDI and System 

Average Interruption Frequency Index (SAFI) was determined using the results from the 

simulations.  
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Table 14. SCE Reliability Indices [74] 

 

Table 15 summarized the results of the two emergency scenarios. The total load drop was 

calculated using the original demand and the new demand after load shedding necessary to balance 

demand and supply during a grid outage.  44% and 43% of the total load was dropped in the CES 

and RESU cases, respectively. The loads that were dropped, experience the same outage duration 

as the rest of grid while the rest of the load which was served by the DERs do not experience any 

interruption. Thus, 67% of the load was not subject to an outage during the circuit independent 

operation simulations.  

Table 15. 24 Hours Emergency Operation Result 

 

The SAIDI and SAIFI for the two circuits were calculated using the following equations:  

𝑆𝐴𝐼𝐷𝐼𝐴&𝐵 =  𝑆𝐴𝐼𝐷𝐼2017  ×  𝑂𝑃𝐴&𝐵  5.3 

𝑆𝐴𝐼𝐹𝐼𝐴&𝐵 =  𝑆𝐴𝐼𝐹𝐼2017  ×  𝑂𝑃𝐴&𝐵 5.4 

                                                 

1 MAIFI: Momentary Average Interruption Frequency Index 

2 CAIDI: Customer Average Interruption Duration Index 

 Total System Indices 

Year SAIDI SAIFI MAIFI1 CAIDI2 

2017 139.73 1.19 1.184 117.19 

10-year average  

(2008-2017) 
130.99 1.00 1.52 130.71 

Scenario Demand  

(MWh) 

New Demand 

(MWh) 

Dropped 

percentage (%) 

New 

SAIDI 

New 

SAIFI 

CES 210.59 117 44.44 62.09 0.5288 

RESU 210.59 120.6 42.73 59.71 0.5085 
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𝑂𝑃𝐴&𝐵 is the outage percentage result found from the 24 hour simulation. The total 

interruption duration will reduce by 𝑂𝑃𝐴&𝐵 and the total interruption frequency will also reduce 

by𝑂𝑃𝐴&𝐵 . The new SAIDI and SAIFI show an improvement of over 60% and with a more 

sophisticated energy management system per home, it is possible to achieve higher improvements.  

The Interruption Cost Estimate(ICE) [75] calculator tool was utilized to estimate the 

economic benefit of reliability improvement. The ICE calculator is a tool developed for those that 

are interested in estimating interruption costs and benefits associated with reliability 

improvements. First the interruption cost using the 2017 average SAIDI and SAIFI was calculated 

assuming that the customers were all residential. Then, the interruption cost using the improved 

SAIDI and SAIFI were calculated for comparison. Table 16 shows the results of the calculation 

and the cost benefit drawn from the reliability improvement. The interruption cost was almost 

halved due to reliability improvement achieved due to deployment of DERs including the fuel cell.  

Table 16. Interruption Cost Estimate 

 

  

Old Index Total Interruption 

Cost per Event 

$30,846.30 

New Index Total Interruption 

Cost per Event 

$13,180.93 

Cost benefit per Event $17,665.37 
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6. SUMMARY 

In Task 1, two circuit lines were modeled from a major utility 66kV to 12kV substation 

with aggregated secondary transformer blocks in order to reduce node points. Each home was 

modeled with PV, EVSE, a RESU or CES for the block, A circuit battery and fuel cell at the 

substation were modeled separately. The power output from each home are aggregated into each 

node in the electrical model of the two circuits. 

In Task-2, four future scenarios of DER and controllable loads were developed: (1) 

maximum PV scenario, (2) energy storage scenario, (3) demand response scenario, and (4) 

substation fuel cell scenario. 

In Task-3, a controller for the substation was developed to automate the simulation.  The 

controller operates to minimize grid import during business as usual cases, and is designed to 

support the loads on the two circuits during emergency outages by controlling the storage, fuel cell 

operation and DR. Two different battery operation modes were set for all batteries: Mode 0) Time 

based load shifting and Mode 1) PV capture. Also, two different operation modes were set for the 

fuel cell: Mode 0) Base load, and Mode 1) Load following.  

In Task-4, all the scenarios were simulated using the controller in order to assess the 

operation of the controller and analyzed the impact of DER integration on distribution system. By 

following through all four tasks, the goal of this research to develop a controller and evaluate the 

impacts and benefits of automated control at a distribution substation was successfully completed.  
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6.1. ASSUMPTIONS 

In order to develop and assess the substation level controller for the management of DERs, 

the following assumptions were made: 

 The two circuits from the substation only have residential single units. 

 Each home is equipped with PV, an EVSE and a RESU or CES for the entire block. 

 Central control of the customer side battery storage and demand response is allowed. 

 The substation can accommodate a fuel cell and/or battery at its location. 

6.2. SUMMARY OF RESULTS 

The following is the summary of results and important observations drawn from the study: 

 For the two circuits, Table 17 shows the results of the maximum PV capacity possible 

without voltage violations for different battery scenarios; RESU and CSE. Furthermore, this PV 

penetration is achieved without any upgrades to the distribution system.  

Table 17. Results 

 

 With increasing PV capacity, nodes close to the substation and further node points were 

subject to higher voltage increase than the middle location of the distribution line.  

 The controller operated and switched the battery storage modes to PV capture which 

stores the most PV generated electricity and discharges the battery during the evening hours. 

Battery - Total Size 
Max PV Capacity 

[MW] 

Emission Reduction 

[mTCO2] 

Renewable 

Penetration [%] 

None 9.89 4,229 mTCO2 21.6 

RESU – 

8.439MW/21.1MWh 
15.29 7,205 mTCO2 37.5 

CES – 

5.1MW/10.2MWh 
14.89 6,735 mTCO2 35.4 
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 CES and RESU case simulations showed similar net load profiles and traits with some 

difference due to the total size of the storage. Also, both cases showed similar PV penetration.  

 In terms of the practicality of the controls on the customer side energy storage units, it 

is more likely to have a home energy management system that can communicate with the utility 

and manage the electricity usage and operation of DER than direct control and management of 

DERs.  

 With the CES, more precise and more detailed control is achievable since these units 

are on the utility side.  

 Despite the difference in size and dispatch methodology of the storage units in CES and 

RESU cases, the results of maximum PV capacity on the circuits were very similar, making the CES 

case more preferable in terms of costs.  

 The renewable penetration increases with the mixture of PV and storage up to 37 

percent. Furthermore, 4MWh of distribution losses were avoided. Also, this resulted in 34 percent 

reduction in CO2 emissions with higher emission reduction during peak emission periods which 

results in significant reduction in emissions factors during these times.  

 40% DR during the super peak hours helped reduce ramping requirements in the duck 

curve by reducing demand.  

 With a 2MW/6MWh circuit battery at the substation, nearly zero export of electricity 

was possible at the substation by charging all excess solar generated electricity and discharging to 

shave the peak loads. 

 In the circuit independent scenario with a 2.8MW fuel cell, the reliability of serving 

loads was improved by reducing the SAIDI and SAIFI by up to 60%. This also resulted in nearly 

50% reduction in interruption costs.   
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7. CONCLUSIONS AND FUTURE WORK 

7.1. CONCLUSIONS 

The following conclusions were drawn from this study:  

With a high penetration of DER (including PV), increased efficiency and reduced 

emissions can be achieved with substation control and automation. 

Results of the simulations demonstrated that a controller to manage the operation of DERs 

in distribution circuits, when optimized, increases the PV hosting capacity of the distribution 

system without any upgrade. Addition of energy storage units and optimizing their operation 

further increases PV penetration in the distribution system as demonstrated in the RESU and CES 

cases.  

 

Community Energy Storage (CES) is a more economic approach for achieving high 

PV penetration and GHG reduction than residential storage. 

Practical RESU operation will most likely be set by the owners to optimize costs while the 

CES is controlled by the utility and operated with control strategies to benefit the local grid. 

Through this study, the simulation of the RESU and CES cases (with the objective of minimizing 

grid import at the substation coupling point) did not result in significant difference in terms of net 

demand profiles nor penetration (37.5% and 35.4% respectively). The operation of energy storages 

resulted in reducing the peak demand points during the day which reduces the steep ramp that 

occurs as solar PV production recedes.  

Despite the difference in size and dispatch type of these battery storage units, the maximum 

PV hosting capacity of the circuits were similar in both RESU and CES cases, making the CES 
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case a more economic approach since battery energy storage is capital intensive. The RESU case 

includes more energy storage and has slightly higher PV penetration, and it resulted in more GHG 

reduction (34% versus 32% for the CES). Comparing the reduction per MWh of installed energy 

storage demonstrating that CES approach is a superior approach in terms of GHG reduction (and 

cost).   

 

In the absence of automated substation control, voltage violation node points can 

occur for the existing unbalanced distribution system. 

With the increase in PV penetration throughout the two circuits, voltage violation node 

locations were observed in the closer and furtherer points from the substation. High PV capacity 

impacts the circuit voltages, and the voltage increase points for aggregated PV on a balanced 

system identified in previous studies are consistent with the current study in terms of locating the 

voltage increase node points in an unbalanced distribution system.   

 

Through substation control and automation, demand response and deployment of 

circuit batteries is an effective methods to mitigate the “duck curve.”  

Although DERs mainly serve the local needs of the distribution system, they can be used 

to serve the needs of the larger grid, and help alleviate the duck curve in the state of California 

particularly. Results showed that demand response during super peak hours can help relieve the 

ramping requirements in the duck curve in the afternoon by reducing demand during these 

intervals. Also with a properly sized battery, nearly zero export of electricity is possible at the 

substation by charging all excess solar generated electricity and discharging to shave the peak 

loads.   
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The deployment of a fuel cell at a utility substation can improve reliability and 

resiliency of the local grid. 

Through the emergency outage simulations, a fuel cell at the substation was shown to 

reduce load-shedding throughout the two circuits. During emergency outage scenario, the 2.8MW 

fuel cell was able to supply power to the system under study, improving the reliability by 50%. 

The SAIDI number was improved from 139.73 to 59.71 minutes per year, and SAFI number from 

1.19 to 0.51. This resulted in almost 50% reduction in interruption costs. Deploying a fuel cell can 

also drastically improve the resiliency of the grid.  

7.2. FUTURE WORK 

 Individual home energy management system which controls all the home DERs for 

optimal operations, can be modeled and analyzed for the grid.  

 Batteries on the utility side can be modeled to operate with more modes including 

volt/var control and voltage regulation methods other than DR. 

 Investigate one of the two core functions of the GMC, Transition, for successful circuit 

independent operations from the grid. 

 The impact and role of fuel cells at emergency blackouts for grid restoration and 

recovery can be further studied which requires a detailed analysis of fuel cell operation in grid-

forming.  
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