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  ABSTRACT OF THE THESIS 

Important Factors for Early Market Microgrids: Demand Response and Plug-in Electric Vehicle 

Charging 

 by  

David M. White 

Master of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2016 

Professor G. Scott Samuelsen, Chair 

 

 Microgrids are evolving concepts that are growing in interest due to their potential 

reliability, economic and environmental benefits.  As with any new concept, there are many 

unresolved issues with regards to planning and operation. In particular, demand response (DR) 

and plug-in electric vehicle (PEV) charging are viewed as two key components of the future grid 

and both will likely be active technologies in the microgrid market.  However, a better 

understanding of the economics associated with DR, the impact DR can have on the sizing of 

distributed energy resource (DER) systems and how to accommodate and price PEV charging is 

necessary to advance microgrid technologies. This work characterizes building based DR for a 

model microgrid, calculates the DER systems for a model microgrid under DR through a 
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minimization of total cost, and determines pricing methods for a PEV charging station 

integrated with an individual building on the model microgrid. 

 It is shown that DR systems which consist only of HVAC fan reductions provide potential 

economic benefits to the microgrid through participation in utility DR programs.  Additionally, 

peak shaving DR reduces the size of power generators, however increasing DR capacity does 

not necessarily lead to further reductions in size.  As it currently stands for a microgrid that is an 

early adopter of PEV charging, current installation costs of PEV charging equipment lead to a 

system that is not competitive with established commercial charging networks or to gasoline 

prices for plug-in hybrid electric vehicles (PHEV).
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 INTRODUCTION 

1.1 Overview 

 The energy sector in California is undergoing rapid evolution in an effort to reduce 

greenhouse gases (GHG) and air pollutant emissions.  Passed in 2006, Assembly Bill (AB) 32 set 

a GHG emissions reduction target of returning GHG emissions to 1990 levels by 2020 [1]. 

Accompanying AB 32 is a scoping plan which provides a strategy for different sectors of 

California, such as the energy and transportation sectors, to achieve these ambitious emissions 

reduction goals.  This has led to the advancement and deployment of new energy technologies.  

For the energy sector, several key technologies are highlighted as being important for a smarter 

and cleaner grid, including: combined heat and power (CHP), energy efficiency (EE) measures, 

demand response (DR), distributed energy resources (DER) and electrical energy storage (EES) 

[2].  For the transportation sector, focus is placed on transitioning from combustion engines to 

zero-emission vehicles (ZEV) such as plug-in electric vehicles (PEV) and fuel cell electric vehicles 

(FCEV).  

 While individually, these technologies offer potent environmental benefits, their 

combination and integration at the distribution level offers increasingly exciting opportunities.  

When integrated together, these technologies form the core of a microgrid. A microgrid is a 

localized grid which consists of its own generation portfolio and management system to control 

operations and interactions with the electrical grid.  CHP and DER generate power, heating 

and/or cooling, EE measures reduce overall energy demand and EES provide flexible resources 
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for balancing capabilities and to facilitate operations.  DR is a dynamic resource that provides 

energy reductions, flexibility and economic compensation.  The microgrid is seen as a key 

component to the future electrical grid and a means to achieve emissions reductions and 

incorporate cleaner generation, having been described as “essential to maximize renewable 

and distributed resource integration [2].”   

 Originally, microgrids were only seen in niche applications such as military bases which 

required high reliability and energy security. However, more types of facilities are developing 

an interest in microgrid technologies, such as residential communities, universities, and port 

complexes.  When it comes to microgrid planning, one of the greatest considerations is placed 

on determining the types and sizes of its DER systems.  There are many different components 

that can affect this decision as each microgrid has their own goals in terms of economic and 

environmental benchmarks.  Of these different components, DR is of particular interest due to 

its wide variety of capabilities. DR can reduce energy conversion to help balance the grid and 

reduce peak demand.  It also offers economic benefits through participation in utility DR 

programs.  Additionally, DR is becoming more accessible due to increasing automation in 

buildings and other infrastructure.  Due to its many capabilities, DR is ripe for further 

investigation into its effects on microgrid planning and the sizing of DER systems. 

 Microgrids are also at the crossroads of a changing transportation sector that is 

becoming electrified.  The PEV market has seen steady growth due to their environmentally 

friendly powertrain and improving economics stemming from falling costs in battery 

manufacturing and federal and state incentives [3].  As the PEV fleet has grown, the 

deployment of PEV charging stations in microgrids has increased as drivers desire to charge at 
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their destination.  When they were first introduced, many non-residential PEV chargers 

dispensed free charging due to their acquisition from grants and pilot projects.  However, for 

newer stations free charging is not a sustainable model for full buildout of charging 

infrastructure.  Eventually the full costs of charging infrastructure installation and operation 

must be recovered.  As a result, there is uncertainty regarding how to fairly price charging and 

how PEV charging will affect the economics of a microgrid. 

 The potential of microgrids offers an exciting look into the landscape of the future grid, 

however, the planning, development and deployment of them is anything by straightforward.  

This research addresses two of the highlighted issues that are currently of interest to 

microgrids. What influences the sizing of optimal DER systems for microgrids and what are fair 

methods to price PEV charging? 

1.2  Goals 

The goals of this research are to:  

I. Establish DER system components for a microgrid in the context of DR 

II. Establish the effects of PEV charging loads on a microgrid’s energy use and economics in 

order to develop pricing methods for early market charging stations 

1.3 Objectives 

To meet these goals the following objectives are established: 

I. Develop a model to characterize DR for microgrids, modify electrical loads and analyze 

the economics of participation in utility DR programs.   
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II. Input baseline and DR modified electrical load profiles into CCHP optimization model to 

calculate DER system sizes. 

III. Develop models to simulate PEV charging loads and develop methods for microgrids to 

charge EV owners for use of chargers to achieve cost recovery. 

 BACKGROUND  

2.1 The Current Electrical Grid 

 The vast majority of the world receives electrical service through centralized electrical 

grids.  The centralized electrical grid consists of three key components: generation, 

transmission and distribution.  Electricity is predominantly generated at large thermal power 

plants which are powered by fossil fuels.  These large power plants are typically located away 

from the end-user and electricity is transported through transmission systems at high voltage to 

electrical substations.  The electrical substation connects the transmission and distribution 

systems together by reducing the voltage of the electricity, making it suitable for distribution to 

end-users. 

 On the electrical grid, the supply and demand of electricity must match at all times.  In 

order to match fluctuations in demand, electrical system operators employ different types of 

power plants.  Baseload power plants are plants which are operated continuously at a 

prescribed level to provide reliable power to meet the minimum load of the system.  Baseload 

plants are typically, but not necessarily, the most efficient plants in the system and produce the 

cheapest electricity.  Another type of plant is the load following plant which adjusts output in 
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response to fluctuations in system demand.  Finally, there are peaking power plants which are 

typically operated only during peak load periods when demand is high.  Peaking plants are 

often poor in efficiency and the electricity they produce is expensive relative to a baseload 

plant [4].  

 The fuels that are currently powering the electrical grid are predominantly fossil fuels.  

In 2014, approximately 67% of the electricity generated in the United States was from fossil 

fuels [5] .  While fossil fuels are great at producing power, their wide scale use is having an 

increasingly visible effect on the climate and the environment.  A byproduct of the combustion 

of fossil fuels to generate electricity is carbon dioxide (CO2), a GHG. GHGs in the atmosphere 

absorb and emit radiation, this process plays a large role in regulating surface temperatures on 

earth.  The energy sector is the leading contributor of GHG emissions, accounting for 

approximately 35% of all anthropogenic GHG emissions [6].  Due in large part to the energy 

sector, GHG emissions have risen at an alarming rate from 27 Gt CO2-eq in 1970 to 49 Gt CO2-

eq in 2010 [7].  Increasing GHG concentrations in the atmosphere are causing a positive forcing 

effect such that more radiation is being absorbed from the sun than is being emitted from 

earth, leading to a rise in the earth’s temperature [8].  The effects of higher atmospheric GHG 

concentrations and global warming are observed in increasing atmospheric and ocean 

temperatures, rising sea levels, changing precipitation patterns and an increasing frequency of 

extreme weather events [9].   

 In addition to GHG emissions, during the combustion process, fossil fuel power plants 

produce criteria pollutants such as carbon monoxide, sulfur dioxide, nitrogen dioxide and 

particulate matter.  These criteria pollutants can have significant impacts on both the 
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environment and human health.  Due to their negative impacts, sets of standards exist to limit 

their emissions and protect the environment and the public.  Even with these standards, the 

negative impacts are not entirely mitigated.  Criteria pollutants have been shown to impact the 

respiratory system, leading to increased hospitalizations and manifestations of respiratory 

illnesses.  Additionally, particulate matter, which is categorized in two sizes, 2.5 and 10 microns, 

can enter the cardiovascular system leading to potential heart related issues [10].  In addition 

to the health impacts, the presence of criteria pollutants is visibly evident through reduced local 

air quality as criteria pollutants contribute to smog and haze formation.    

 Due to the energy sector’s large impacts on the environment and human health and 

their current and imminent impacts, the global community has recognized the need to overhaul 

the power generation paradigm that has existed since the industrial revolution.  This is being 

handled in two ways, the improvement of existing technologies and the introduction of new 

technologies.  Of great interest is the development and introduction of renewable energy 

systems and distributed resources. 

 The state of California has become a global leader on this front.  In 2005, the Governor 

of California, Arnold Schwarzenegger signed executive order S-3-05 which set a GHG emissions 

reduction target of reducing GHG emissions to 1990 levels by 2020 and to reduce GHG 

emissions to 80% below 1990 levels by 2050 [11].  Since this executive order, the reduction 

target of 2020 has since been passed into law under AB 32.  In order to meet these emissions 

goals California has established a Renewables Portfolio Standard (RPS) which was last revised in 

2011 under SB X1-2 requiring California Investor Owned Utilities to procure 33% of their 

electricity from renewable resources by 2020 [12].  By 2013, California has already reached a 
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renewable penetration of 22.7% and there is talk of more ambitious plans to reach 50% 

renewables by 2030. 

 In addition to new types of generating resources in the form of renewable power, the 

scale and location of generating resources is also changing.  There is an increasing use of DER 

which are small scale power generators and storage resources that are located on the end-

user’s side of the utility meter.  DER is a blanket term that includes power generating 

technologies, energy storage technologies, and even electric vehicles.  The power generating 

technologies which fall under DER, such as fuel cells, micro turbines, larger gas turbines and 

engines, and solar photovoltaics (PV), are occasionally referred to as distributed generation 

(DG).  California is also supporting the rollout of certain DER technologies through the Self-

Generation Incentive Program (SGIP) which provides incentives to support new installations of 

DER.  Under SGIP the qualifying technologies include wind turbines, waste heat to power 

technologies, pressure reduction turbines, internal combustion engines, micro turbines, gas 

turbines, fuel cells, and advanced energy storage systems [13]. 

 The presence of local generation in the form of DER is changing the way in which the 

electrical grid can be organized and operated.  DER provides varying levels of autonomy and 

control to the end-user that is otherwise absent with the large centralized power plant 

paradigm. These capabilities are the core features of the microgrid. 

2.2 Microgrids 

 Microgrids are defined by the U.S. Department of Energy (DOE) as “localized grids that 

can disconnect from the traditional grid to operate autonomously [14].”  While this a widely 
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accepted definition, the term microgrid is often used more broadly to refer to localized grids 

that have a host of resources for generation, storage, demand response, automation, control 

and autonomy.  Generally speaking, the term microgrid refers to a localized grid which has two 

key features: local generation capabilities in the form of DER and some form of an energy 

management system which can provide control and regulate its operation.  The amount of DER 

that is installed and the extent of the control the energy management system provides can vary 

significantly. 

 The concept of microgrids and the use of DER is by no means a new concept, however 

there has been a sharp increase in microgrid research and demonstration projects in recent 

years.  Many of these demonstration projects have been funded through the DOE.  The DOE’s 

interest in microgrids has stemmed from widespread failures of the centralized electrical grid 

due to natural disasters (e.g., hurricane Sandy).  Microgrids are able to strengthen grid 

resilience and mitigate grid disturbances because they can operate when the main grid is down 

and their generation capabilities can be a grid resource to help the grid recover [14].  In 

addition to increased reliability and resiliency of the grid, a host of other benefits that 

microgrids provide have been identified.  These include but are not limited to efficient fuel use 

through the production of multiple forms of useful energy, improved economics and reduced 

environmental impact. 

2.2.1 Distributed Energy Resources 

 A key reason for the benefits that microgrids can provide is due to the fact that a 

microgrid acts as a platform for the deployment of DER.  In proper installations, DER have been 
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shown to have operational, economic and environmental benefits compared to the centralized 

generation paradigm of remotely located fossil fuel power plants and the transmission and 

distribution systems which deliver electricity to the end-user. 

 DER systems have been shown to offer efficiency improvements when offsetting 

portions or all of the electrical supply from the traditional grid.  One immediate efficiency 

improvement provided by DER systems is the reduction of line losses.  Approximately 5% - 8% 

of electricity generated by power plants is lost in the form of heat during transmission and 

distribution before it reaches the end-user [15].  For a microgrid, these lines losses can be 

minimized as a microgrid’s DER are located on its premises.   

 Increased efficiency in energy conversion is also realized through the ability to configure 

certain DER to operate as combined heat and power (CHP) systems.  Thermally powered DER 

produce heat energy and electricity.  A significant portion of the heat that is produced in 

combustion does not go to the generation of electricity but leaves the system as heat.  A CHP 

system generates electricity and captures the heat through a heat recovery unit (HRU) and 

utilizes it for a heating purposes.  In this configuration, electricity and heat can be generated 

from the same source rather than receiving electricity from a generator and obtaining heat 

from additional combustion in a boiler.   

 In conventional power generation, the heat product is typically wasted, as power plants 

are located in remote areas or are so large that local heating demands are not well matched to 

the waste heat output making it difficult to find uses for the waste heat.  On a microgrid, 

systems are located close to electrical and heating end-uses, making the harnessing of waste 

heat a viable option.  Depending on the set up, CHP systems can often operate with a total 
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system efficiency of 80%.  This is a significant improvement to receiving electricity and heat 

from the grid and a boiler which has an average national efficiency of approximately 50% [16].  

A further extension of the CHP system is the inclusion of cooling capabilities in the form of 

chilled water production.  These systems are referred to as combined cooling, heating and 

power systems (CCHP).  CCHP systems add an absorption chiller which converts waste heat into 

chilled water to service the cooling loads.  Similar to CHP systems, CCHP systems have been 

shown to produce electricity, heating and cooling more efficiently than traditional systems.  

CHP and CCHP systems are at the core of many microgrid power generation portfolios.  

 A variety of different DER can be configured as CHP systems, however, the literature has 

emphasized the importance of matching DER technologies and their unique operational 

characteristics to a corresponding electrical and heating load.  Ruan et al. analyzed the 

suitability of CHP technologies for a variety of commercial buildings [17].  The operation of CHP 

technologies including gas turbines (GT), gas engines (GE), diesel engines (DE) and phosphoric 

acid fuel cells (PAFC) were modeled with the heating and electrical loads of hotels, hospitals, 

retail stores and offices.  Results showed that the building types had different optimal CHP 

technologies with GT being the most suitable for hotels, PAFC for hospitals, PAFC for stores and 

DE for offices.  Additionally, CHP systems are most economically viable for commercial buildings 

which have a high heat to power ratio, making hospitals and hotels the most suited for CHP. 

 When the proper systems are selected, the efficiency improvements of CHP systems can 

be fully realized.  These efficiency improvements play a large role in determining the 

environmental and economic benefits microgrids can provide.  Higher efficiencies result in an 

overall reduction in fuel consumption to service the electrical, heating and cooling loads of a 
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microgrid.  The reduction in fuel inputs lead to reductions in GHG and air pollutant emissions.  

However, it is important to note that while net emissions are reduced, local emissions can 

increase as electrical generation is shifted from a power plant to onsite [18].   

 Optimal DER and CHP system sizing for microgrids is an area of active research.  Studies 

commonly perform analyses which select systems by minimizing total cost and emissions for a 

microgrid.  Braslavsky et al. analyzed the sizing of optimal CCHP systems powered by micro 

turbines for a large retail shopping center in order minimize cost and GHG emissions [19].  The 

minimum cost scenario was able to yield reductions in annual energy costs by 8.5% as well as a 

30% CO2 emissions reduction while the minimum emissions scenario increased annual 

electricity costs by 189% and reduced emissions by 71.8%.  This research also looked at 

balancing the minimization of cost and emissions, one example is an optimization with a 60% 

cost weight and 40% emissions weight.  This scenario produced a result that increased the 

annual cost of energy by 47% while practically attaining the same emissions reduction of the 

minimum emissions scenario (71.6%).  Highlighting that when aiming to reduce emissions a 

joint minimization of cost and emissions may be more applicable to practical purposes than a 

singular optimization when emissions reductions are desired. 

 Anatone and Panone used a multi-objective optimization to minimize costs and GHG 

emissions for a CCHP system powering a large residential facility [20].  The CCHP system 

consisted of an internal combustion engine and absorption heat pump integrated with solar PV.  

Results showed that costs and emissions could be jointly reduced, particularly due to the 

facilities concurrent need for electricity, heating and cooling.  One major conclusion noted by 

the authors is the importance of full system optimization over optimization of individual 
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components as the optimal system result had some components operating outside of their 

optimal range. 

 Further environmental benefits are realized through the inclusion of renewable 

generation on a microgrid.  Renewable DER are some of the most successful forms of 

generation for minimizing and eliminating emissions.  Microgrids are seen as platforms for the 

proliferation of renewable DER in part due to inherently possessing some form of energy 

management system to schedule and manage loads [21].   High penetration of renewables on 

microgrids have a host of environmental benefits, but due to the inherent variability and 

uncertainty of renewable generation, these types of systems can lead to operational 

challenges. The literature clearly notes that as more renewables are added to the electrical grid 

there is a simultaneous need to add flexible resources which can help a microgrid adapt to 

varying levels of renewable output.  An effective flexible resource is energy storage.  Some have 

concluded that a microgrid cannot receive more than 20% of its electricity from renewable 

sources without energy storage [22].  A microgrid with variable generation and no storage 

could experience poor reliability and availability of power in addition to frequency and voltage 

control issues which would compromise the operation of the microgrid.   

2.3 Demand Response 

 DR is the purposeful modification of energy consumption over a defined period of time 

that is different from normal operating conditions.  DR is most commonly used in conjunction 

with utility DR programs where economic benefits can be earned by reducing load at 

designated times in order to reduce the peak load requirements of the utility grid network.  In 
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addition to the energy and economic savings it can provide, DR is being seen as an increasingly 

valuable commodity as it can act as an asset to increase grid flexibility and help balance power 

in a similar way to EES [23].  This is of particular interest due to commitments to increase 

renewable portfolios which adds fluctuations and uncertainty to the grid and it has been 

identified that in order to achieve high renewable use, flexibility is a necessity [24]–[26]. 

 In the built environment, there are a variety of end-uses for electricity which could 

potentially be reduced for a DR strategy.  Major end-uses in commercial buildings include, 

heating, ventilation, and air conditioning (HVAC), lighting, and plug loads (e.g., computers).   

Lighting and HVAC account for the majority of electrical end-use in buildings, with lighting and 

HVAC accounting for approximately 17% and 33% of building energy use [27].  Due to the 

significant amount of energy they consume, most DR research and case studies have focused 

on addressing methods which target lighting and HVAC loads for reductions.  Two of the 

most widely used applications for DR are load shedding and load shifting.  Load shedding 

involves the temporary reduction of demand during on-peak periods.  Load shifting involves 

redistributing energy conversion from on-peak hours to mid or off-peak hours.  Lighting DR 

strategies are relatively straight forward and are typically used in load shedding applications 

and involve some form of dimming of lighting fixtures.  HVAC DR can perform load shedding by 

reducing chiller loads or HVAC fan speeds, however, it can also be used in load shifting 

applications through strategies such as pre-cooling.  Pre-cooling shifts load away from on-peak 

hours by increasing cooling loads before peak hours and reducing cooling loads during peak 

hours and using a buildings thermal mass to regulate temperature.   
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 DR is often confused with energy efficiency which also involves reducing overall energy 

use.  However, DR is concerned with strategies which occur over short periods of time, while 

energy efficiency measures are permanent changes in operation.  For example, a DR strategy 

would be reducing the lighting load by dimming during peak periods while an energy efficiency 

measure would be installing more efficient lighting fixtures which consumes less electricity at 

all times of lighting use.  DR and energy efficiency are often seen as competing strategies.  An 

energy efficiency measure which reduces overall lighting load also reduces the overall demand 

response capacity through lighting load reductions.  This is currently being seen as light-

emitting diodes (LED) are being introduced into the lighting industry. While lighting makes up a 

large portion of overall building electrical use, this number is gradually decreasing as LED are 

beginning to replace traditional incandescent bulbs.  LED lighting consumes at least 75% less 

electricity than traditional incandescent bulbs [28].  Despite their higher cost, LED are becoming 

more economically feasible as the initial costs are offset by energy savings and their improved 

operational life.  Despite energy efficiency measures reducing the overall capacity for DR, DR is 

still recognized as being a necessary part of future operations for the electrical grid. DR is a 

flexible resource that can be used to address fluctuations brought on by the growing usage of 

intermittent resources to the overall generation portfolio [29], [30].  

 A DR system consists of three key components: data acquisition, communications, and 

controls.  Data acquisition is accomplished through the sub-metering of building loads.  Sub-

metering is the process in which meters are installed to monitor building loads beyond the 

utility meter which measures overall building energy use.  Through sub-metering, HVAC, 

lighting and plug loads can be individually monitored.  The sub-metering of building loads 
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provides the building operator with a more detailed understanding of how the building is 

currently operating to determine which DR strategies to initiate.  The extent to which one sub-

meters a building can vary dramatically depending on the amount of information that is 

necessary to make informed decisions on DR.   Communications is the next component which 

allows for communication of operational data and DR availability to the control system and 

communication of signals to be sent to initiate a DR strategy.  For commercial buildings, 

communications are primarily handled by a building management system (BMS).  There are a 

variety of different methods of communication.  Power line communication (PLC) is a method 

which uses existing electrical wiring to carry data and send signals over short distances. 

Wireless communication is an increasingly popular form of communication, particularly for use 

in lighting applications, due to its convenience and reduced labor requirements.  The most 

common form of communication used in industry is through the use of wired technologies such 

as ethernet wires.  Over the years, wired technologies have proven to be reliable and the 

preferred method in industry. The third component of a DR system is a controller that is able to 

determine when DR should be applied and send commands to actuators for carrying out a load 

reduction.  For lighting the actuator is typically a dimmable ballast.  For HVAC the actuators are 

variable frequency drives (VFD) on chillers and air handling unit (AHU) fans.  Once a reduction is 

implemented, it is then consistently monitored by the data collection software to determine 

the next action. 

2.3.1 Utility Demand Response Programs 

 DR is most commonly implemented through participation in utility DR programs, where 

end-users are compensated for reducing electrical use during periods of high generation prices 
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or during periods of low reliability.  When implemented properly, DR programs benefit both 

customers and the utilities. The end-user receives economic incentives to reduce energy use 

and the utility is able to avoid purchasing expensive power or prevent periods of power 

interruption when overall demand is high and/or supply is low.  While both residential and 

commercial programs exist, there are significantly more commercial programs that are offered.   

 Working within this basic framework each utility offers different programs but there is 

often a common ground in the approaches taken.  The most common forms of DR programs fall 

under demand bidding programs (DBP) and capacity bidding programs (CBP).  While the 

incentives offered and pricing methods differ amongst the utilities, the same basic principles 

apply to most programs.  DBP is a program in which customers bid the amount of demand they 

are willing to reduce for the following business day relative to their baseline load.  CBP is a 

monthly program where customers bid the maximum amount of energy they can reduce below 

their baseline load for each month.  Participants earn credits for the size of their bids as well as 

their actual reductions in energy use during DR events.  Along with the incentives of each 

program, there are monetary penalties when the customer is unable to reduce their load to the 

agreed upon level during a DR event. 

 Communicating a DR event from the utility to the participant has traditionally been 

accomplished through telephone or email.  Participants would receive a signal that an event is 

going to occur and manually implement the DR strategies through labor intensive activities such 

as turning off or changing set points of individual pieces of equipment.  Technological 

advancements have led to increasingly automated implementation of DR strategies, such that a 
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BMS can initiate a preprogrammed DR strategy upon receipt of an external DR signal from the 

utility over the internet [31]. 

 Recognizing cost as a major barrier to DR proliferation, utilities are offering incentives 

through automated DR Programs to purchase and install technologies such as BMS and other 

control systems which are compatible with Open Automated Demand Response (OpenADR) 

[32].  OpenADR is an internet protocol which utilities use to communicate directly with BMS by 

sending pricing and event signals to perform load reductions.  Automation of DR strategies is 

advantageous for both the utility and participant as DR strategies can be initiated with less 

effort and on a faster time scale.  This makes participating in DR simpler, less time intensive, 

and increases response time. 

2.3.2 Demand Response Field and Case Studies 

 Throughout the years a variety of research and case studies for DR system 

implementation have been conducted.  For lighting DR, research has focused on determining 

the maximum acceptable levels of dimming without incurring occupant discomfort.  One field 

study of an office space found that for low ambient/task lighting, overhead lighting could be 

reduced by 30% with minimal impact on occupants [33].  During the event, most occupants did 

not perceive any reduction in lighting and those that did found the reduction acceptable.  

Another study looked at lighting reductions in the context of different levels of daylighting.  

Results showed that in areas of low daylighting, occupants did not notice dimming of 20% and 

they would accept dimming up to 40%. In areas with high levels of daylight, occupants did not 

notice dimming of 60% and deemed dimming of 80% acceptable [34]. 
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 In many DR studies, the primary area of focus has been on the potential energy savings 

each strategy could attain.  Motegi et al. [35] analyzed the impacts of a variety of different 

HVAC DR strategies on different building types in California.  The first case study focused on 

reducing the number of AHU that were running from 1:15 PM – 4:15 PM on a pharmaceutical 

laboratory campus.  AHU reductions were called from an auditorium, an office and a cafeteria.  

These three buildings had a combined peak demand of approximately 650 kW.  Half of the AHU 

in the auditorium were shut off for the duration of the DR event while half the AHU in the office 

and cafeteria were shut off from 2:15 PM – 3:15 PM.  When all AHU were concurrently shut off, 

the overall building demand was reduced by 28%. 

 A second case study investigated limiting HVAC fan speeds through a VFD at a library on 

the University of California, Santa Barbara campus [35].  During normal operation, the majority 

of the library fans had no speed limits applied by the VFD.  From 1:15PM – 2:15 PM and 3:15 

PM – 4:15 PM the fan speeds were limited to 70% of normal operation.  Additionally from 2:15 

PM – 3:15 PM fan speeds were further reduced to 60% of normal operation.  When fan speeds 

were limited to 70% and 60%, fan power was reduced by 17% and 35%, respectively.  The fan 

power reductions were noted as non-linear due to the nature of fan performance curves. 

 Piette et al. performed automated DR field tests on a large office building [31].  The 

building was able to shed roughly 20% of its electric load by targeting its HVAC loads.  This was 

accomplished by changing the zone temperatures from 74 °F to 76 °F for the first three hours 

and 76 °F to 78 °F for the following three hours.  The office building which had a peak demand 

of approximately 400 kW reduced its demand by 100 kW over the first hour of the DR event.  

After the first hour, the temperature stabilized to 76°F and the building demand was 
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approximately 350 kW during this period.  At 3:00 PM when the second zone set-point change 

occurred, the demand was again reduced to 300 kW.  The demand did not significantly increase 

past 300 kW over the next few hours because the occupancy of the building decreased as 6:00 

PM approached.  In addition to the energy savings, this study also found that during the DR 

tests, only a few complaints were registered regarding the steady increase in zone temperature 

over the six hours. 

 Yin et al. analyzed the use of pre-cooling techniques in commercial office buildings 

through modeling with the Demand Response Quick Assessment Tool (DRQAT) and by 

performing field tests [36].  The DRQAT tool was used to determine the most effective pre-

cooling strategy by simulating building energy use when the following pre-cooling strategies 

were implemented: pre-cooling with a linear temperature rise, pre-cooling with an exponential 

rise and pre-cooling with a step temperature rise.  These strategies were then performed in 

field tests.  Results from the field tests indicated that pre-cooling can reduce peak demand by 

15-30% on days in which a DR event has been called by the utility.  Of the different pre-cooling 

strategies, a step temperature rise performed better than a linear temperature rise and an 

exponential temperature rise as this strategies discharged thermal mass more smoothly and 

created a flatter and less dynamic building load profile.  The energy savings from the field test 

results and the modeled results in DRQAT were very similar with a typical 10% variation 

between predicted and actual loads. 

 Samuelsen et al. performed various field tests of peak reductions on academic buildings 

through pre-cooling and HVAC fan turndowns [37].  The field tests showed that significant 

energy savings can be attained through HVAC fan turndowns of 15%-30% with minimal impact 
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on zone temperatures.  Pre-cooling was able to provide modest energy savings but its most 

useful attribute was its ability to shape loads with minimal impact on building temperature.  

This work also concluded that individual buildings are able to handle different levels of pre-

cooling and HVAC fan turndown.  In order to determine compliance of ventilation codes during 

DR tests, field testing is often required due to the unique characteristics of each building. 

 Xue et al. [38] examined demand reductions through the manipulation of chiller loads 

for a commercial building with a peak HVAC load of 14 MW.  HVAC load was reduced by turning 

down the chillers for three one hour periods throughout the day.  Results showed that reducing 

chiller loads could reduce between 32%-66% of HVAC loads without significantly sacrificing 

indoor comfort.  This was all brought under the context of a smart grid and being able to handle 

requests from the grid, highlighting the importance of fast response times for DR strategies in 

order to properly interact with a smart grid [38]. 

 Cui et al. [39] also examined the DR capabilities of chiller load reductions for a 

commercial building.  However, in this work, active chilled water storage techniques are also 

considered for the building.  A commercial high rise building in Hong Kong was chosen for this 

case study and a DR event was implemented from 2:00 PM to 4:00 PM.  During this period, the 

chiller typically had a peak demand of approximately 6,000 kW.  The chiller demand was set to 

be reduced by 35% over the course of the DR event, however, the temperature of the building 

was only allowed to vary by 4 degrees, if the temperature change exceeded this value, the 

chiller would increase its output in order to reduce the temperature.  With no active storage 

techniques, chiller power was reduced by 26.3% during the DR event while maintaining a 

temperature rise of approximately 4 degrees.  The addition of the storage system reduced the 
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temperature rise to 2 degrees from 2:00 PM – 4:00 PM and chiller power was reduced to its 

set-point of 35% over the entire DR event.  This studied concluded that chillers can provide 

significant power reduction during DR events and the addition of active storage technologies 

can increase DR capacity while improving occupant comfort. 

2.4 Demand Response and Distributed Energy Resource System Sizing 

 As described in the previous sections many significant efforts have been accomplished 

to determine the benefits of DER and their optimal sizing, as well as quantifying the benefits of 

DR strategies.  This section will address literature where DER and DR are jointly investigated. 

 Erdinc et al. analyzed DER system sizing for smart households with PEV and DR 

capabilities [40].  The DER systems considered were solar PV and ESS.  DR for the household 

and its smart appliances were controlled by a BMS that shifted all possible loads from peak 

hours to off peak periods to reduce the cost of electricity.  This study concluded that DR has a 

significant effect on optimal sizing of DER systems for residential applications.  The adoption of 

larger PV and EES systems became more economical in scenarios with DR.  This is due in large 

part to the assumption that all excess generated electricity is exportable for monetary gain to 

the grid for a flat rate of $0.05/kWh.  Thus, the most economical scenarios involved exporting 

PV output during the daytime and shifting load to the evening through the use of DR. 

 Chen et al. analyzed the benefits that DR and DER can provide to a distribution system 

[41].  In this study, a distribution system with a given load was planned under three separate 

scenarios.  Traditional planning with no DR or DER, planning with DER only and integrated 

planning with DR and DER. For each respective scenario, the costs of investment and operation 



  
 

22 
 

were minimized for the distribution system and the technologies under consideration.  The DER 

system considered was a wind turbine and the distribution system itself had the option of 

purchasing electricity from power plants.  The distribution system consisted of industrial, 

agricultural, and commercial loads.  The DR strategies targeted industrial plant loads and used 

them as interruptible loads.  The authors concluded that the distribution system with both DER 

and DR capabilities exhibited improved system reliability as well as an overall reduced cost of 

operations compared to a system with only DER. 

 Wang and Huang investigated the efficacy of investment in renewable DER and DR for a 

residential microgrid from the perspective of the system operator [42].  DER system sizes were 

calculated by analyzing the optimal investment in wind and solar generation under a budgetary 

constraint.  Subsequently, the optimal operation of the microgrid was determined by 

minimizing total energy costs through the coordination of power supply and demand on the 

microgrid.  Control and balance of microgrid demand was achieved through the DR strategy of 

day-ahead pricing which shifted power consumption to periods of high output from renewable 

generation or cheap electricity prices from the grid.  DR controlled loads that were deemed as 

flexible, in other words, loads that could be shifted without significant negative impact.  

Simulation results indicated that DR reduces system operations costs and the overall capital 

investment in DER, leading to reduced DER system sizes. Additionally, the joint investment in 

wind and solar reduces the overall required generation capacity compared to a system 

consisting of just one DER type. 

 Hakimi and Moghaddas-Tafreshi developed a controller for optimal operation of a 

residential microgrid with a high penetration of renewable DER and DR [43]. The DR strategy 
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employed was the control of temperature set points for heating and cooling systems.  The 

controller would determine a desired temperature set point based on outdoor temperatures 

and then calculate a minimum and maximum temperature point which remained in a 

reasonable comfort range for occupants.  When there was excess generation, the temperature 

set point was lowered on hot days and raised on cool days such that power was balanced by 

consuming more energy.  At times of low generation, the opposite occurred, the temperature 

set point was raised on hot days and lowered on cool days.  This DR strategy reduced the sizes 

of renewable DER systems, the operations costs of the microgrid, and the amount of imported 

energy from the grid, and improved the reliability of the microgrid. 

 Critz et al. simulated the operation of Hawaii’s electrical grid in 2030 with 30% of 

electricity theoretically produced by wind power in the presence of varying levels of DR 

capacity [44].  The peak demand of the electrical system in 2030 was estimated at 1.8 GW and 

DR was modeled as a load shifting generator.  The amount of DR was varied in each simulation 

from 50 MW to 500 MW. Results showed that DR can substantially reduce overall system 

operating costs and provide environmental benefits by reducing the use of peaking units, 

improving thermal power plant efficiencies and reducing curtailment of renewable resources. 

They found that higher capacities of DR improved system operation and reduced costs.  

 It is also important to note that other studies have looked at DER system sizing through 

the use of the Distributed Energy Resources Customer Adoption Model (DER-CAM).  DER-CAM 

determines cost-optimal configurations of DER systems with regards to installed capacity and 

operations.  DER-CAM has been used in a variety of contexts to successfully size optimal DER 

systems for academic institutions, jails, commercial buildings and other microgrids [45], [46].  
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Within DER-CAM, DR and its associated costs are included in the cost function, however, the 

studies that have used this model have not used it to focus on DR, making it difficult to 

interpret the results in the context of DR.   

2.5  Plug-in Electric Vehicles 

 PEV sales including both plug-in hybrid electric vehicles (PHEV) and battery electric 

vehicles (BEV), have dramatically increased across the country over the past several years with 

numbers rising from 17,735 PEV sold in 2011 to a total of 96,702 sold in 2013 with 

approximately 167,000 PEV on the road [47].  Growth has especially been seen in the state of 

California which accounts for 40% of all ZEV, which includes both PEV and fuel cell electric 

vehicles, in the United States.  These trends are expected to continue as the state follows a 

path to put 1.5 million ZEV, a good portion of them PEV, on the road by 2025 in accordance 

with Governor Brown’s Executive Order B-16-2012, which is part of the state’s long term 

transportation strategy to reduce pollution and GHG emissions [48].  PEV are a more 

environmentally friendly form of transportation versus traditional vehicles and automakers are 

beginning to recognize their importance with many now offering PEV models. 

 As the number of PEV on the road increases, there is a growing need for public charging 

stations and a robust charging infrastructure. Among the barriers that have been cited as 

preventing wide scale PEV adoption are availability of charging stations and vehicle range [47].  

Currently, most charging takes place at home but there is an increasing number of commercial 

charging stations that are being installed.  These stations will address issues of charging access 

away from home and increase the utility of PEV by enabling longer trips.  As more charging 
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stations are installed at commercial areas, there is a need to develop pricing methods that are 

attractive to PEV owners and promote the use of newly installed charging infrastructure.  

Additionally, these pricing methods must also make sound business sense to the owner of the 

charging station as there is a large capital investment required to install charging stations. 

 Commercial charging infrastructure is increasingly being considered for installation with 

office buildings.  Office buildings and work place parking lots have now become the second 

most popular place to charge after home charging [49]. Office buildings provide a platform to 

integrate chargers with DER.   

2.5.1 Current Pricing of Plug-in Electric Vehicle Charging 

 In Southern California Edison (SCE) territory there are two commercial PEV charging rate 

schedules, TOU-EV-3 and TOU-EV-4.  TOU-EV-3 is applicable to loads of less than 20 kW and 

TOU-EV-4 is applicable to loads of 20 kW – 500 kW.  The core difference between the two rate 

structures is that TOU-EV-3 has no facilities related demand charge while TOU-EV-4 has a 

demand charge.  The main components of each rate structure are provided in Table 2-1 below 

[50]. 

Table 2-1. SCE Commercial PEV Charging Rate Structures 

 TOU-EV-3 TOU-EV-4 

Applicable 
Demand Range 

<20 kW 20 kW – 500 kW 

Demand Charges Waived $12.73 / kW 
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Energy Charges 

Summer 
On-Peak 
$0.39/kWh 
Mid-Peak 
$0.18/kWh 
Off-Peak 
$0.09/kWh 

Winter 
On-Peak 
$0.17/kWh 
Mid-Peak 
$0.15/kWh 
Off-Peak 
$0.10/kWh 

Summer 
On-Peak 
$0.31/kWh 
Mid-Peak 
$0.13/kWh 
Off-Peak 
$0.05/kWh 

Winter 
On-Peak 
$0.12/kWh 
Mid-Peak 
$0.10/kWh 
Off-Peak 
$0.06/kWh 

Customer Charge $0.84/ day $194.33/ month 

 

 As PEV charging infrastructure has grown, three major commercial PEV charging 

networks have emerged in Southern California. They are the Blink network, eVgo network and 

the ChargePoint network.  Each network has different business models and rates for PEV 

charging.   The various rates for the three networks in Southern California are shown in Table 

2-2. 

Table 2-2. Rates for Commercial Charging Networks in Southern California 

Company Membership Fee Session Fee 

Blink [51] Free 
$0.49/kWh (member) 
$0.59/kWh (guest) 

eVgo [52] $5.95 / Month $1/hour 

ChargePoint (Off Campus) [53] Free 
$0.75/hour (first 4 hours) 
$3.00/hour (thereafter) 

ChargePoint (On Campus) [53] Free $2.50/hour 

  

 The eVgo network is the only network which utilizes a monthly membership fee, 

offering a variety of monthly plans.  For the level 2 charging plan the monthly membership fee 

is $5.95. The Blink network does not require membership, however membership is free and 
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members receive reduced rates. ChargePoint requires membership to utilize the chargers but 

there is no membership fee.   

 ChargePoint differs from other networks as they sell chargers which are individually 

owned and operated.  This allows the owners of the stations to set their own prices at the 

chargers.  As a result, ChargePoint chargers oftentimes have different rates despite close 

proximity.  For example, on the University of California, Irvine (UCI) campus many ChargePoint 

chargers display a rate of $2.50/hour. Moving off the UCI campus, a commonly used rate is 

$0.75/hour for the first four hours and $3.00/hour thereafter. 

2.5.2 Pricing of Plug-in Electric Vehicle Charging in the Literature 

  In addition to current utility EV charging rates and PEV charging company rates, there 

are ongoing research efforts to determine the profitability of charging stations and the 

development of novel pricing methods for PEV charging.  Chang et al. analyzed the financial 

viability of non-residential charging stations at commercial locations by looking at profitability 

from an owner’s perspective [54].  This work looked extensively at different economic factors, 

including capital costs, permitting fees, the cost of electricity, etc. Assumptions were made on 

the number of charging events per day and amount of charge required rather than attempting 

to model vehicle behavior off of available data.  A conclusion was that charging station owners 

do not benefit financially from PEV charging in the current market. In order to make a profit, 

site owners require high utilization of the charging station and for customers to pay a premium 
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on electricity prices. The prevalence and relatively low cost of home charging was also raised as 

an issue with non-residential charging.  

 Williams et al. investigated the profitability of workplace charging for building owners 

who invest in charging station equipment [55].   The charging station was assumed to be a sole 

3.5 kW charger that was used 240 times per year by PEV that require, on average, a charge of 

5.2 kWh per day.  Three different pricing structures were used in this analysis, a $/kWh charge a 

$/hour charge and a $/month charge.  A $0.33/kWh charge, an equivalent $1.25/hour charge 

and an equivalent $35/month charge were shown to recover the costs of stations which cost 

$2,000.  However, these rates are shown to not be financially motivating to drivers as home 

charging and gasoline use in PHEV are significantly cheaper.  In order to recover the investment 

in a costlier station or reduce charging rates for drivers, it is concluded that increases in station 

utilization are necessary.  

 Tulpule et al. analyzed a pricing method for a charging station which integrated PV 

panels, EV charging and their associated capital costs on the Ohio State University (OSU) and 

University of California, Los Angeles (UCLA) campuses [56].  The pricing method aims to break 

even over the lifetime of the PV panels which was assumed to be approximately 20 years.  The 

pricing method does not charge customers for their energy use or duration at the charging 

station but adds an additional charge to the existing cost of parking passes on the campuses.  

For these two campuses a parking rate of $330/year for access to the charging stations was 

determined to be necessary for a payback of 20 years.  This is a 50% increase in the parking 

pass price for OSU and a 35% increase for UCLA.  The authors suggested the use of a carbon tax 

to make PEV charging stations more economically viable. 
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 Li and Ouyang analyzed pricing for PEV charging and the profitability of charging stations 

in China [57].  The charging stations were assumed to consist of eight level 1 chargers and open 

for business from 6 AM – 10 PM.  The PEV modeled represented a vehicle with the average 

battery size of all PEV and representative of the fleet in China.  Prices were not deemed to be 

suitable with the current costs of electricity and cost of PEV.  This work analyzed several 

different scenarios to improve station profitability, including reducing the cost of electricity, 

controlling the total number of chargers in a region and the use of battery storage.  It was 

determined for the city of Beijing that a total of 5,858 chargers and 672 stations are required to 

service the projected PEV fleet in 10 years in order to ensure a high station load necessary to 

generate profit.  Additionally, it was determined that if a high station load was achieved, profits 

could be improved through the use of battery storage technologies, provided capital costs were 

below $200/kWh, which purchased cheap electricity during off peak hours and discharged it 

during the day for PEV charging.  

 A report prepared by M.J Bradley & Associates LLC, analyzed the use of pricing as a 

means to control user behavior [58].  The desired behavior is too reduce peak demand on the 

grid which can lead to reduced costs of electricity.  This was accomplished in two separate 

scenarios: one in which a time of use (TOU) pricing scheme was devised which incentivizes 

users to charge during off peak periods and another in which smart charging is used.  Smart 

charging in this case means fully controlled charging where PEV receive enough charge for their 

next destination but charging is not necessarily immediate and done in the cheapest way 

possible.  This report analyzed previous pilot programs and used modeling to provide 

recommendations for PEV charging pricing.  The report determined that the use of incentivized 
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pricing is seen as being beneficial and was an effective incentive for residential customers to 

charge at off peak times.  Simulations of smart charging were shown to reduce the cost of 

electricity by reducing utility generation costs, capacity costs and infrastructure costs.  

2.6 Summary 

2.6.1 Demand Response and Distributed Energy Resource System Sizing 

 DER system sizing is a vast topic with different approaches used, including, cost and 

emissions minimizations. However, there is limited work that determines the effects of DR on 

DER system sizing.  A common tool that has been used to size DER systems is the DER-CAM 

model which includes DR in its cost function, however, the studies in which it has been used 

have not been performed in order to comment on DR.  In work where DR and DER have been 

jointly analyzed the analysis has typically looked at how the operation of DER systems changes 

in the presence of DR rather than observing how DER system components change as a result of 

DR.  The few studies that do analyze this process have been for residential applications. The 

interplay between DR and DER is an important aspect to consider for microgrids as DR is being 

seen as an important resource for the future because it is flexible and it is becoming easier to 

implement through advancements in automation.  This thesis extends the analysis of DR and 

DER system sizing to a university campus that has positioned itself as an early market microgrid. 

2.6.2 Pricing Plug-in Electric Vehicle Charging  

 The area of pricing PEV charging is a growing field that includes both industry methods 

and research efforts.  There are several different commercial charging networks, however little 
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is known as to how their rates were determined and whether or not they are or will become 

profitable and whether or not their prices are fair.  Existing literature has deemed that earning 

a profit as a charging station owner is difficult, however, many of these analyses did not present 

the development of different types of pricing methods beyond flat $/kWh or parking pass rates.   

Additionally, most analyses made generalized assumptions of PEV behavior and vehicle type 

rather than modeling a vehicle fleet after available driver data.  The literature has also indicated 

that smart charging may be the direction that pricing and charging moves in the future. 

However, due to technological requirements, smart charging is not a concept that is applicable 

to an early market microgrid.  This thesis models PEV behavior using available driver data sets 

and develop different types of pricing methods beyond flat $/kWh or $/hour rates.  Thus, in 

addition to investigating the interplay between DR and DER sizing, this thesis investigates the 

pricing of PEV charging for the same university microgrid.  

 APPROACH 

 The approach of the current work develops a task for each objective from the 

Introduction.  Following each task is an explanation of how each task is accomplished. 

Task 1: Develop a model to characterize DR for microgrids, modify electrical loads and analyze 

the economics of participation in utility DR programs. 

 This task develops a DR model that calculates a new electrical load for microgrids when 

different levels of DR are applied.  Load shedding DR strategies are used to reduce energy use 

during peak hours of the day. The literature has highlighted the importance of DR strategies 
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with fast response times, therefore only these types of strategies are modeled. Previous work 

performed in Samuelsen et al. [37] has calculated the relationship between DR reductions of 

lighting and HVAC fans and their resulting power reductions.  

 Economic analysis of utility DR programs are analyzed by simulating microgrid 

participation in different SCE DR programs.  The dates and times of previous SCE DR events are 

available and on these dates the historical microgrid load is modified with DR to estimate the 

potential earnings of participation.  The economic gains from participation are then compared 

to the capital costs of DR system implementation. 

Task 2: Input baseline and DR modified loads into a CCHP optimization model to calculate 

DER system sizes. 

 To determine the optimal set of DER system options and sizes a CCHP optimization 

model is used as described by Flores, 2016 [59].  The CCHP optimization model minimizes total 

cost for servicing a given load.  The model takes inputs of the capital costs and operating 

characteristics of each DER to be considered.  Simulations will be run for the microgrid with its 

current load profile and subsequently for load profiles with different levels of DR.  Optimal DER 

systems will be determined for each load profile and differences in system selection and 

operation can be observed. 

Task 3: Develop models to simulate PEV charging loads and develop methods for microgrids 

to charge EV owners for use of chargers to achieve cost recovery. 
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 In order to complete this task, a PEV charging model is developed to simulate PEV 

charging behavior at a charging station to determine the PEV charging load.  This PEV charging 

model is paired with a utility cost model to determine the annual energy costs incurred by the 

owner as a result of PEV charging.  The annual energy costs and the upfront capital costs of the 

charging station are used as the basis for the economic analysis in pricing PEV charging. 

Multiple pricing methods are developed that all start from the same point of making the 

charging station profitable (achieving at least full cost recovery), but achieving it through 

different means. 
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 MODEL MICROGRID SELECTION 

 In order to analyze DR and PEV charging for a microgrid, a model microgrid must be 

chosen for the analyses.  There are a variety of facilities which are microgrids or are interested 

in microgrid technologies.  Military bases often comprise prominent types of microgrids, 

however, their interest in microgrids lies in the improved reliability and resiliency capabilities 

that a microgrid could provide.  Military bases also tend to require full service of their energy 

needs and this has meant that opportunities to participate in DR programs have been limited.  

Ports are another facility type interested in microgrid technologies.  The Port of Long Beach 

(POLB) envisions that microgrids could play a role in ensuring reliability of electric service while 

also contributing to their environmental goals of reduced emissions.  Similar to military bases, 

there is limited potential for DR as much of the electrical load powers vital equipment, such as 

cranes, that must be continuously available. Very few DER systems are currently installed at the 

POLB and as space is a premium at the POLB there is limited area for expansion of DER systems.  

Additionally, future increases in electrical load will most likely be mission critical loads that 

cannot be reduced in DR events as they power cargo handling equipment and provide 

alternative marine power for docked ships [60]. 

 Other facilities that are becoming hotbeds for microgrid development are university 

campuses.  One such university campus that is committed to the expansion of microgrid 

technologies is the University of California, Irvine (UCI) campus.  UCI and university campuses 

are exciting areas for further analysis as they offer a diverse portfolio of research, academic, 

residential and office buildings.  The layout of the UCI microgrid is shown in Figure 3-1.   
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Figure 3-1. UCI Microgrid layout 

 In addition to a great variety of building types on the microgrid, there is a great diversity 

in energy assets.  Located on the microgrid is a central plant which services the majority of the 

electric, heating and cooling load on the microgrid.  The combined cycle plant is comprised of a 

13.5 MW gas turbine and a 5.5 MW steam turbine. Accompanying the combined cycle power 

plant, there is also approximately 4 MW of installed solar PV on the campus.  The campus is 

also installing a 2 MW (0.5 MWh) battery system which will aid in balancing the campus load.  

Additionally, the UCI microgrid receives utility import from SCE with an average demand of 500 

kW.  These assets, service the microgrid electrical load which has a peak of 19 MW (excluding 

cooling demand) and a load factor of 0.61.  The heating and cooling needs of the campus are 

serviced through a central system. The centralized cooling system comprises 8 electric chillers 

which provide up to 14,500 tons of cooling integrated with a 60,000 ton-hour thermal energy 

storage (TES) system.  The TES system can shift the cooling demand of the entire campus to any 

time of day.  The microgrid has a peak cooling demand of 52.8 MW and a continuous average 
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demand of 13.1 MW measured throughout the year, these values are calculated independent 

of the chiller system and is not representative of the electrical load necessary to provide 

cooling.  To service the heating load on campus, heat is extracted from the combined cycle 

power plant either before or after the heat recovery steam generator (HRSG) of the steam 

bottoming cycle to create high pressure hot water that is circulated around the campus.  The 

heating demand on campus has a peak of 27.6 MW and an average of 10.03 MW.  Note that 

heating is demanded throughout the year for winter building heating, reheat coals in the HVAC 

systems of each building year-round, and special research operations (e.g., washing of animal 

cages). 

 The UCI microgrid is also exploring potential opportunities for DR and PEV charging.  The 

UCI microgrid is currently undergoing a transformation with regards to its energy monitoring 

system, a core feature of DR systems. UCI is currently installing electric power monitoring 

meters (made by MelRoK) throughout the campus which record real time data on energy use, 

voltage, etc.  At this time, approximately 125 buildings are being monitored at the overall 

building and primary circuits within the building (sub-metering) levels.  These devices also have 

the ability to be used as BMS control points to implement DR.  The campus is also expanding its 

PEV charging infrastructure.  Currently, the campus has installed a total of 36 Level 1 and Level 

2 charging stations.  While the majority of chargers currently offer free charging, in the near 

future free charging will turn into priced charging.  Therefore, the issue of PEV charging is a 

pertinent issue.  The UCI Microgrid large diversity in loads and energy assets coupled with its 

relevance to the topics of this thesis make it a model microgrid that can be investigated to 

provide analysis applicable to all microgrids. 
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 MICROGRID DEMAND RESPONSE 

5.1 Methodology 

5.1.1 Demand Response Model 

 The DR model characterizes two key components of DR for the UCI campus: the overall 

DR capacity of the buildings and the economic benefits of participating in utility DR programs.  

In order to determine the overall DR capacity, the model first takes in inputs of the overall 

campus electrical load which has been gathered at fifteen minute increments, the overall area 

breakdown of the campus in terms of room classification, and the breakdowns of electrical 

consumption by end-use for each room classification.  An end-use profile for the entire campus 

can then be generated from the overall campus demand and varying levels of DR reductions 

can be applied to determine the campus DR capacity throughout the year.  The modified UCI 

campus load profile with DR reductions is then used to determine the economic benefits of DR 

implementation by analyzing the energy savings and incentives of reducing energy usage in 

utility DR programs. 

5.1.1.1 UCI Campus Building Electrical Load 

 For the purposes of the analysis for the results presented in Section 5.2, an electrical 

load that is representative of building energy use on campus is used.  It does not include load 

from the central plant and its chillers or any other miscellaneous loads that are not contained 

within a building.  These loads are excluded because all of the DR strategies of interest in this 

study target HVAC fan and lighting loads that are present within buildings. For 2015, the 
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buildings on the UCI microgrid consumed approximately 95,445 MWh, with a peak demand of 

16.5 MW and a load factor of 0.65 as measured by the MelRok meters installed throughout the 

campus.  Representative loads for summer and winter months are presented in Figure 5-1.  

Building energy use is relatively constant with higher demand on weekdays than weekends and 

typical diurnal demand fluctuations.  Note, however, that the diurnal demand fluctuations are 

relatively small in magnitude compared to typical buildings because of the fact that cooling and 

heating is produced centrally and delivered to each building so that the only HVAC loads at the 

buildings are fans, valves, and damper controls. 

Figure 5-1. Representative UCI Microgrid Total Electrical Load of the Buildings 
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5.1.1.2 UCI Campus Room Breakdown and Power Intensities 

 The UCI campus has designated ten different room classifications: classroom, 

laboratory, office, study, special use, general use, support facilities, healthcare, residential and 

unclassified.  The most recent documentation of the room breakdowns of the UCI campus 

occurred in 2009 and is shown below in Table 5-1.  The three most common room types are 

residential, office, and laboratory. 

Table 5-1. UCI Campus Room Breakdown 

Room Type Occupied Area(𝒇𝒕𝟐) Percentage of Total Area (%) 

Classroom 171,152 0.02 

Laboratory 1,392,996 0.19 

Office 1,706,580 0.24 

Study 270,040 0.04 

Special Use 241,337 0.03 

General Use 416,285 0.06 

Support Facilities 271,609 0.04 

Healthcare 510,902 0.07 

Residential 2,073,851 0.29 

Unclassified 153,101 0.02 

  

 While the electrical loads of the UCI campus and its individual buildings are being 

monitored by the MelRok system (the series of electric meters, sub-meters, data acquisition, 

etc.), the split of overall energy consumption between the different end-uses and the room 

types is not known.  Of particular interest is the lighting and HVAC fan breakdowns as these two 

areas represent the two most controllable loads with fast response times amenable to DR.   

Previous work by the Advanced Power and Energy Program (APEP) has estimated the 

contributions of each room type to the overall campus load and the end-use profiles for each 
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room type throughout the year.  Table 5-2 contains the average annual end-use breakdowns for 

lighting and HVAC fans for each room type [37]. While not shown in the table, other end-uses 

on the campus include miscellaneous equipment loads, pump loads, exterior to building loads, 

and heating/cooling loads. 

Table 5-2. UCI End-Use Breakdowns 

Room Type 
Percentage of 
Campus Lighting 
Consumption (%) 

Percentage of 
Campus HVAC 
Fan 
Consumption (%) 

Percentage of 
Overall Campus 
Energy 
Consumption (%) 

Classroom 4.03% 10.55% 9.38% 

Laboratory 57.11% 33.77% 43.81% 

Office 27.37% 20.63% 23.48% 

Study 3.44% 5.86% 4.05% 

Special Use 2.43% 6.56% 3.42% 

General Use 2.15% 5.61% 3.08% 

Support 0.17% 0.86% 0.35% 

Healthcare 0.24% 0.34% 0.21% 

Residential 2.56% 15.52% 11.96% 

Unclassified 0.48% 0.30% 0.33% 

  

 While receiving full electrical service is important to all areas of campus, it is imperative 

that laboratories and healthcare areas receive uninterrupted service.  Campus officials have 

deemed that laboratory areas, in order to preserve experiments, and healthcare areas, to 

provide health services, are mission critical loads that would most likely be unable to directly 

participate in DR due to code violations.  Therefore the campus DR capacity is modeled in two 

ways, one that is representative of the entire campus and another which excludes any DR 

participation from laboratory and healthcare spaces.  
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 By using the estimates of end-use and room type contributions to the overall campus 

load as determined in Samuelsen et al. [37], the 2015 UCI campus load as recorded by the 

MelRok system can be broken down into end-use profiles for the entire year. 

5.1.1.3 Demand Response Reductions 

 Once the end-use profiles are generated the overall DR capacity is calculated by 

applying DR reductions.  As previously mentioned, the DR capacity is measured solely by 

lighting reductions and HVAC fan reductions.  This is due to the fast response time of these 

types of loads, their controllability and the large amount of energy that they consume.  Note 

that buildings without a centralized heating and cooling system may have additional HVAC DR 

opportunities associated with building chiller and heater equipment.  The response times of 

lighting and HVAC fans can be on the order of minutes which is significantly faster than other 

DR strategies such as pre-cooling which requires advance notice and hours of preparation.  

Lighting and HVAC fans are also highly controllable unlike other large building loads such as IT 

equipment or plug loads. 

 The DR model applies reductions to the building load with the purpose of peak shaving.  

Peak shaving is often one of the most effective ways to influence energy bills and many of the 

utility DR programs have event periods that occur during peak hours. The model implements 

three different levels of DR, with each successive level implementing a higher level of lighting 

and HVAC fan reductions and a larger impact on the occupants.  The three levels of DR are 

shown in Table 5-3.   
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Table 5-3. Demand Response Strategies and Levels of Reductions 

DR Strategy Lighting Reduction 
HVAC Fan Speed 

Reduction 

Level 1 (Low Impact) 15% 10% 

Level 2 (Medium Impact) 30% 20% 

Level 3 (High Impact) 45% 30% 

 

 As previously noted, the campus DR capacity can be looked at in terms of the entire 

campus and the more realistic scenario which excludes lab/healthcare participation.  Each level 

of DR is performed for the full capacity and partial capacity of the campus.  Table 5-4 contains 

each level of DR considered (three levels defined below) and the acronyms with which they will 

be referred to in this thesis. 

Table 5-4. Demand Response Nomenclature 

Acronym DR Strategy 

DR1P Level 1 – Partial Capacity 

DR2P Level 2 – Partial Capacity 

DR3P Level 3 – Partial Capacity 

DR1F Level 1 – Full Capacity 

DR2F Level 1 – Full Capacity 

DR3F Level 1 – Full Capacity 

 

 These levels of DR are based upon previous literature. Previous studies for lighting 

showed that up to 20% dimming is not noticeable, 30% had a minimal impact and up to 40% 

was acceptable [33], [34].  Thus, the three levels of lighting DR used in the current simulations 

are 15%, 30%, and 45% for the cases DR1P and DR1F, DR2P and DR2F, and DR3P and DR3F, 

respectively.  In terms of HVAC fan reductions, it is extremely difficult to predict how individual 
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buildings will react to each level of HVAC DR as every building is constructed differently. In 

Samuelsen et al., the Multipurpose Science and Technology Building (MSTB) and Natural 

Sciences II (NatSciII) on the UCI campus were tested for 30% HVAC fan reductions for 4 hours 

[37].  Results showed that 30% reductions were feasible for the MSTB but not for NatSciII. 

Therefore, the intent of the model is not to determine whether the reductions being modeled 

are physically possible for the entire campus but rather to show the economic potential of the 

reductions if they are achievable.  For this purpose, HVAC DR is simulated for the three cases of 

10%, 20%, and 30% fan turndown for the cases DR1P and DR1F, DR2P and DR2F, and DR3P and 

DR3F, respectively. 

 Additionally from the field tests performed in Samuelsen et al., relationships for lighting 

and HVAC fan power levels during a DR event were determined [37].  Lighting power during a 

DR event was determined to be: 

(Eq. 5-1) 

 For HVAC fans, experimental testing defined the relationship between fan speed and fan 

power and the resulting fan power during a DR event to be: 

(Eq. 5-2) 

(Eq. 5-3) 

 Where 𝑃𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the power if no DR event had occurred, %𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 is the 

percentage of total light fixtures and HVAC fans that are participating in the DR event and 

%𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the desired level of dimming or fan speed reduction. 

𝐹𝑎𝑛 𝑃𝑜𝑤𝑒𝑟2 = 𝐹𝑎𝑛 𝑃𝑜𝑤𝑒𝑟1 (
𝐹𝑎𝑛 𝑆𝑝𝑒𝑒𝑑2

𝐹𝑎𝑛 𝑆𝑝𝑒𝑒𝑑1
)

2.9

 

𝑃𝐷𝑅,𝑓𝑎𝑛 = 𝑃𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑓𝑎𝑛 ∗ [1 − (%𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛) ∗ (1 − (1 − %𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)2.9)] 

𝑃𝐷𝑅,𝑙𝑖𝑔ℎ𝑡 =  𝑃𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑙𝑖𝑔ℎ𝑡 ∗ [1 − (%𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛) ∗ (%𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)] 
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5.1.1.4 UCI Campus Demand Response Capacity Building Rankings 

 An important part of characterizing DR for a microgrid is not only knowing the overall 

capacity of the microgrid but to determine which facilities and buildings in the microgrid have 

the highest DR capacity.  Such that when an event is called, operators or controllers know 

which buildings to call upon for the DR resources.  Additionally a ranking system would be 

beneficial to a microgrid because it would indicate to the operator (or controller) which 

buildings would provide the highest levels of DR for the lowest occupant impact when investing 

in control systems to perform DR. 

 The DR capacity of each building is calculated in much the same way as the overall DR 

capacity.  MelRok meters not only monitor the entire campus but also many of the individual 

buildings and circuits within the buildings.  The overall electrical load of the building measured 

by MelRok can be allocated into end-use types by using the room breakdown of each building 

and the end-use breakdown by room type.  The DR load reduction equations for lighting and 

HVAC fan turndowns can then be applied.  The rankings are determined by which buildings 

have the highest joint lighting and HVAC fan turndown capacity.  Rankings are provided for a 

building’s total DR capacity as well as a building’s DR capacity when excluding laboratory and 

healthcare spaces. 

5.1.1.5 Analysis of Southern California Edison Demand Response Programs 

 The UCI campus is currently provided electric service by Southern California Edison 

(SCE), who offers a variety of DR programs.  Two of the most popular programs are the Demand 

Bidding Program (DBP) and the Capacity Bidding Program (CBP).  The UCI campus is analyzed 
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for participation in these two programs.  Both of these programs are used to reduce peak load 

requirements of the utility.  Over the course of 2015, SCE called for 10 DBP events.  Each event 

fell during a summer month and lasted for 8 hours from 12:00 PM – 8:00 PM.  Over the course 

of 2015, SCE called for numerous CBP events.  The CBP for 1-4 hour durations had 49 events on 

the day-ahead market and 58 on the day-of market.  The CBP for 2-6 durations had 28 events 

on the day-of market and none on the day-ahead market [61].  These events fell during both 

winter and summer months, the monthly breakdown is presented in Table 5-5. 

Table 5-5. SCE Demand Response Events (2015) 

Month Demand 
Bidding 
Program 

Capacity Bidding Program 

1-4 
Day-Ahead 

1-4 
Day-Of 

2-6 
Day-Of 

January -- 3 -- -- 

February -- 9 -- -- 

March -- -- -- -- 

April -- -- -- -- 

May -- -- -- -- 

June -- 3 6 6 

July 3 6 6 5 

August 4 8 7 7 

September 3 7 8 5 

October -- 13 12 5 

November -- -- 14 -- 

December -- -- 5 -- 

Total 10 49 58 28 

  

 The highlights of the DBP program are that participants are notified at noon the day 

before.  Over the next four hours, participants can decide whether or not to place a bid for an 

energy reduction, participation is not mandatory.  Energy bids are made on an hourly basis and 

participants do not have to bid energy reductions for the entire event period but only the hours 
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that are convenient for them.  Participants earn $0.5/kWh for the amount of energy that is 

reduced.  The reduction that is recorded by SCE is the difference between the baseline demand 

and the measured demand.  The baseline demand is determined by the hourly average demand 

over the past 10 weekdays in which no DR event has occurred.  The specifics of the DBP are 

found in Table 5-6 [62].  

Table 5-6. SCE Demand Bidding Program 

 Event Periods 
Time of 

Notification 
Bidding Period Energy Credit 

Demand Bidding 
Program (DBP) 

Monday – Friday 
Noon – 8:00 PM 

Noon 
Day before 

Noon – 4:00 PM 
Day Before 

$0.50/kWh 

 

 The monetary amount that SCE pays for each kWh reduced and the total earnings 

through the DBP are calculated through the following equation: 

(Eq. 5-4) 

(Eq. 5-5) 

 Through the CBP, participants make monthly bids of how much energy they can reduce. 

Reductions in this program are mandatory and when an event occurs the participant is then 

obligated to reduce their energy use by their monthly bid.  Different bids can be placed for each 

month, however, participation throughout the whole year is required.  The energy reduction is 

calculated in the same way as it is calculated in the DBP, where it is the difference between 

baseline demand of the previous 10 week days and measured demand.  Participants earn 

money for the amount of DR capacity that is bid each month through capacity payments in 

addition to energy payments for the amount of energy reduced per month.  The CBP offers 

𝐷𝐵𝑃 𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 ($) = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐵𝑖𝑑 (𝑘𝑊ℎ) ∗ 0.5
$

𝑘𝑊ℎ
 

𝑇𝑜𝑡𝑎𝑙 𝐷𝐵𝑃 𝐸𝑎𝑟𝑛𝑖𝑛𝑔𝑠 ($) = 𝐷𝐵𝑃 𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑎𝑦𝑚𝑒𝑛𝑡($) + 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑠($) 
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several different options with regards to the duration of DR events, with options for 1-4 hours, 

2-6 hours and 4-8 hours.  Participants can also choose when to be notified, with a day-ahead or 

day-of notification, with larger monetary credits available for the day-of notifications.  In SCE, 

no 4-8 hour or 2-6 hour day ahead events were called in 2015 and will be excluded from the 

economic analysis. The specifics of the CBP are found in Table 5-7 [63]. 

Table 5-7. SCE Capacity Bidding Program 

Capacity 
Bidding 
Program 

(CBP) 
 

Event Periods 

Capacity Credit 
($/kW-month) 

Energy Credit 
($/kWh) 

Month 
Day 

Ahead 
Day 
Of 

(1 – 4 Hour 
Duration) 

Mon. – Friday 
11 AM – 7 PM 

 
 

Jan 1.35 1.55 

Daily SCE Natural Gas City 
Gate Price ($/BTU) * 
15,000 (BTU/kWh) 

Feb 1.13 1.29 

Mar 1.13 1.29 

Apr 1.13 1.29 

May 2.70 3.11 

Jun 4.05 4.66 

Jul 13.73 15.79 

Aug 15.98 18.38 

Sept 8.55 9.84 

Oct 1.58 1.81 

Nov 1.35 1.55 

Dec 1.35 1.55 

(2-6 Hour 
Duration) 

Mon. – Friday 
11 AM – 7 PM 

 
 

Jan 1.65 1.90 

Daily SCE Natural Gas City 
Gate Price ($/BTU) * 
15,000 (BTU/kWh) 

Feb 1.38 1.58 

Mar 1.38 1.58 

Apr 1.38 1.58 

May 3.30 3.80 

Jun 4.95 5.69 

Jul 16.78 19.29 

Aug 19.53 22.46 

Sept 10.45 12.02 

Oct 1.93 2.21 

Nov 1.65 1.90 

Dec 1.65 1.90 
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 In addition to capacity payments, there are energy payments for the total amount of 

energy that the participant reduces.  The total earnings achievable in the CBP are calculated 

through the following equations [63]: 

 (Eq. 5-6) 

(Eq. 5-7) 

 (Eq. 5-8) 

 The natural gas city gate prices for 2015 are shown in Table 5-8 [64]. 

Table 5-8. California Natural Gas City Gate Prices 

Month City Gate Price 
($/1000 𝒇𝒕𝟑) 

City Gate Price 
($/Btu) 

January 3.58 3.48 ∗ 10−6 

February 3.3 3.21 ∗ 10−6 

March 3.27 3.18 ∗ 10−6 
April 3.13 3.04 ∗ 10−6 
May 2.96 2.88 ∗ 10−6 

June 3.42 3.33 ∗ 10−6 
July 3.56 3.46 ∗ 10−6 

August 3.55 3.45 ∗ 10−6 
September 3.42 3.33 ∗ 10−6 

October 3.32 3.23 ∗ 10−6 
November 3.08 2.99 ∗ 10−6 
December 3.02 2.93 ∗ 10−6 

 

 The campus is simulated as if it were participating in these events for the year 2015.  

With lighting and HVAC fan reductions being applied to the historical campus load in 2015 

during the event periods.  This determines the total monetary benefits of participating in each 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 ($) =  ∑[𝑀𝑜𝑛𝑡ℎ𝑙𝑦 𝐵𝑖𝑑 (𝑘𝑊)]𝑖 ∗ [𝑀𝑜𝑛𝑡ℎ𝑙𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐶𝑟𝑒𝑑𝑖𝑡 (
$

𝑘𝑊
)]𝑖

12

𝑖=1

 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑎𝑦𝑚𝑒𝑛𝑡 ($) = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 (𝑘𝑊ℎ) ∗ 𝐶𝑖𝑡𝑦 𝐺𝑎𝑡𝑒 ($/𝐵𝑡𝑢) ∗ 15,000 𝐵𝑡𝑢/𝑘𝑊ℎ 

 
𝑇𝑜𝑡𝑎𝑙 𝐸𝑎𝑟𝑛𝑖𝑛𝑔𝑠 ($) = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑃𝑎𝑦𝑚𝑒𝑛𝑡($) +  𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑎𝑦𝑚𝑒𝑛𝑡($) + 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝑆𝑎𝑣𝑖𝑛𝑔𝑠($) 
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DR program for one year.  These monetary gains are analyzed alongside the capital costs of 

implementing the DR strategies found in Table 5-9 [37]. 

Table 5-9. Demand Response Cost Breakdown 

DR 
Measure 

Cost Component Cost Justification 

Lighting 
Reduction 

Installed Cost $50/ballast 
Current ballast costs (recent 

projects). 10 ballasts/kW 

Fixed O&M Cost $30/ballast/yr 
Current ballast costs & lifespans. 10 

ballasts/kW 

Fan Turn-
Down 

Programming Cost $48,000 total 
8 weeks of programming time at 

$120/hour 

Equipment Cost $15,000 total 
Fixed expenses for additional 

controls hardware 

Fixed O&M Cost $6,000/yr 
One week of controls maintenance 

at $120/hour 
  

 With the annual economic gains, upfront costs and O&M costs, the net present value 

(NPV) of the DR systems are calculated to determine their economic feasibility and the value of 

investing in DR for the purposes of utility DR program participation.  

 (Eq. 5-9) 

  

 For this calculation the lifetime of the installation is assumed to be 10 years, with a 

discount rate of 5%.  The (𝑃 𝐴, 𝑖%,  𝑛) ⁄ term is a factor that converts future income into present 

day monetary values.  For the values of 𝑛=10 years and 𝑖%=5%, (𝑃 𝐴, 𝑖%,  𝑛)⁄ = 7.7217.  

5.1.1.6 UCI Campus Scenarios 

 For the economics of participation in DR programs, the operation of the campus is 

simulated in two scenarios.  The first scenario is the UCI microgrid without DER, designated as 

𝑁𝑒𝑡 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 =   𝐷𝑅 𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑠 ∗ (𝑃 𝐴, 𝑖%,  𝑛) ⁄ + 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 ∗ (𝑃 𝐴, 𝑖%,  𝑛) ⁄   

−𝑂&𝑀 𝐶𝑜𝑠𝑡𝑠 ∗ (𝑃 𝐴, 𝑖%,  𝑛)⁄ − 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐶𝑜𝑠𝑡 
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the DR Without DER case.  This scenario considers the campus as if it had none of its generation 

capabilities and it receives all of its electricity from SCE.  The second scenario is the campus 

simulated with DER, designated as the DR With DER case.  This scenario is the idealized operations 

of the existing UCI microgrid which imports on average 500 kW.  Therefore the DR With DER case 

assumes a constant 500 kW import from SCE.  While the UCI microgrid in the DR With DER case 

still technically has the same electrical load as DR, this full demand is not seen by the utility. 

5.1.2 CCHP Optimization Model 

 In order to size DER systems, this thesis uses a mixed integer linear program developed 

by Flores (2016) which finds the least expensive combination of utility energy purchases, CCHP 

investment, and CCHP system operation while meeting the electrical, heating, and cooling 

demand for a given load [59]. Operational and physical limitations of the CCHP technology are 

taken into account in addition to the electrical and utility rate models. A schematic of the 

system configuration is shown in Figure 5-2.  The model considers a facility that imports all of its 

electricity from the utility and has a vapor compression and boiler system which are already 

installed to meet the cooling and heating loads.  It is then determined if a gas powered 

generator should be adopted to produce electricity and if a heat recovery unit should be 

coupled with the generator to provide heating.  Another DER generator that is considered is 

solar PV, however, it does not produce any waste heat that could power the heat recovery unit.  

A decision is also made whether or not to install an EES system which can charge and discharge 

electricity at opportune times to help meet the electrical load. 
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Figure 5-2. Schematic of Optimization Model 

 For the purposes of this thesis, the optimization model as seen in Figure 5-2 is used to 

determine if the following DER technologies: fuel cells, gas turbines, solar PV, lithium-ion 

batteries and heat recovery units should be adopted to meet part or all of the electrical load 

and heating loads.  This model is used to size DER systems for the microgrid load and the 

microgrid load under varying levels of DR.  The results of these simulations determine the 

impact DR has on the sizing of DER systems.  The parameters and decision variables that define 

this optimization are shown in Table 5-10 and Table 5-11.   

Table 5-10. Parameters for system optimization 

Sets Description 

Building Parameters  

Utility Cost Parameters  

Cgrid,t Electrical utility energy charge at time t ($/kWh) 

CDC,n Non-TOU demand charge in month n ($/kW) 
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ConDC,m On-peak demand charge in summer month m ($/kW) 

CmidDC,m Mid-peak demand charge in summer month m ($/kW) 

DG Parameters  

Com DER,k O&M cost for DER of type k ($/kWh) 

Ccap DER,k Capital cost for DER of type k ($) 

Cstart DER,k Startup cost for DER of type k ($/start) 

Absorption Chiller 
Parameters 

 

Ccap AC Capital cost for absorption chiller ($/kW) 

Com AC O&M cost for absorption chiller output ($/kWh) 

Com AC Charge O&M cost to charge absorption chiller output ($/kWh) 

Heat Recovery Unit / Duct 
Parameters 

 

Ccap HRU Capital cost for heat recovery unit ($/kW) 

Ccap duct-p Capital cost for duct in parallel with absorption chiller ($/kW) 

Ccap duct-s Capital cost for duct in parallel with absorption chiller ($/kW) 

Com HRU O&M cost for heat recovery unit ($/kWh) 

Com duct-p O&M cost for duct in parallel with absorption chiller ($/kWh) 

Com duct-s O&M cost for duct in parallel with absorption chiller ($/kWh) 

Legacy System Parameters  

Com VC O&M cost for vapor compression chiller output ($/kWh) 

Com Boil O&M cost for boiler ($/kWh) 

 

Table 5-11. Decision variables for system optimization 

Utility Decision Variables Description  Variable Type 

Pmax,n Maximum demand during month 
n (kW) 

Continuous 

Pon max,m Maximum on-peak demand during 
summer month m (kW) 

Continuous 

Pmid max,m Maximum mid-peak demand 
during summer month m (kW) 

Continuous 

Cng,n Cost of natural gas purchased 
during month n ($) 

Continuous 

Generator Decision 
Variables 

Description  Variable Type 

NDER,k Number of DER of type k 
purchased 

Integer 

nDER Start,k,h Number of DER of type k starting 
during hour h 

Integer 
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eDER,k,t Aggregated power output from 
DER of type k during time t (kWh) 

Continuous 

Absorption Chiller Decision 
Variables 

  

Pmax AC Absorption chiller capacity 
purchased (kW) 

Continuous 

eAC,t Absorption chiller output at time t 
(kWh) 

Continuous 

eAC Charge,t Absorption chiller charging at time 
t (kWh) 

Continuous 

Heat Recovery Unit / Duct 
Decision Variables 

  

Pmax HRU Heat recovery unit size purchased 
(kW) 

Continuous 

Pmax duct-p Parallel duct size purchased (kW) Continuous 

Pmax duct-s Series duct size purchased (kW) Continuous 

eHRU,t Heat recovery unit output during 
time t(kWh) 

Continuous 

educt-p,t Parallel duct output during time t 
(kWh) 

Continuous 

educt-s,t Series duct output during time t 
(kWh) 

Continuous 

Legacy System Decision 
Variables 

  

eVC,t Vapor compression chiller output 
at time t (kWh) 

Continuous 

eboil,t Boiler output at time t (kWh) Continuous 
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The proposed cost function of the model is as follows: 

(Eq. 5-10) 

 

 

 

 

 

 

 

5.2 UCI Microgrid Demand Response Results 

5.2.1 Overall Capacity 

 For this portion of the analysis, a load that is representative of building energy use for 

the campus is used.  This load is collected through the MelRok system for the year of 2015.  It 

does not include any load from the chillers at the central plant or any other miscellaneous loads 

on campus.  The reason for these exclusions are because all of the DR strategies of lighting and 

HVAC fan reductions come solely from the building loads.  

 Scaling the analysis from Samuelsen et al., to the current campus building load and 

utilizing the DR power equations determined from empirical testing, the total capacity for DR 

has been determined.  The capacity for each DR strategy is shown in Table 5-12. 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝐶𝑔𝑟𝑖𝑑,𝑡𝑒𝑔𝑟𝑖𝑑,𝑡 +

𝑡

∑ 𝐶𝐷𝐶,𝑛𝑃𝑚𝑎𝑥,𝑛 +

𝑛

∑ 𝐶𝑜𝑛 𝐷𝐶,𝑚𝑃𝑜𝑛 𝑚𝑎𝑥,𝑚

𝑚

+ ∑ 𝐶𝑚𝑖𝑑 𝐷𝐶,𝑚𝑃𝑚𝑖𝑑 𝑚𝑎𝑥,𝑚 +

𝑚

∑ 𝐶𝑛𝑔,𝑛 +

𝑛

∑ 𝐶𝑐𝑎𝑝 𝐷𝐸𝑅,𝑘𝑆𝐷𝐸𝑅,𝑘𝑁𝐷𝐸𝑅,𝑘

𝑘

+ ∑ ∑ 𝐶𝑜𝑚 𝐷𝐸𝑅,𝑘𝑒𝐷𝐸𝑅,𝑘,𝑡 +

𝑡𝑘

∑ ∑ 𝐶𝑠𝑡𝑎𝑟𝑡 𝐷𝐸𝑅,𝑘𝑛𝐷𝐸𝑅 𝑠𝑡𝑎𝑟𝑡,𝑘,ℎ

ℎ𝑘

+ 𝐶𝑐𝑎𝑝 𝐴𝐶𝑃max 𝐴𝐶 + ∑ 𝐶𝑜𝑚 𝐴𝐶𝑒𝐴𝐶,𝑡 +

𝑡

∑ 𝐶𝑜𝑚 𝐴𝐶  𝐶ℎ𝑎𝑟𝑔𝑒𝑒𝐴𝐶 𝐶ℎ𝑎𝑟𝑔𝑒,𝑡

𝑡

+ 𝐶𝑐𝑎𝑝 𝐴𝐻𝑅𝑈𝑃max 𝐻𝑅𝑈 + ∑ 𝐶𝑜𝑚 𝐻𝑅𝑈𝑒𝐻𝑅𝑈,𝑡 +

𝑡

𝐶𝑐𝑎𝑝 𝑑𝑢𝑐𝑡−𝑝𝑃max 𝑑𝑢𝑐𝑡−𝑝

+ ∑ 𝐶𝑜𝑚 𝑑𝑢𝑐𝑡−𝑝𝑒𝑑𝑢𝑐𝑡−𝑝,𝑡 +

𝑡

𝐶𝑐𝑎𝑝 𝑑𝑢𝑐𝑡−𝑠𝑃max 𝑑𝑢𝑐𝑡−𝑠

+ ∑ 𝐶𝑜𝑚 𝑑𝑢𝑐𝑡−𝑠𝑒𝑑𝑢𝑐𝑡−𝑠,𝑡 +

𝑡

∑ 𝐶𝑜𝑚 𝑉𝐶𝑒𝑉𝐶,𝑡 +

𝑡

∑ 𝐶𝑜𝑚 𝐵𝑜𝑖𝑙𝑒𝑏𝑜𝑖𝑙,𝑡

𝑡
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Table 5-12. Maximum UCI Building DR Capacity 

 DR1P DR1F DR2P DR2F DR3P DR3F 
Lighting 635 kW 635 kW 1,273 kW 1,273 kW 1,910 kW 1,910 kW 

HVAC Fan 552 kW 1,195 kW 1,000 kW 2,161 kW 1,355 kW 2,924 kW 

Total Capacity 1,187 kW 1,830 kW 2,273 kW 3,430 kW 3,265 kW 4,834 kW 

 

 When considering all of the campus’ resources, the campus has a total DR capacity from 

building loads of 4,834 kW, the majority of which is contributed by HVAC fan DR.  When 

excluding laboratory and healthcare space the total DR capacity is reduced to 3,265 kW and 

lighting DR represents the majority of the DR capacity as more than half of the HVAC fan DR 

originates from these spaces. These numbers represent the maximum capacity for DR, 

however, the lighting and HVAC fan loads vary throughout the day and year, meaning the DR 

capacity for each strategy also changes.  Figure 5-3 and Figure 5-4 display the average DR 

capacity for each strategy as a function of the month and hour of the day. 



  
 

56 
 

 

Figure 5-3. Average Monthly DR Capacity by Strategy 
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Figure 5-4. Average Hourly DR Capacity by Strategy 

 The largest average DR capacities for HVAC fans are during the summer months due to 

their increased usage for hot days.    Over the course of the year, Lighting DR is relatively 

constant.  HVAC fans have their highest DR capacity during the normal occupied hours of the 

campus, with a spike around 8:00 AM - 9:00 AM when work and classes begin.  Lighting DR is 

also highest during occupied hours of the campus with a peak around 6:00 PM when there is 

less daylighting, people are still on campus, and exterior lights are being turned on. 



  
 

58 
 

5.2.2 Building Rankings 

 The DR capacity of the campus is then broken down by building, with knowledge of the 

floor space for the different room types allotted to each building.  A list of all of the buildings 

and details of their floor space is presented in Appendix A.  Table 5-13 contains the building 

rankings when the full array of campus DR resources are considered for the DR2F case. 

Table 5-13. UCI Campus Building DR Rankings (DR2F case) 

Ranking Building Name 
Lighting DR 

(kW) 
HVAC Fan DR 

(kW) 
Total DR 

(kW) 

Peak 
Demand 

(kW) 

1 
Engineering 

Gateway 
57.05 121.33 178.38 838 

2 Rowland Hall 60.00 116.53 176.53 834 

3 
Anteater Recreation 

Center 
99.87 69.39 169.26 1017 

4 Reines Hall 46.27 107.59 153.86 714 
5 McGaugh Hall 42.65 79.54 122.18 595 
6 Natural Science I 35.70 80.94 116.64 543 
7 Natural Science II 35.78 77.99 113.78 531 
8 Student Center 51.26 58.42 109.68 539 
9 Biological Science 3 39.11 60.01 99.13 500 

10 Calit2 30.86 68.04 98.90 460 
11 Steinhaus Hall 32.60 64.16 96.76 463 

12 
Information and 

Computer Science 2 
30.08 62.59 92.68 434 

13 Irvine Hall 27.36 50.31 77.66 367 
14 Science Library 37.04 40.27 77.31 358 

15 
Gillespie 

Neuroscience 
Research Facility 

25.62 47.78 73.39 359 

16 Hewitt Hall 26.65 43.40 70.05 351 
17 Sprague Hall 20.97 47.13 68.10 310 
18 Langson Library 31.93 34.51 66.43 307 

19 
Medical Sciences 

Building C 
20.43 44.89 65.32 304 

20 Engineering Tower 20.42 43.69 64.11 295 
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 This list is filled with the large academic buildings of the campus.  This is because these 

buildings have the biggest electrical loads, meaning they have more load that can be shed.  For 

four of the top five buildings, lab space makes up the majority of the floor space: Engineering 

Gateway (67%), Rowland Hall (52%), Reines Hall (78%) and Mcgaugh Hall (71.4%).  The 

exception to this list is the Anteater Recreation Center which is a large facility on campus that 

houses exercise and athletic facilities and the large lighting and HVAC loads associated with 

these spaces.  Table 5-14 contains the rankings when lab and healthcare are excluded for the 

DR2P case. 

Table 5-14. UCI Microgrid Building Rankings (DR2P case) 

Ranking Building Name 
Lighting DR 

(kW) 
HVAC Fan 
DR (kW) 

Total DR 
(kW) 

Peak 
Demand 

(kW) 

1 
Anteater 

Recreation Center 
99.87 69.39 169.26 1017 

2 Student Center 51.26 57.40 108.66 539 
3 Rowland Hall 60.00 45.82 105.82 834 

4 
Engineering 

Gateway 
57.05 34.33 91.37 838 

5 
Biological Science 

3 
39.11 38.40 77.51 500 

6 Science Library 37.04 40.27 77.31 358 
7 Reines Hall 46.27 22.04 68.31 714 
8 Langson Library 31.93 32.77 64.70 307 
9 Natural Science II 35.78 28.36 64.14 531 

10 
Information and 

Computer Science 
2 

30.08 31.18 61.26 434 

11 McGaugh Hall 42.65 17.42 60.07 595 
12 Aldrich Hall 21.14 36.97 58.12 282 
13 Irvine Hall 27.36 26.62 53.97 367 
14 Natural Science I 35.70 13.70 49.40 543 
15 Steinhaus Hall 32.60 16.50 49.10 463 

16 
Bren Events 

Center 
27.67 18.79 46.46 242 
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17 Calit2 30.86 12.65 43.51 460 
18 Hewitt Hall 26.65 14.36 41.01 351 
19 Sprague Hall 20.97 16.53 37.50 310 

20 
Engineering 

Tower 
20.42 16.19 36.61 295 

 

 When excluding lab/healthcare space the rankings have changed significantly with 

Engineering Gateway, Rowland Hall, Reines Hall and Mcgaugh Hall all dropping in the rankings.  

Engineering Gateway, which contains significant lab space, is no longer the building with the 

highest DR capacity but is now 4th.  The list in Table 5-14 is a more realistic list for the campus 

with the Anteater Recreation Center having the highest capacity followed by the Student 

Center, Rowland Hall, Engineering Gateway and Biological Sciences 3.  Note that even after 

removing the large lab/healthcare loads from Rowland Hall, Engineering Gateway and Biological 

Sciences 3, they still comprise some of the highest capacity buildings with respect to DR.  This is 

due to the fact that they are some of the larger buildings on campus and even without 

lab/healthcare space, there are still significant campus loads because of the significant office 

space they contain. 

5.2.3 Economics of Participation in DR Programs (Lighting and HVAC fan DR) 

5.2.3.1 Demand Bidding Program (DR Without DER case) 

 This section pertains to the campus performance in the DBP when the campus has no 

DER.  This means that the entire campus load is modeled as entirely serviced by SCE through 

the TOU-8 rate schedule. 
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 For each 12:00 PM – 8:00 PM DBP event, lighting reduction measures are applied for all 

8 hours, while HVAC reductions are only applied for 4 hours between 1:00 PM and 5:00 PM.  

HVAC fan reductions can only be maintained for so long before occupant comfort is severely 

influenced, with previous work determining four hours to be around the maximum time in 

which temperature changes could be maintained within ASHRAE code limits [37]. Figure 5-5 

shows the profiles for a sample DR event on September 11th.   

 The graphs on the left hand show the campus building demand and the potential DR 

profiles.  The right hand graphs show the campus building demand and the actual DR profiles 

after determining how to participate in the DR event.  During this event, the aggregated 

buildings have a peak load of 16 MW at 1:00 PM before gradually decreasing as the afternoon 

progresses.  The energy baseline has been measured to be approximately 13.5 MW throughout 

the event period based on the previous 10 weekdays.  DR events are often called on hot days 

and the difference between the actual load and the energy baseline is significant during the 

warmest periods of the day.  The DR profiles for full and partial capacities vary greatly between 

1:00 PM and 5:00 PM.  During this period the full capacity scenario includes lighting DR as well 

as HVAC fan DR.  At 5:00 PM the DR load profile increases as HVAC fan DR is shut off and 

lighting DR is the sole strategy employed. 
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Figure 5-5. Example Profiles for a DR Event (DR Without DER case) 

 To participate in a DR event, the campus must be able to reduce its load below the 

energy baseline during the given hours.  The amount of energy reduction the campus can bid is 

the difference between the energy baseline and the campus DR profile.  Recall, the energy 

baseline is calculated as the average hourly demand over the past ten weekdays.  If the 

difference is positive, an energy bid can be made, if it is negative the campus cannot participate 

in the DR event at that hour.  For this example event, when considering the campus with partial 

DR capacity, only under a level 3 reduction can the campus participate in the DR event for all 
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hours by reaching a load lower than the energy baseline (see Figure 5-5).  Level 1 and 2 

reductions would only be able to reliably participate in the event after 5:00 PM, therefore 

during the afternoon the campus would not participate in the DR event and no bids would be 

made.  For the campus with full DR capacity, the campus can participate in the entire DR event 

with both a level 2 and level 3 reduction.  The level 1 reduction would be able to reliably 

participate in the event after 5:00 PM. 

 An interesting phenomenon occurs after 6:00 PM in which the energy baseline is greater 

than the campus load.  This means that the campus could participate in the DR event by 

reducing no load, thus receiving economic benefits for doing nothing. The campus can also 

decide to implement its DR strategies to earn a larger economic incentive during this period.  

For the DR event above, September 11th was a Friday, a day in which campus occupants leave 

the campus promptly at the close of business compared to other weekdays.  As occupants leave 

the campus, the electrical load decreases, such that for a typical Friday the electrical load is 

below the energy baseline from the previous 10 days which are comprised of other weekdays.  

 The logic described above is used to simulate the campus for all DBP events.  Table 5-15 

shows the sum of all energy bids for all DBP events, the actual energy reduction and the total 

number of hours the campus is able to participate in DBP events. 

Table 5-15. DBP Reductions & Participation (DR Without DER case) 

DR Strategy 
Energy Bid 

(kWh) 
Actual Energy 

Reduction (kWh) 
Total Participation 
Hours (out of 80) 

DR1P 8,737 8,117 49 

DR2P 18,995 24,166 69 

DR3P 31,365 41,210 79 

DR1F 12,394 15,914 64 
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DR2F 28,605 37,199 75 

DR3F 45,181 55,025 79 

 

 Note that the energy bids and actual energy reduction do not match.  This occurs 

because the actual energy reduction also includes the difference between the campus load and 

the energy baseline.  This amount of energy is not counted in the energy bid because it is the 

energy required to reach the baseline.  For 2015, the DBP event periods totaled 80 hours. As 

the campus commits more DR resources in the form of lab/healthcare spaces and DR level, the 

campus is able to participate in more DBP events, as it becomes easier to reduce below the 

energy baseline and make an energy bid.  Under DR1P, the lowest level DR strategy, the 

campus is able to participate in roughly half of all events. While under DR3P, the campus is able 

to participate in virtually all hours. 

 Table 5-16 shows the annual economic gains for the campus when participating in the 

DBP for 2015.  In the DBP program, economic gain is measured through energy reduction 

payments of $0.50/kWh and through reduced utility costs.   

Table 5-16. Earnings for Participation in the DBP (DR Without DER case) 

DR Strategy 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $4,368 $3,408 $7,777 

DR2P $9,497 $10,713 $20,211 

DR3P $15,682 $26,805 $42,488 

DR1F $6,197 $7,239 $13,436 

DR2F $14,302 $25,415 $39,718 

DR3F $22,590 $33,594 $56,185 
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 By committing to higher levels of DR reductions, UCI can participate in more DBP events, 

bid more in energy reductions and jointly save more on utility bills, leading to improved 

economic gains.  Except for DR1P, the savings in utility costs make up the majority of the 

economic gain. 

5.2.3.2  Demand Bidding Program (DR With DER case) 

 This section pertains to the campus performance in the DBP program when the campus 

has DER.  This means that the UCI is operating under todays idealized conditions of 500 kW of 

constant import as the rest of the load is serviced by the central plant on campus.  The cost of 

electricity to the campus is approximately $0.10/kWh.  Under this scenario, UCI can bid an 

energy reduction of 350 kW to reduce import of 150 kW. The reason import is not reduced to 0 

kW is to prevent inadvertent export to the grid and 150 kW provides a reasonable buffer to 

prevent this.  Because the demand as seen by the grid is constant at 500 kW, the energy 

baseline is also 500 kW.  Therefore the campus can bid 350 kWh of reduction every hour.  All 

levels of DR can accomplish this reduction of 350 kWh as even DR1P has a capacity of 350 kWh 

at all hours. Table 5-17 shows the sum of all energy bids for all DBP events, the actual energy 

reduction and the total number of hours the campus is able to participate in DBP events. 

Table 5-17. DBP Reductions & Participation (DR With DER case) 

DR Strategy 
Energy Bid 

(kWh) 
Actual Energy 

Reduction (kWh) 
Total Participation 
Hours (out of 80) 

DR1P 28,000 28,000 80 

DR2P 28,000 28,000 80 

DR3P 28,000 28,000 80 

DR1F 28,000 28,000 80 

DR2F 28,000 28,000 80 
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DR3F 28,000 28,000 80 

 

 Note the energy bids and actual energy reductions match for all DR With DER scenarios.  

This occurs because the energy baseline and campus load are equal, due to the constant import 

of 500 kW outside of DBP events.  Additionally, all levels of DR strategies are capable of 

participating in all DBP event hours for 2015 and bidding the same amount in energy 

reductions.  This is because the increased capacity of each higher level of DR cannot change the 

fact that import can only be reduced to 150 kW.  Table 5-18 shows the annual economic gains 

for the campus when participating in the DBP for 2015.  All DR strategies are able to achieve the 

same overall economic gain. 

Table 5-18. Earnings for Participation in the DBP (DR With DER case) 

DR Strategy 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $14,000 $2,800 $16,800 

DR2P $14,000 $2,800 $16,800 

DR3P $14,000 $2,800 $16,800 

DR1F $14,000 $2,800 $16,800 

DR2F $14,000 $2,800 $16,800 

DR3F $14,000 $2,800 $16,800 

  

 Results show that committing to larger DR reductions allows the UCI microgrid to bid 

larger amounts of energy reduction through the DBP program leading to larger economic 

savings.  Additionally, committing to larger DR reductions allows the UCI microgrid to 

participate in more hours of DBP events.  This is due to the fact that an energy bid is the 

amount of energy below the measured baseline the UCI microgrid is willing to reduce by.  Since 
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the energy baseline is determined from the previous ten days average load, on an extremely 

hot day the baseline will be significantly below the actual microgrid load.  In the cases of a large 

difference between baseline load and actual load, the UCI microgrid will be unable to place an 

energy bid for low levels of reductions.  Therefore by committing to higher level of DR 

reductions, the UCI microgrid can ensure that they can participate in more DBP events.  

Additionally, the amount of energy bids and the total number of hours of DBP events in which 

the UCI microgrid can commit resources increases for the entire campus when including lab and 

healthcare. 

5.2.3.3 Capacity Bidding Program (DR Without DER case) 

 This section pertains to the campus performance in the CBP when the campus has no 

DER.  This means that the entire campus load is entirely serviced by SCE through the TOU-8 rate 

schedule.  The logic of determining whether the campus can participate in the CBP is very 

similar to the DBP with a few added complexities.  The CBP does not have the same flexibility as 

the DBP, as once enrolled in the program, participation during all event hours is mandatory.  

The method of determining bids is the same, however, energy bids are organized by month 

rather than by hour.  Each month an energy bid is placed which states that during any possible 

CBP event the campus will reduce energy demand below the energy baseline by the energy bid 

amount.  CBP events last 1-4 hours or 2-6 hours depending upon the program options selected.    

Lighting and HVAC fan DR are assumed to be usable for all hours of these CBP events.  

 To determine each monthly bid, the energy bid for every possible event hour is 

calculated.  The minimum energy bid for the month is determined to be the capacity bid for the 
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month.  The minimum energy bid is chosen because it is the highest amount of energy that can 

be reliably bid at all hours.  If the minimum energy bid is negative, as is the case when the DR 

strategy cannot reduce demand below the energy baseline, then the capacity bid for the month 

is assumed to be zero.  To participate in the CBP, one must participate in all months and a 

capacity bid of zero indicates that the campus would be unable to participate in the CBP for 

that respective level of DR.  Figure 5-6 shows the calculated monthly capacity bid for each DR 

strategy. 

 

 Figure 5-6. CBP Biddable Capacity (DER Without DR case) 

 For DR1P the capacity bid is determined to be zero for the majority of the year, with a 

positive bid only attainable in the month of February.  For DR2P, a capacity bid could be made 

for all months of the year except April and September.  The DR strategies DR3P, DR2F and DR3F 
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are able to place capacity bids for every month of the year.  Larger capacity bids are possible as 

the level of DR increases and the decision to include lab/healthcare space is made.   

 Situations in which the campus is unable to present positive bids are primarily due to 

occurrences of uncharacteristically hot days which lead to large electrical loads.  While a higher 

load corresponds to a higher DR capacity, due to the ability to turn down more equipment, it 

also leads to a larger difference between the actual load and the energy baseline which must be 

reached through the DR strategies.  During the month of April, the poorest performing month, a 

capacity bid is not possible under the DR1P, DR2P and DR1F strategies.  In 2015, the reason for 

April’s low capacity bids is due to a heat wave which occurred from April 27th-30th,where the 

average temperature was 86 °F. The preceding 10 weekdays had an average temperature of 

71.2 °F [65]. These higher than normal temperatures led to an increase in load and an inability 

to reduce below the energy baseline which had been established on milder days.  Similarly, the 

month of September experienced an uncharacteristically warm period which limits the campus’ 

ability to place capacity bids.  During the second week of September the average temperature 

was 91°F while the preceding 10 weekdays had an average temperature of 80 °F [65].  Despite 

these conditions the DR3P, DR2F and DR3F strategies are able to place positive bids during the 

months of April and September, however, they are lower than the rest of the year. 

 For DR1P, DR2P and DR1F no economic analysis is performed because it is assumed that 

they would not be able to properly participate, as the CBP requires a bid to be placed every 
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month.  The capacity bids in Figure 5-6 for each DR strategy are the same for each CBP option 

analyzed in this section. 

 Table 5-19 shows the annual economic gains for the campus when participating in the 

CBP for the 1-4 Hour duration Day-Ahead option.  In the CBP, economic gain is measured 

through capacity payments, energy reduction payments and reduced utility costs. 

Table 5-19. Earnings for Participation in the CBP 1-4 Hour Day-Ahead Option (DR Without DER 

case) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 

Total 
Monetary Gain 

and Savings 

DR1P -- -- -- -- 

DR2P -- -- -- -- 

DR3P $67,317 $5,769 $15,878 $88,964 

DR1F -- -- -- -- 

DR2F $76,997 $6,762 $17,758 $101,517 

DR3F $138,635 $12,395 $28,586 $179,616 

 

 Table 5-20 shows the annual economic gains for the campus when participating in the 

CBP for the 1-4 Hour duration Day-Of option.   

Table 5-20. Earnings for Participation in the CBP 1-4 Hour Day-Of Option (DR Without DER case) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 

Total 
Monetary Gain 

and Savings 

DR1P -- -- -- -- 

DR2P -- -- -- -- 

DR3P $77,387 $7,124 $29,302 $113,813 

DR1F -- -- -- -- 

DR2F $88,515 $8,253 $31,458 $128,226 

DR3F $159,373 $15,459 $45,321 $220,153 
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 The Day-Of option for the 1-4 hour duration is more profitable than the Day-Ahead 

option because more events are called, leading to an increase in energy payments and reduced 

utility costs (compare Table 5-19 to Table 5-20).  Additionally, even though the same monthly 

capacity bids are made, the capacity payments for the Day-Of option are higher than Day-

Ahead option because the Day-Of option offers higher $/kW compensation due to the reduced 

notification period of a DR event.  Table 5-21 shows the annual economic gains for the campus 

when participating in the CBP for the 2-6 Hour duration Day-Of option. 

Table 5-21. Earnings for Participation in the CBP 2-6 Hour Day-Of Option (DR Without DER case) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 

Total 
Monetary Gain 

and Savings 

DR1P -- -- -- -- 

DR2P -- -- -- -- 

DR3P $82,269 $5,589 $28,501 $116,357 

DR1F -- -- -- -- 

DR2F $94,098 $6,451 $30,304 $130,853 

DR3F $169,426 $12,161 $42,200 $223,787 

 

 The Day-Of option for the 2-6 hour duration offers the highest capacity payments.  

However, there are fewer event periods issued for the 2-6 hour Day-Of option than the 1-4 

hour option and as a result it has reduced energy payments and utility cost savings. Figure 

5-7compares the total monetary earnings for each of the CBP options.  The 1-4 hour Day-Of 

option is the most profitable, followed by the 2-6 hour Day-Of option and the 1-4 hour Day-

Ahead option. 
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Figure 5-7. CBP Monetary Analysis (DR Without DER case) 

5.2.3.4 Capacity Bidding Program (DR With DER case) 

 This section pertains to the campus performance in the CBP when the campus has DER.  

This means that the UCI is operating under todays idealized conditions of 500 kW of constant 

import as the rest of the load is serviced by the central plant on campus.  The cost of electricity 

to the campus is approximately $0.10/kWh.  Similar to the analysis of the DBP for DR With DER 

case, the campus is able to bid a maximum energy reduction of 350 kW to reduce import to 150 

kW.  The reason import is not reduced to 0 kW is to prevent inadvertent export to the grid and 

150 kW provides a reasonable buffer to prevent this.  Figure 5-8 shows the capacity bids by 
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month for the DR With DER case.  The previous bids from the DR strategies for DR Without DER 

case are shown for reference. 

 

 Figure 5-8. CBP Biddable Capacity (DR With DER case) 

 All DR strategies (DR1P, DR2P, DR3P, DR1F, DR2F, and DR3F) are able to make the same 

capacity bids per month as each has the ability to reduce 350 kW below the baseline.  Table 

5-22 shows the annual economic gains for the campus when participating in the CBP for the 1-4 

Hour duration Day-Ahead option.  In the CBP program, economic gain is measured through 

capacity payments, energy reduction payments and reduced utility costs. 
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Table 5-22. Earnings for Participation in the CBP 1-4 Hour Day-Ahead Option (DR With DER 

case) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 

Total 
Monetary Gain 

and Savings 

DR1P $18,910 $1,683 $4,367 $24,960 

DR2P $18,910 $1,683 $4,367 $24,960 

DR3P $18,910 $1,683 $4,367 $24,960 

DR1F $18,910 $1,683 $4,367 $24,960 

DR2F $18,910 $1,683 $4,367 $24,960 

DR3F $18,910 $1,683 $4,367 $24,960 

 

 Since all DR strategies are able to make the same capacity bids, the capacity payments, 

energy payments and utility savings are identical for each DR strategy.  Table 5-23 shows the 

annual economic gains for the campus when participating in the CBP for the 1-4 Hour duration 

Day-Ahead option. 

Table 5-23. Earnings for Participation in the CBP 1-4 Hour Day-Of Option (DR With DER case) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $21,738 $2,286 $5,687 $29,711 

DR2P $21,738 $2,286 $5,687 $29,711 

DR3P $21,738 $2,286 $5,687 $29,711 

DR1F $21,738 $2,286 $5,687 $29,711 

DR2F $21,738 $2,286 $5,687 $29,711 

DR3F $21,738 $2,286 $5,687 $29,711 

 

 Table 5-24 shows the annual economic gains for the campus when participating in the 

CBP for the 1-4 Hour duration Day-Ahead option. 
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Table 5-24. Earnings for Participation in the CBP 2-6 Hour Day-Of Option (DR With DER case) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $23,110 $1,674 $4,322 $29,106 

DR2P $23,110 $1,674 $4,322 $29,106 

DR3P $23,110 $1,674 $4,322 $29,106 

DR1F $23,110 $1,674 $4,322 $29,106 

DR2F $23,110 $1,674 $4,322 $29,106 

DR3F $23,110 $1,674 $4,322 $29,106 

 

 Figure 5-9 compares the total monetary earnings for each of the CBP.  Like the DR 

Without DR cases, the 1-4 hour Day-Of option is the most profitable, followed by the 2-6 hour 

Day-Of option and the 1-4 Day-Ahead option.  However, the CBP DR With DER scenarios all 

have a similar total monetary earnings.  Again, this is because the campus is assumed to import 

500 kW continuously without the DR actions.
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Figure 5-9. CBP Monetary Analysis (DR With DER case) 

5.2.3.5 Net Present Value of DR 

 The economic gains for each DR program are now compared to the capital costs and 

O&M costs for the DR systems themselves to determine the NPV of the system.  The maximum 

lighting and HVAC fan loads are used to calculate the required magnitude of DR technology 

implementation and the associated capital and installation costs for DR system implementation.  

The installed costs for lighting DR are the purchase of new ballasts which provide dimming 

capabilities. The installed costs for HVAC fan DR are primarily related to programming of 

controls since all HVAC systems on the campus already have VFD capabilities.  There are no 
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O&M costs associated with lighting DR because O&M for lighting entails replacement of fixtures 

and this process is assumed to occur at the same rate whether or not DR is being implemented.  

The O&M costs for HVAC fans cover programming, testing and maintenance.  The summary of 

capital costs associated with DR implementation is presented in Table 5-25.  Note the dramatic 

difference in installed costs between lighting DR and HVAC fan DR.  This is due to the fact that 

for a lighting DR system each individual ballast must be changed.  Whereas for a HVAC fan DR 

system with VFD capabilities, limited capital investment is required as the control device is 

already present and only requires programming. 

Table 5-25. DR Installed Costs 

DR Strategy Maximum Load (kW) Installed Cost ($) O&M ($/year) 

Lighting 5,742 $2,871,000 N/A 

HVAC Fans 4,849 $63,000 6,000 

 

 Using these installation costs, the NPV has been calculated over a 10-year period with a 

5% discount rate.  The NPV for participation in the DBP are displayed in Table 5-26. 

Table 5-26. Net Present Values for DR System Participation in the DBP  

Scenario NPV ( 10 years) Required $/kWh 

DR With DER -$2,844,119 $13.68 

DR1P (DR Without DER) -$2,920,278 $43.78 

DR2P (DR Without DER) -$2,824,266 $19.75 

DR3P (DR Without DER) -$2,652,250 $11.45 

DR1F (DR Without DER) -$2,876,581 $30.55 

DR2F (DR Without DER) -$2,673,639 $12.60 

DR3F (DR Without DER) -$2,546,486 $7.79 
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 The NPV for all of the DR strategies considered are more negative than -$2 million.  In 

this table, the required $/kWh are also listed.  These values are the required energy payments 

that the campus must receive from the utility in order for the NPV to be zero.  Note that 

currently the utility pays $0.50/kWh during DR events.  The required $/kWh values are no 

longer on the order of cents but dollars, indicating that these scenarios are very far from being 

economically sustainable.   The NPV for participation in the CBP are displayed in Table 5-27. 

Table 5-27. Net Present Values for DR System Participation in the CBP 

Scenario Program NPV ( 10 years) Required 
$/kW 

Required 
$/kWh 

DR With DER 1-4 Hours 
Day-Ahead 

-$2,787,596 63.60 3.40 

DR3P  
(DR Without DER) 

1-4 Hours 
Day-Ahead 

-$2,293,376 18.96 0.71 

DR2F  
(DR Without DER) 

1-4 Hours 
Day-Ahead 

-$2,196,446 16.04 0.63 

DR3F  
(DR Without DER) 

1-4 Hours 
Day-Ahead 

-$1,593,389 8.57 0.37 

DR With DER 1-4 Hours 
Day-Of 

-$2,750,910 63.38 2.60 

DR3P  
(DR Without DER) 

1-4 Hours 
Day-Of 

-$2,101,500 18.27 0.55 

DR2F  
(DR Without DER) 

1-4 Hours 
Day-Of 

-$1,990,207 15.45 0.49 

DR3F  
(DR Without DER) 

1-4 Hours 
Day-Of 

-$1,280,374 8.16 0.28 

DR With DER 2-6 Hours 
Day-Of 

-$2,755,582 63.61 3.44 

DR3P  
(DR Without DER) 

2-6 Hours 
Day-Of 

-$2,081,856 18.31 0.63 

DR2F  
(DR Without DER) 

2-6 Hours 
Day-Of 

-$1,969,922 15.50 0.56 

DR3F  
(DR Without DER) 

2-6 Hours 
Day-Of 

-$1,252,314 8.24 0.34 
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 The NPV for all of the DR systems are more negative than -$2 million except for the 

DR2F and DR3F scenarios. In Table 5-27, the required $/kW for capacity payments and $/kWh 

for energy payments are also listed.  Currently, the average capacity payment is 4.5 $/kW for 

the 1-4 hour Day-Ahead option, 5.2 $/kW for the 1-4 hour Day-Of option and 6.326 $/kW for 

the 2-6hour Day-Of option.  The average energy payment is $0.04/kWh. The required $/kW 

payment is the annual average capacity payment when taking all of the months into 

consideration.  These values have been assigned assuming that 70% of the economic gain is 

derived through capacity payments and 30% from energy payments.  These values reflect the 

current distribution of payments for the campus simulations.  These values are the required 

payments the campus must receive from the utility in order for the NPV to be zero.   

5.2.4 Economics of Participation in DR Programs (HVAC fan DR) 

 As seen in the previous section, lighting DR makes up the vast majority of the capital and 

installed costs for DR systems.  This section presents results for the same simulations if only 

HVAC fan reductions are used and lighting reductions are excluded from DR.   

5.2.4.1 Demand Bidding Program (DR Without DER case) 

 This section pertains to the campus performance in the DBP when the campus has no 

DER and only uses its HVAC fan resources.  This means that the entire campus load is entirely 

serviced by SCE through the TOU-8 rate schedule. 

 Figure 5-10 shows the profiles for a sample DR event on September 11th under the TOU-

8 rate scenario and DR Without DER case.  The graphs on the left hand shows the campus 

building demand and the potential DR profiles.  The right hand graphs show the campus 
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building demand and the actual DR profiles after determining how to participate in the DR 

event. 

 

 Figure 5-10. Example Profiles for a DR Event using HVAC fan DR (DR Without DER case)  

 The potential DR profiles have been calculated using HVAC reductions from 1:00 PM – 

5:00 PM.  To participate in a DR event, the campus must be able to reduce its load below the 

energy baseline during the given hours.  The amount of energy reduction the campus can bid is 

the difference between the energy baseline and the campus DR profile.  Recall that the energy 

baseline is calculated as the average hourly demand over the past ten weekdays.  If this value is 
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positive, an energy bid can be made, if it is negative the campus cannot participate in the DR 

event at that hour.  When considering the campus with partial DR capacity, no level of DR 

reduction would allow the campus participate in the event hours.  For full capacity, only a level 

3 reduction would allow for the campus to participate in part of the DR event from 2:00 PM – 

4:00 PM.  For all DR scenarios the campus would be able to participate after 6:00 PM because 

the energy baseline is above the campus load and no reductions are necessary to participate. 

 The logic described above is used to simulate the campus and all DBP events.  Table 5-28 

shows the sum of all energy bids for all DBP events, the actual energy reduction and the total 

number of hours the campus is able to participate in DBP events using only HVAC fan DR. 

Table 5-28. DBP Reductions & Participation (DR Without DER case, HVAC fan DR) 

DR Strategy 
Energy Bid 

(kWh) 
Actual Energy 

Reduction (kWh) 
Total Participation 
Hours (out of 80) 

DR1P 3,898 439 26 

DR2P 4,636 1,958 33 

DR3P 5,408 4,034 39 

DR1F 5,507 4,132 39 

DR2F 10,826 13,369 53 

DR3F 16,172 22,376 60 

 

 Note the energy bids and actual energy reduction do not match.  For 2015, there were 

21 out of 80 hours in which the energy baseline was above the campus load.  For DR1P, DR2P, 

DR3P and DR1F the actual energy reduction is lower than the energy bid, this is because the 

majority of the hours in which the campus is participating in the DBP is when the energy 

baseline is above the campus demand and no reduction is needed to record an energy bid.  As 

the campus commits more DR resources in the form of lab/healthcare space and DR level, the 
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campus is able to participate in more DBP events.  For each DR strategy, the campus is able to 

participate in less DR events than when the campus had included both lighting and HVAC fan 

loads for DR. 

 Table 5-29 shows the annual economic gains for the campus when participating in the 

DBP for 2015.  In the DBP program, economic gain is measured through energy reduction 

payments of $0.50/kWh and through reduced utility costs.   

Table 5-29. Earnings for Participation in the DBP (DR Without DER case, HVAC fan DR) 

DR Strategy 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $1,949 $216 $2,165 

DR2P $2,318 $962 $3,280 

DR3P $2,704 $1,982 $4,686 

DR1F $2,753 $2,030 $4,784 

DR2F $5,413 $6,569 $11,982 

DR3F $8,086 $10,995 $19,081 

 

 For the scenarios in which the majority of the participation hours occurred during 

periods when the energy baseline exceeded the campus load, the energy payments make up 

the majority of the economic gain. 

5.2.4.2 Demand Bidding Program (DR With DER case) 

 This section pertains to the campus performance in the DBP program when the campus 

has DER using only HVAC fan DR.  This means that the UCI is operating under todays idealized 

conditions of 500 kW of constant import as the rest of the load is serviced by the central plant 

on campus.  The cost of electricity to the campus is approximately $0.10/kWh.  Under this 
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scenario, UCI can bid an energy reduction of 350 kW to reduce import of 150 kW. The reason 

import is not reduced to 0 kW is to prevent inadvertent export to the grid and 150 kW provides 

a reasonable buffer to prevent this.  Because the demand as seen by the grid is constant at 500 

kW, the energy baseline is also 500 kW.  Therefore the campus can bid 350 kWh of reduction 

every hour.  When considering just HVAC fan DR, the majority of DR strategies can achieve a 

reduction of 350 kWh at all hours.  However, the DR1P case is not always able to provide a 350 

kWh reduction from 1:00 PM – 5:00 PM.  Table 5-30 shows the sum of all energy bids for all 

DBP events, the actual energy reduction and the total number of hours the campus is able to 

participate in DBP events. 

Table 5-30. DBP Reductions & Participation (DR with DER case, HVAC fan DR)  

DR Strategy 
Energy Bid 

(kWh) 
Actual Energy 

Reduction (kWh) 
Total Participation 
Hours (out of 80) 

DR1P 12,999 12,845 40 

DR2P 14,000 14,000 40 

DR3P 14,000 14,000 40 

DR1F 14,000 14,000 40 

DR2F 14,000 14,000 40 

DR3F 14,000 14,000 40 

 

 All DR strategies are able to participate in half of the total DBP event hours.  This is 

because HVAC fan turndown is only considered between 1:00 PM – 5:00 PM while events last 

from 12:00 PM – 8:00 PM.  Table 5-31 shows the annual economic gains for the campus when 

participating in the DBP for 2015. All strategies except for DR1P are capable of bidding the same 

amount in energy reductions.  This is because the increased capacity of each higher level of DR 

cannot change the fact that import can only be reduced to 150 kW.   
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Table 5-31. Earnings for Participation in the DBP (DR with DER case, HVAC fan DR)  

DR Strategy 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $6,500 $1,690 $8,190 

DR2P $7,000 $1,820 $8,820 

DR3P $7,000 $1,820 $8,820 

DR1F $7,000 $1,820 $8,820 

DR2F $7,000 $1,820 $8,820 

DR3F $7,000 $1,820 $8,820 

 

 For each DR strategy, the energy payments make up the majority of the economic gain 

through the DBP program. 

5.2.4.3 Capacity Bidding Program (DR Without DER case) 

 This section pertains to the campus performance in the CBP when the campus has no 

DER and only HVAC fan DR.  This means that the entire campus load is entirely serviced by SCE 

through the TOU-8 rate schedule.  The logic of determining whether the campus can participate 

in the CBP is very similar to the DBP with a few added complexities.  The CBP does not have the 

same flexibility as the DBP, as once enrolled in the program, participation during all event hours 

is mandatory.  The method of determining bids is the same, however, energy bids are organized 

by month rather than by hour.  Each month an energy bid is placed which states that during any 

possible CBP event the campus will reduce below the energy baseline by the energy bid 

amount.  CBP events last 1-4 hours or 2-6 hours depending on the program options selected.  

HVAC fan DR are assumed to be usable for all hours of these CBP events.  

 To determine each monthly bid, the energy bid for every possible event hour is 

calculated.  The minimum energy bid for the month is determined to be the capacity bid for the 
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month.  The minimum energy bid is chosen because it is the highest amount of energy that can 

be reliably bid at all hours.  If the minimum energy bid is negative, as is the case when the DR 

strategy cannot reduce demand below the energy baseline, then the capacity bid for the month 

is assumed to be zero.  To participate in the CBP, one must participate in all months and a 

capacity bid of zero indicates that the campus would be unable to participate in the CBP for 

that respective level of DR.  Figure 5-11 shows the calculated monthly capacity bid for each DR 

strategy. 

 

 Figure 5-11. CBP Biddable Capacity (DER Without DR case, HVAC fan DR) 

 For DR1P, DR2P, DR3P and DR1F the monthly capacity bids have all been determined to 

be zero.  The DR2F and DR3F scenarios are able to make some capacity bids but each contain at 

least one month in which no capacity bid can be made.  Because all DR strategies contain bids 
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of zero for at least one month, no economic analysis will be performed for the CBP when the 

campus has no DER and only HVAC fan DR.  This is due to the requirements of the CBP in which 

participants must actively bid during every month. 

5.2.4.4 Capacity Bidding Program (DR With DER case) 

 This section pertains to the campus performance in the CBP when the campus has DER 

and only HVAC fan DR.  This means that UCI is operating under todays idealized conditions of 

500 kW of constant import as the rest of the load is serviced by the central plant on campus.  

The cost of electricity to the campus is approximately $0.10/kWh.  Similar to the analysis of the 

DBP for the DR With DER case, the campus is able to bid a maximum energy reduction of 350 

kW to reduce import to 150 kW.  Figure 5-12 shows the capacity bids by month for the DR With 

DER case. 
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Figure 5-12. CBP Biddable Capacity (DR With DER case, HVAC fan DR) 

 All DR strategies are capable of making a positive capacity bid for each month.  

Additionally, all DR strategies except DR1P are able to make the same capacity bid of 350 kW 

for each month.  This is in stark contrast to the CBP HVAC fan DR without DR scenarios in which 

no DR strategies are able to make a positive bid for every month.  Table 5-32 shows the annual 

economic gains for the campus when participating in the CBP for the 1-4 Hour duration Day-

Ahead option.  In the CBP program, economic gain is measured through capacity payments, 

energy reduction payments and reduced utility costs. 
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Table 5-32. Earnings for Participation in the CBP 1-4 Hour Day-Ahead Option (DR With DER case, 

HVAC fan DR) 

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $13,999 $1,264 $3,281 $18,544 

DR2P $18,910 $1,683 $4,367 $24,960 

DR3P $18,910 $1,683 $4,367 $24,960 

DR1F $18,910 $1,683 $4,367 $24,960 

DR2F $18,910 $1,683 $4,367 $24,960 

DR3F $18,910 $1,683 $4,367 $24,960 

 

 The capacity payments, energy payments and utility savings are the same for all 

strategies except DR1P as the same capacity bids are made for each.  The capacity payments 

constitute the majority of the economic gain. Table 5-33 shows the annual economic gains for 

the campus when participating in the CBP for the 1-4 Hour duration Day-Of option. 

Table 5-33. Earnings for Participation in the CBP 1-4 Hour Day-Of Option (DR With DER case, 

HVAC fan DR)  

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $16,095 $1,670 $4,182 $21,947 

DR2P $21,738 $2,286 $5,687 $29,711 

DR3P $21,738 $2,286 $5,687 $29,711 

DR1F $21,738 $2,286 $5,687 $29,711 

DR2F $21,738 $2,286 $5,687 $29,711 

DR3F $21,738 $2,286 $5,687 $29,711 

 

 Table 5-34 shows the annual economic gains for the campus when participating in the 

CBP for the 2-6 Hour duration Day-Of option. 
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Table 5-34. Earnings for Participation in the CBP 2-6 Hour Day-Of Option (DR With DER case, 

HVAC fan DR)  

DR Strategy 
Capacity 

Payments 
Energy 

Payments 
Reduced Utility 

Costs 
Total Monetary 

Gain and Savings 

DR1P $17,109 $1,290 $3,314 $21,713 

DR2P $23,110 $1,674 $4,322 $29,106 

DR3P $23,110 $1,674 $4,322 $29,106 

DR1F $23,110 $1,674 $4,322 $29,106 

DR2F $23,110 $1,674 $4,322 $29,106 

DR3F $23,110 $1,674 $4,322 $29,106 

  

 Figure 5-13 compares the total monetary earnings for each of the CBP.  The 1-4 hour 

Day-Of option is the most profitable, followed by the 2-6 hour Day-Of option and the 1-4 Day-

Ahead option.  
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Figure 5-13. CBP Monetary Analysis (DR With DER case, HVAC fan DR) 

5.2.4.5 Net Present Value of DR 

 The economic gains for each DR program are now compared to the capital costs and 

O&M costs for the HVAC fan DR system to determine the NPV of the system.  The maximum 

HVAC fan load is used to calculate the required costs for DR system implementation. The 

installed costs for HVAC fan DR are primarily related to programming of controls.  The O&M 

costs for HVAC fans cover programming, testing and maintenance.  The summary of capital 

costs associated with HVAC fan DR implementation is found in Table 5-35. 
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Table 5-35. DR Installed Costs 

DR Strategy Maximum Load (kW) Installed Cost ($) O&M ($/year) 

HVAC Fans 4,849 $63,000 6,000 

 

 Using these installation costs, the NPV has been calculated over a 10 year period with a 

5% discount rate.  The NPV of the HVAC fan DR system for participation in the DBP are 

displayed in Table 5-36. 

Table 5-36. Net Present Values for HVAC fan DR System Participation in the DBP  

Scenario NPV (10 years) $/kWh 

DR1P (DR With DER) -$46,089 0.82 

All Other DR With DER Scenarios -$41,224 0.75 

DR1P (DR Without DER) -$92,612 3.57 

DR2P (DR Without DER) -$84,003 2.85 

DR3P (DR Without DER) -$73,146 2.25 

DR1F (DR Without DER) -$72,389 2.20 

DR2F (DR Without DER) -$16,808 0.70 

DR3F (DR Without DER) $38,007 N/A 

  

 The NPV for the HVAC fan DR systems are negative for all scenarios except for DR3F (DR 

without DER).  However, these values are significantly larger than the DR systems which 

included lighting.  The performance of the DR with DER systems are superior to their DR 

without DER counterparts except for the DR3F scenario. The required $/kWh values which the 

utility must pay in order for the NPV of the DR system to equal zero are listed as well.  The NPV 

for participation in the CBP are displayed in Table 5-37.  Recall that all DR Without DER 

scenarios were unable to participate in the CBP and analysis of their value is not performed. 
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Table 5-37. Net Present Values for HVAC fan DR System Participation in the CBP 

Scenario Program NPV ( 10 years) 

DR1P (DR With DER) 1-4 Hours 
Day-Ahead 

$33,861 

All Other DR With DER 
Scenarios 

1-4 Hours 
Day-Ahead 

$83,403 

DR1P (DR With DER) 1-4 Hours 
Day-Of 

$60,137 

All Other DR With DER 
Scenarios 

1-4 Hours 
Day-Of 

$120,089 

DR1P (DR With DER) 2-6 Hours 
Day-Of 

$58,331 

All Other DR With DER 
Scenarios 

2-6 Hours 
Day-Of 

$115,417 

  

 The NPV for all of the DR With DER systems in the CBP are positive.  This indicates that 

the implementation of HVAC fan DR for participation in the CBP is financially feasible for each 

scenario.  The 1-4 hour Day-Of option is the DR program which offers the largest financial 

incentive. 

5.2.5 Discussion 

For all DR scenarios analyzed, participation in the CBP with a 1-4 hour duration with Day-

Of notifications offers the most economic benefit to the campus.  Overall, participation in the 

CBP offers greater economic incentives compared to the DBP.  However, it is important to note 

that the DBP is more flexible and user friendly than the CBP as participants can pick and choose 

when to participate.  Whereas participation in the CBP is mandatory throughout the year once 

a commitment to the program has been made.  Additionally, failure to properly participate in 
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the CBP results in penalties.  Therefore, when making capacity bid commitments to the CBP, it 

is imperative that the campus is confident in their ability to meet the pledged reductions.  

 This analysis has shown that participating in utility DR programs for the purpose of 

economic gain is not a sound investment when considering a DR system that includes both 

lighting and HVAC fan reductions.  The NPV for such a system has values which range from -$2.9 

million to -$1.2 million.  The magnitude of negative NPV for these systems indicates that the 

utility would have to drastically increase the amount of economic compensation provided to 

the DBP and the CBP for them to be economical for the campus.  These required energy 

payments are infeasible as they are drastically higher than actual costs of electricity procured 

by utilities. 

 For DR systems which consist of only HVAC fan reductions, participation in utility DR 

programs can result in positive cash flow.  At high levels of DR commitment (DR3F) the DBP 

becomes economically feasible with a positive NPV.  The CBP, while not feasible for DR without 

DER scenarios, has a positive NPV for all DR with DER cases.  For HVAC fan DR systems, the DR 

with DER cases generally outperform their counterparts.  This is due to the fact that when 

removing lighting DR the overall DR capacity of the campus has been reduced, leading to 

reduced energy bids for the campus, whereas the DR with DER case has a well-defined energy 

bid of 350 kW which is easily achievable for most level of DR commitment.   

 There is great contrast between a campus DR capacity when including and excluding 

lab/healthcare space and the economic analyses amongst the scenarios that results.  The HVAC 

fan DR capacity is approximately 70% larger when considering the entire campus.  This allows 

for improved economics for each level of DR.  It also allows for participation in the CBP at a 
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DR2F and DR3F level, whereas at partial capacity the campus can only participate at a DR3P 

level.  Additionally, increasing the level of DR commitment leads to an increase in the biddable 

capacity for DR events and improved economics. 

 When considering the DR with DER cases, commitments of full and partial capacity as 

well as levels 1, 2 and 3 lead to similar economic benefits.  This is due to the fact that the DR 

with DER assumes a maximum energy bid of 350 kW is possible, therefore, there is no added 

benefit to implementing DR with more impact on occupants. 

 Finally it is important to note that all of the economic analyses have been performed 

assuming that SCE will accept every bid that the campus makes.  Additionally, placement of 

energy bids have been calculated using perfect foresight of the electric load.  Therefore, the 

actual economic value of the DR systems are likely lower than those presented in these 

analyses. 

5.3 UCI Campus DER System Selection Results 

 The tool being used to determine DER systems selection is an optimal DER system sizing 

model which minimizes total cost of installation and operations of DER and the purchase of 

electricity.  All electricity that is not produced by DER is assumed to be delivered by Southern 

California Edison (SCE) on the TOU-8 rate schedule which is designated for large industrial and 

business customers.  For this portion of the analysis, a load that is representative of the entire 

campus is used.  This load was collected through an SQL database which recorded campus loads 

and loads at the central plant as described in McLarty, 2013 [66].   
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 Figure 5-14 displays the electrical, heating and cooling loads for the UCI campus.  The 

cooling load is the electrical load required to service the campus cooling requirements using the 

chillers at the central plant.  These chillers have an average COP of 5.2 [66].  The campus 

electrical loads exhibit diurnal demand fluctuations and there is no appreciable difference for 

the electrical load between the two seasons.  Heating loads are higher in the winter and cooling 

loads are generally higher in the summer.  Heating loads are quite dynamic in the winter with 

large peaks during the morning hours when temperatures are still cool and students, faculty 

and staff arrive to campus.  As the day progresses, the heating load decreases as temperature 

rises.  Heating loads are generally low at night as the majority of campus is not populated 

during these hours. Of the three loads, cooling exhibits the most diurnal demand fluctuations 

with the cooling load peaking during the afternoon hours and at a minimum during the night.  
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Figure 5-14. UCI Campus Electric, Cooling and Heating Demand for a one month period 

 Figure 5-15 shows the combined electric load when the electrical load and cooling load 

have been added together.  As can be seen, when considering the cooling loads, the combined 

electric load is now higher in the summer months.  The addition of the cooling load to the 

electric load accounts for approximately 20% of the combined electrical load.  Additionally, the 

combined electric load has larger diurnal demand fluctuations than the electric load by itself. 
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Figure 5-15. UCI Campus Combined Electric and Cooling Demand for a one month period 

5.3.1 System Selection for Baseline 

 In order to analyze the effect of DR on DER system sizing, a baseline case is established 

using today’s current DER system prices and simulating the current UCI campus load.  The 

current prices and key performance characteristics of the DER under consideration are shown 

in Table 5-38. 
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Table 5-38. CCHP Model Capital Costs 

 
Gas Turbine 

[67] 

Molten 
Carbonate 
Fuel Cell 

[67] 

Heat 
Recovery 

Unit 
[67] 

Solar PV 
[68] 

Lithium Ion 
Battery 
Storage 

[69] 

Capital 
Cost 

$1,500/kW $4,600 /kW $110 /kW 
$2,500 

/kW 
$300/kWh 

Efficiency 
Fuel-to-

electricity 
(HHV basis) 

28% 48% 80% 16% 
80% 

(Roundtrip) 

O&M Cost $0.009 /kWh $0.04 /kWh $0.003/kWh $0 /kWh $0.007 /kWh 

Power 
Density 

--- --- --- 
0.11  

kW/m² 
[70] 

--- 

 

 The DER system selections for the baseline case at current prices are presented in Table 

5-39. Results show that a GT powered by natural gas is the most economical way to service the 

campus electrical needs.  Due to its low capital costs and operations and maintenance (O&M) 

costs, the GT is preferable to an MCFC at today’s capital and O&M costs.  For similar reasons, 

solar PV is also not considered to be economically competitive with the GT.   

Table 5-39. Campus DER Systems Results - Baseline 

 Baseline System 

GT Size (kW) 18,000  

GT Capacity Factor 0.668 

HRU Size (kW) 3,103 

MCFC Size (kW) 0  

Solar PV (kW) 0  

EES Size (kWh) 3,621 

Electricity From Grid 18% 

Electricity From GT 82% 

5 Year LCOE ($/kWh) 0.063 
7 Year LCOE ($/kWh) 0.062 
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9 Year LCOE ($/kWh) 0.061 

  

 The selected system in the baseline case has reduced the cost of energy for the campus. 

This is seen in the levelized cost of energy (LCOE) values which have been lowered to 

approximately $0.062/kWh.  If the campus were to have had their entire electric load serviced 

by SCE and all of the heating loads serviced by the campus boiler, the cost of energy would have 

been $0.069/kWh.     

 The electric operation of the campus is shown in Figure 5-16. The GT has a minimum 

power output of 9 MW which corresponds to 50% of its capacity, which has been designated as 

the minimum power setting.  While a GT can physically go below 50% of its capacity, this 

minimum setting has been designated due to emissions constraints [71], [72]. The GT is used to 

service approximately 82% of the electrical load.  The other 18% is imported from the grid, the 

maximum import from the grid is 5 MW during the summer months.  This value is the 

difference between the maximum campus load in the summer and the rated output of the GT 

(18 MW).   

 During typical operations, the GT services the electrical load during the day and then 

turns down to its minimum setting at night with the remaining electricity imported from the 

grid.  However, during certain periods, grid import is a constant 5 MW which can last over the 

course of several days for both weekdays and weekends.  This occurs even when the GT would 

be able to fully service the electrical load.  The reason for this is that, the demand charge with 

SCE has already been set at 5 MW for the month, such that importing electricity at this amount 

would incur no further demand charge and the only additional fees would be from energy 
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charges.  Therefore, maintaining a constant import during these periods does not significantly 

hurt the economics and the GT does not need to be ramped up rapidly during these periods. 

 Grid electricity is used more abundantly in the winter months due to its cheaper cost 

compared to the cost in summer months. Occasionally, the GT power output exceeds the 

campus load, the excess power is used to charge the battery.  In the summer, the battery is 

primarily discharged during peak load periods in the afternoon.  The battery is rarely used in 

the winter months as peak prices in winter are significantly less than the summer rates.   

 

Figure 5-16. Campus Electric Operation for a one month period - Baseline 
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 The heating operation of the campus is presented in Figure 5-17. During the summer 

months, when heating demand is lower, the HRU is sufficient to service the entirety of the 

heating load.  During winter months, when heating demand is higher, the heating output of the 

HRU is supplemented by the use of the boiler.  This occurs when the heating demand exceeds 

12.4 MW, the capacity of the HRU. 

 

Figure 5-17. Campus Heating Operation for a one month period - Baseline 

5.3.2 System Selection with Demand Response Implemented 2 Weekdays per Week 

 To investigate whether DR use affects system choices for the campus, the campus load 

is modified to implement the various DR strategies for two weekdays each week as shown in 
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Figure 5-18.  While the whole campus load is now considered, the same DR strategies of lighting 

and HVAC fan turn downs are used.   

 

Figure 5-18. Sample Weekly Electric Profile for DR Implemented on Two Weekdays  

 The optimization results for these simulations with partial DR capacity are found in 

Table 5-40.  The results from the baseline are also included for comparison. 
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Table 5-40. Campus DER System Results - Partial DR Implemented on Two Weekdays  

 
Baseline 
System 

DR1P DR2P DR3P 

GT Size 18,000 kW 16,000 kW 16,000 kW 16,000 kW 

GT Capacity 
Factor 

0.668 0.692 0.698 0.703 

HRU Size 3,103 kW 3,103 kW 3,103 kW 3,103 kW 

MCFC 0 kW 0 kW 0 kW 0 kW 

Solar PV 0 kW 0 kW 0 kW 0 kW 

EES Size 3,621 kWh 3,348  kWh 3,920 kWh 3,331 kWh 

Electricity 
From Grid 

18% 24% 23% 22% 

Electricity 
From GT 

82% 76% 77% 78% 

5 Year LCOE $0.063/kWh $0.063/kWh $0.063/kWh $0.062/kWh 

7 Year LCOE $0.062/kWh $0.061/kWh $0.061/kWh $0.061/kWh 

9 Year LCOE $0.061/kWh $0.061/kWh $0.061/kWh $0.061/kWh 

  

 Results show that the optimal GT size is reduced from 18 MW to 16 MW when DR is 

considered.  However, the GT size remains at 16 MW and does not continue to decrease as the 

DR capacity increases from DR1P to DR3P.  The HRU size is constant for all scenarios at 12.4 

MW and the heating operation of the campus is identical to the baseline. Battery sizes differ 

from the baseline scenario, with DR1P and DR3P systems having a smaller capacity and DR2P 

having a larger capacity. The electric operation for the campus operating under DR3P 

conditions is shown in Figure 5-19.   
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Figure 5-19. Campus Electric Operation for a one month period– Partial DR Implemented on 

Two Weekdays 

 Operation is very similar to the baseline case, however, more electricity is purchased 

from the grid as the GT is smaller. Grid import is higher during the summer months, with a 

maximum demand of 7.4 MW.  Similar to the baseline case, the battery is primarily used during 

on-peak periods in the summer, while use in the winter is sporadic.   

 The model is also run for DR scenarios in in which the campus’ full DR capacity, including 

lab and healthcare loads, is utilized two weekdays per week, the resulting optimal systems and 
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sizes are presented in Table 5-41.  The selected optimal DER systems for the campus with full 

DR capacity are nearly identical to the optimal systems selected for the campus with partial DR 

capacity.   

Table 5-41. Campus DER System Results - Full DR Implemented on Two Weekdays 

 Current System DR1F DR2F DR3F 

GT Size 18,000 kW 16,000 kW 16,000 kW 16,000 kW 

GT Capacity 
Factor 

0.668 0.698 0.700 0.702 

HRU Size 3,103 kW 3,103 kW 3,103 kW 3,103 kW 

MCFC 0 kW 0 kW 0 kW 0 kW 

Solar PV 0 kW 0 kW 0 kW 0 kW 

EES Size 3,621 kWh 3331 kWh 4072 kWh 3331 kWh 

Percent from 
Grid 

18% 23% 22% 22% 

Percent from 
GT 

82% 77% 78% 78% 

5 Year LCOE  $0.063/kWh $0.063/kWh $0.062/kWh $0.062/kWh 

7 Year LCOE  $0.062/kWh $0.061/kWh $0.061/kWh $0.061/kWh 

9 Year LCOE  $0.061/kWh $0.061/kWh $0.061/kWh $0.061/kWh 

 

5.3.3 System Selection with Demand Response Implemented Everyday 

 To observe if different DER systems would be selected with more frequent DR use, the 

campus loads are also simulated when DR is implemented every day as shown in Figure 5-20.   
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Figure 5-20. Sample Weekly Electric Profile for DR Implemented Everyday 

 The optimization results for these simulations with partial DR capacity are presented in 

Table 5-42. 

 

 

 

 



  
 

107 
 

Table 5-42. Campus DER System Results - Partial DR Implemented Everyday 

 
Baseline 
System 

DR1P DR2P DR3P 

GT Size 18,000 kW 16,000 kW 16,000 kW 16,000 kW 

GT Capacity 
Factor 

0.668 0.691 0.694 0.6988 

HRU Size 3,103 kW 3,103 kW 3,103 kW 3,103 kW 

MCFC 0 kW 0 kW 0 kW 0 kW 

Solar PV 0 kW 0 kW 0 kW 0 kW 

EES Size 3,621 kWh 3,348  kWh 3,597 kWh 3,331 kWh 

Percent from 
Grid 

18% 24% 23% 21% 

Percent from 
GT 

82% 76% 77% 79% 

5 Year LCOE  $0.063/kWh $0.062/kWh $0.062/kWh $0.062/kWh 

7 Year LCOE $0.062/kWh $0.061/kWh $0.061/kWh $0.061/kWh 

9 Year LCOE  $0.061/kWh $0.061/kWh $0.060/kWh $0.060/kWh 

 

 The selected optimal DER systems for the campus utilizing DR everyday are nearly 

identical to the optimal systems selected when the campus utilized DR only two weekdays per 

week.  GT size for all DR scenarios is still 16 MW and grid import increases from the baseline 

case.  The relationship of battery sizing is also similar as for DR1P and DR3P the capacity 

decreases and for DR2P it increases.  The electric operation for the campus operating under 

DR3P conditions is shown in Figure 5-21. Due to the similarity in system sizes, the operation is 

almost identical to campus operation when using DR two weekdays a week. 
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Figure 5-21. Campus Electric Operation for a one month period – Partial DR Implemented 

Everyday 

 Table 5-43 contains the DER system sizes when considering the campus with full DR 

capacity every day of the week.  The selected optimal DER systems for the campus with full DR 

capacity are nearly identical to the optimal systems and sizes for the campus with partial DR 

capacity and to the systems selected with DR being used two weekdays a week.  
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Table 5-43. Campus DER System Results – Full DR Implemented Everyday 

 
Baseline 
System 

DR1F DR2F DR3F 

GT 
Size 

18,000 kW 16,000 kW 16,000 kW 16,000 kW 

GT Capacity 
Factor 

0.668 0.695 0.696 0.695 

HRU Size 3,103 kW 3,103 kW 3,103 kW 3,103 kW 

MCFC 0 kW 0 kW 0 kW 0 kW 

Solar PV 0 kW 0 kW 0 kW 0 kW 

EES Size 3,621 kWh 3331 kWh 3728 kWh 3331 kWh 

Percent from 
Grid 

18% 23% 21% 20% 

Percent from 
GT 

82% 77% 79% 80% 

5 Year LCOE  $0.063/kWh $0.062/kWh $0.062/kWh $0.061/kWh 

7 Year LCOE  $0.062/kWh $0.061/kWh $0.060/kWh $0.060/kWh 

9 Year LCOE  $0.061/kWh $0.060/kWh $0.060/kWh $0.060/kWh 

 

5.3.4 Discussion 

 Building based DR strategies which are used in peak shaving strategies reduce the 

selected optimal size of generation based DER systems.  In all simulations, the presence of DR 

reduces the optimal size of the GT selected from 18 MW to 16 MW.  Thus, while use of DR 

impacts the sizing of the GT, increasing levels and capacities of DR do not provide further 

reductions to GT size. This occurs because the DR strategies are unable to consistently reduce 

the daily peak loads below 16 MW.  As seen in Figure 5-21, during the summer months, the GT 

is still consistently hitting its maximum rated output of 16 MW during day time hours.  So while 

higher levels of DR have reduced the electric load, the full benefits of the 16 MW GT can still be 

realized. Therefore, increased levels of DR improves economics by reducing the amount of 
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electricity purchased during on-peak hours but does not significantly impact the operations or 

size of the GT. 

 Additionally, for both scenarios of DR being used every day per week and only two 

weekdays per week produced the same result.  Therefore, if installing DR systems for the 

purpose of reducing the size of campus generators, the campus would only have to commit to 

low impact levels of DR on a regular basis to experience the full benefits of sizing reductions.  

This analysis could also be extended to a microgrid that is predicting a future increase in load 

that will over stretch the microgrids current generation capabilities.  The use of DR strategies 

could help defer the purchase and installation of new generation despite the future increase in 

load. 

 The effect of DR on the sizing of batteries is inconclusive.  Battery sizes both increased 

and decreased as the campus is simulated with higher DR capacities.  DR is viewed as an 

extremely flexible resource due to its ability to be dispatched in a short response time, 

however, it did not have a conclusive impact on the sizing of the battery which is itself a flexible 

resource.  One reason this could be the case is that batteries are often used to handle the 

dynamics of an electrical load and to reduce peaks.  So while DR reduces the peaks, it makes 

the load more dynamic as load is shed extremely fast.  For this reason DR may not reduce the 

size of the battery because its benefits of reduced peak are counteracted by increased 

dynamics.  

 Another observation is that each system selected in these simulations uses a good 

portion of imported power from the electrical grid.  The installed capacity of an 18 MW or 16 

MW GT is not sufficient to service the entire campus electric load.  Thus, the most cost effective 
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system is a system that would be unable to support the campus in an islanded state without 

significant load shedding.  Moving forward, this raises the question of whether it makes sense 

for a microgrid to have DER systems that provide the capability to operate in an islanded state. 

5.3.5 Fuel Cell Cost Sensitivity Analysis 

 The previous analyses show that MCFC are not economical choices for the microgrid, 

however, these cases have assumed current installation costs without any incentives. For a 

better understanding of fuel cell economics, the optimization model is rerun by reducing the 

cost of the MCFC from $4,600/kW until the point of first adoption.  The capital cost at the point 

first adoption is found to be $1,900/kW and the resulting DER system sizes are shown in Table 

5-44.  At this installed cost, the MCFC system, sized at 11 MW, becomes a viable option for the 

campus looking to install DER to offset grid import and improve energy economics with an LCOE 

of approximately $0.07/kWh.  Further reductions in installed costs from this point lead to larger 

fuel cell installations.  Also shown in Table 5-44, is a MCFC system when the installed cost has 

been reduced to $1,500, the same value as the GT.  At this capital cost the MCFC system has a 

size of 18 MW, the same size as the GT from the previous baseline analysis. 
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 Table 5-44. Campus DER Systems Results – MCFC Cost Sensitivity 

 
MCFC Capital Cost - 

$1,900/kW 
MCFC Capital Cost - 

$1,500/kW 

MCFC Size (kW) 11,000  18,000 

MCFC Capacity Factor 0.668 0.667 

HRU Size (kW) 1,567 2,217 

EES Size (kWh) 4,157 3,703 

Electricity From Grid 47% 33% 

Electricity From MCFC 53% 67% 

5 Year LCOE ($/kWh) 0.071 0.067 

7 Year LCOE ($/kWh) 0.070 0.066 

9 Year LCOE ($/kWh) 0.069 0.065 

  

 This analysis shows that at the right price, fuel cells are an effective choice to reduce 

energy costs for a microgrid.  Today, while fuel cells are more expensive than GT, they are 

experiencing a rapid reduction in price as the market evolves, and have characteristics ideally 

suited for distributed generation.  GT, of course, have experienced decades of cost reductions 

and fuel cells are expected to follow suit.  In the meantime, attractive incentive programs and 

other initiatives are available to make fuel cells cost competitive with GT. 

 PRICING OF BUILDING INTEGRATED LEVEL 2 ELECTRIC VEHICLE 

CHARGING STATIONS 

6.1 Methodology 

 In order to achieve the objectives of Task 3, a PEV charging model has been developed 

and integrated into existing utility cost models to determine strategies that minimize utility 

costs when integrating a building and EV chargers.  Additionally, the charging model also 
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quantifies charging station performance by analyzing its ability to service the PEV which arrive 

at the station. Pricing methods for the chargers have been developed using annual utility costs, 

upfront capital investments and throughput on the EV chargers.  The rates of the pricing 

methods can then be compared to rates used by commercial charging networks and to the 

economic feasibility of using work place charging instead of the gasoline engine for PHEV.   

6.1.1 Multipurpose Science and Technology Building 

 The Multipurpose Science and Technology Building (MSTB) is located on the UCI 

microgrid and is comprised of classrooms and offices.  For the purposes of this thesis it will be 

analyzed as a commercial office building.  At the MSTB three dual port charging stations have 

recently been installed for a total cost of approximately $90,000.  Of this $90,000, the chargers 

themselves costed approximately $30,000 and the installation cost was $60,000.  The level 2 

chargers are rated to supply 6.6 kW from each port, for a maximum demand of 39.6 kW for the 

station.  The chargers are part of the ChargePoint network similar to others on campus.  The 

chargers have been installed in the parking lot adjacent to the MSTB and their usage is currently 

being monitored by MelRok devices.  The location of the installed chargers is visualized in 

Figure 6-1.  The chargers are not connected to the electrical panels of the MSTB or the 95 kW 

rooftop PV array.   Nevertheless, economic modeling of the building will include configurations 

in which the chargers are integrated into the existing electrical panels of the MSTB.  
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Figure 6-1. Location of project site, building (MSTB) and location of Chargepoint chargers 

 The MSTB has an annual energy consumption of approximately 730 MWh with 

approximately 147 MWh being offset by the solar PV array. The MSTB has a peak demand of 

171.344 kW.  If it were not on the campus meter it would be placed on the GS-2 rate structure 

which includes time of use (TOU) energy charges in the summer and winter months and TOU 

demand charges in the summer months.  When installing chargers at a building, the owner has 

the option of including the new charging load on the existing building meter or the charging 

load can be separately metered and placed on a commercial electric vehicle (EV) rate.  The six 

chargers have a maximum possible demand of 39.6 kW, if included on the building meter there 

is a possibility that the overall load could exceed 200 kW and transition the building to the GS-3 

rate schedule.   

6.1.2 PEV Charging Model 

 At its most basic level the PEV charging model as shown below in Figure 6-2 creates sets 

of PEV which interact with the charging station.  A trip to the station is created by sampling the 
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National Household Travel Survey (NHTS) and a PEV is matched with the trip by sampling 

alternative vehicle car sales data which include both BEV and PHEV.  The PEV are then run 

through the charging model in two scenarios outputting the overall energy consumption and 

performance of the station.  Several major assumptions have been used to develop this model: 

 All PEV will attempt to charge at the station even if the battery is only depleted 1%. 

 PEV leave from their point of origin with a battery state of charge of 100%. 

 The chargers output 6.6 kW. 

 Dwell time at the chargers is limited to four hours. 

 

Figure 6-2. PEV Charging Model Schematic 

6.1.2.1 National Household Travel Survey (NHTS) Distributions 

 The charging model samples the NHTS data to create the framework of a trip to the 

charging station.  The NHTS provides travel behavior on work related trips in the Southern 

California region.  Of particular importance to the model are the days of travel, distance of 
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travel, time of arrival, and dwell time.  The NHTS distributions for these travel parameters are 

shown in Figure 6-3 for summer travel and Figure 6-4 for winter travel [73]. 

 
  

 

Figure 6-3.  NHTS summer distributions 
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Figure 6-4.  NHTS winter distributions 

 The NHTS distributions for summer and winter travel are very similar to each other and 

the distributions have values that one would expect.  People arrive at work around 8 am, 

primarily travel on weekdays, travel short distances (e.g., mostly between home and work) and 

the highest frequencies of dwell time are 8-9 hours.  The sampling of these distributions creates 

a framework for a unique trip. 
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6.1.2.2 PEV Sales Data 

 Once the framework of a trip has been generated, it is then matched with a PEV which is 

sampled from the sales data shown in the Table 6-1.  With the combined information from the 

NHTS and sales data a unique trip is created with the following information: time of arrival, 

state of charge of the battery upon arrival and the duration of dwell time.  

Table 6-1.  PEV Sales Data (December 2010 – November 2014) 

Car Model Total 

Sales [74] 

Battery 

(kWh) 

 [75] 

Electric Range 

(Miles)  

[76] 

PHEV 

Volt 71,867 17.1 38  

Leaf 69,220 24 75  

Prius PHEV 37,608 4.4 11  

Ford C-MAX Energi 16,658 7.6 21  

Ford Fusion Energi 16,138 7 21  

Tesla Model S 13,050 60 208  

BMW i3 5,079 18.8 81  

Ford Focus 4,141 23 76  

Fiat 500-e 3,888 24 87  

Smart ED 3,647 17.6 68  

RAV4 EV 2,425 41.8 103  

Mitsubishi I EV 1,877 16 62  

Chevrolet Spark 1,553 21 82  

Honda Fit EV 1,035 20 82  

Porsche Panamera S-E 934 9.4 20  

Honda Accord 912 7.6 13  

Mercedes B-Class ED 448 28 87  

BMW i8 397 7.1 23.125  

VW e-golf 120 24.2 83  

Kia Soul EV 109 27 93  

Porsche Cayenne S-E 45 10.8 22  
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6.1.2.3 PEV Charging Scenarios 

 The behavior of the PEV and their interactions with the charging station are modeled in 

two different scenarios.  In Scenario 1 as shown in Figure 6-5, PEV plug into the chargers and 

stay plugged-in for the length of their dwell time.  Even if the PEV has finished charging, it sits in 

the spot until its dwell time ends.  If a PEV arrives and all of the chargers are full, the PEV drives 

away and does not return.   

Arrive at Charging 
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Chargers 

Occupied?

Plug-in to Station 
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Length of Dwell 

Time
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Yes

No

 

Figure 6-5. Scenario 1 Charging Model Schematic 

In Scenario 2 as shown in Figure 6-6, PEV plug in to the chargers and stay plugged in for 

the time it takes to fully charge the battery or the length of their dwell time, whichever is 

shorter.  Any PEV that arrive at the charging station when all of the chargers are in use form a 

queue and wait until a spot opens up or leave the queue when their dwell time ends. 
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Figure 6-6. Scenario 2 Charging Model Schematic 

 Scenario 1 aims to model how drivers currently park their cars at work, by arriving and 

staying in one spot until it is time to return home.  Scenario 1 is the minimum possible 

throughput on the station if drivers follow the NHTS.   Scenario 2 aims to model the maximum 

possible throughput of PEV the charging station can expect to achieve since it always uses the 

chargers whenever a PEV that needs charging is present and doesn’t allow PEV to remain 

plugged in after full state-of-charge is achieved.  While in practice, behavior and driver 

interaction with the charging station will vary greatly, these two scenarios attempt to present a 

worst and best case scenario, respectively, for the number of EV that can utilize the station. 
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6.1.2.4 Charging Station Performance 

 Performance of the charging station is quantified in two methods.  The first method 

analyzes the number of cars the charging station is able to service in terms of percentage of 

cars that receive a full charge, partial charge and zero charge.  The second method looks at the 

feasibility of a PEV being able to perform work related travel if they have access to the charging 

station.  Feasibility is defined as the ratio of the number of cars that can meet normal daily 

operating behavior for work related trips.  If a BEV is deemed feasible then it is capable of 

traveling from its point of origin to work and then return with no range limits.  It is assumed 

that the driver performs the same trip when traveling to and from work.  If a BEV is deemed 

infeasible then it will require supplemental charging elsewhere.  For PHEV, feasibility ratio only 

takes into account electric miles and completing all trips on the electric range.  Good station 

performance will result in a feasibility ratio of 1, as all of the BEV and PHEV that required a 

charge in order to make the return trip received a sufficient charge.  Poor station performance 

results in low feasibility ratios, indicating the BEV and PHEV that required a charge did not 

receive a sufficient charge and have to search for a chargers elsewhere or face being stranded. 

6.1.2.5 Car Set Size 

 The model designates a car set size which is the number of PEV that will attempt to 

charge at the station in a given month.  These PEV are not necessarily unique and one individual 

PEV can make multiple trips to the station in one month.  Another way to look at car set size is 

the number of possible charging events that can occur over the course of a month. 
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 A variety of car sets ranging from 50 to 5,467 will be modeled to determine the 

operating characteristics of the charging station.  The largest car set of 5,467 has been 

determined by using PEV car registration data within a 30 mile radius of the MSTB.  This is 

designated as an upper limit for total possible monthly charging events at the station. Once the 

PEV have been run through the station the overall energy consumption, utility costs and 

performance of the station can be determined. 

6.1.3 Integration of Building, Solar and PEV Charging Loads 

 The energy consumption and load profile of the charging load that is calculated by the 

PEV charging model can then be combined with electrical load data from the MSTB to 

determine overall utility costs for the owner.  As previously noted, chargers can be installed on 

the same meter as the building using a standard commercial electric utility rate or it can be 

separately metered on a commercial EV charging rate.  By comparing utility costs of a combined 

EV and building load and a separate EV and building load, we can determine the cheapest 

method for a building owner to install the chargers. 

 This analysis looks at the building, chargers and installed solar PV in four separate 

configurations: 

 Configuration 1: MSTB and chargers on a single building meter. 

 Configuration 2: MSTB on a building meter, and chargers on a commercial EV charging 

meter. 

 Configuration 3: MSTB, solar PV and chargers all on a single building meter.  
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 Configuration 4: MSTB and solar PV on a building meter, and chargers on a commercial 

EV charging meter. 

 By looking at these building configurations we can analyze for a given charging load 

whether it is beneficial to put the chargers on a building meter or keep them separate.  We can 

also determine if the presence of distributed energy resources, in this case solar PV, alters this 

decision. 

6.1.4 Pricing Methods 

 The rates of the three pricing methods for the charging station all have the same goal of 

earning enough annual income such that the installation breaks even over its lifetime.  Due to 

the nature of the charging station, the owner is essentially selling electricity to the customer.  

Therefore, the annual required income is calculated using a Levelized Cost of Energy (LCOE).  

The calculation to determine the annual required income is shown below. 

(Eq. 6-1) 

  

 For this calculation the lifetime of the installation is assumed to be 10 years, a value 

used in similar studies and a discount rate of 5% is used [54].  The (𝑃 𝐴, 𝑖%,  𝑛) ⁄ term is a factor 

which converts future income into present day monetary values.  For the values of 𝑛=10 years 

and 𝑖%=5%, (𝑃 𝐴, 𝑖%,  𝑛)⁄ = 7.217. The present day worth is set to $0 and the installed costs 

are varied between $10,000 and $90,000.  

𝐴𝑛𝑛𝑢𝑎𝑙 𝐼𝑛𝑐𝑜𝑚𝑒 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ∗ (𝑃 𝐴, 𝑖%,  𝑛) = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝐷𝑎𝑦 𝑊𝑜𝑟𝑡ℎ($)⁄

+ 𝑈𝑡𝑖𝑙𝑖𝑡𝑦 𝐶𝑜𝑠𝑡 ∗ (𝑃 𝐴, 𝑖%,  𝑛)⁄ + 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐶𝑜𝑠𝑡 
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6.1.4.1 First Pricing Method 

 The first pricing method is TOU based and built off of the existing SCE TOU-EV-3 and 

TOU-EV-4 electric rate structures. In addition to passing through the costs of the existing SCE 

TOU energy charges, an add-on charge is necessary to account for the installed cost of the 

charging station since the SCE charges only cover the energy charges on the utility bill.  This 

add-on charge is quantified as: 

 (Eq. 6-2) 

 

(Eq. 6-3) 

 The 𝑇𝑜𝑡𝑎𝑙 𝑘𝑊ℎ term is the expected throughput of the station for a given car set size 

and is an output of the charging model. The rates of the pricing method are used for the entire 

year and as a result the SCE TOU energy charges for the summer and winter months have been 

weighted into uniform rates which are shown in Table 6-2.  The add-on charge is added to the 

charges due to the weighted SCE rates to determine the on, mid and off peak rates.  Under the 

commercial EV rates, on peak occurs from 12 PM – 6 PM, mid peak from 8 AM – 12 PM and 6 

PM – 11 PM, and off peak all other times. 

 (Eq. 6-4) 

 

(Eq. 6-5) 

𝐴𝑑𝑑 − 𝑜𝑛 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ($) =

             𝐼𝑛𝑐𝑜𝑚𝑒 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑($) −  [𝑆𝐶𝐸 𝑇𝑂𝑈 𝐶ℎ𝑎𝑟𝑔𝑒 ($𝑘𝑊ℎ) ∗ 𝑇𝑜𝑡𝑎𝑙 𝑘𝑊ℎ]  

 

𝐴𝑑𝑑 − 𝑜𝑛 𝑅𝑎𝑡𝑒 ($/𝑘𝑊ℎ) =
𝐴𝑑𝑑 − 𝑜𝑛 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 ($)

𝑇𝑜𝑡𝑎𝑙 𝑘𝑊ℎ
 

 

𝑂𝑛 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄

= 𝑆𝐶𝐸 𝑂𝑛 𝑃𝑒𝑎𝑘 ($ 𝑘𝑊ℎ)⁄ +  𝐴𝑑𝑑 − 𝑜𝑛 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄  

 
𝑀𝑖𝑑 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄

= 𝑆𝐶𝐸 𝑀𝑖𝑑 𝑃𝑒𝑎𝑘 ($ 𝑘𝑊ℎ)⁄ +  𝐴𝑑𝑑 − 𝑜𝑛 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄  
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(Eq. 6-6) 

  

 

Table 6-2.  Weighted SCE TOU Charges 

 TOU EV-3 TOU EV-4 

Weighted Energy 
Charges 

On-Peak 
$0.2359/kWh 

Mid-Peak 
$0.15054/kWh 

Off-Peak 
$0.0901/kWh 

On-Peak 
$0.1733/kWh 

Mid-Peak 
$0.1003/kWh 

Off-Peak 
$0.0498/kWh 

  

 For use at the charging station these rates are converted to $/hour charges. 

Additionally, the mid and off peak rates are combined into one rate as ChargePoint allows only 

two distinct rates to be programmed into the charger.  The $/kWh charges are converted to 

$/hour by multiplying it by the maximum output of the charger.  

(Eq. 6-7) 

(Eq. 6-8) 

6.1.4.2 Second Pricing Method 

 Most users of the charging station only charge their car for a short period of time due to 

the short distances people travel to work. In Scenario 1 some users charge their battery for a 

portion of an hour and then sit in the spot until their four hour dwell time ends.  The portion of 

time after the PEV has finished charging and the rest of their dwell time is not utilized by the 

𝑂𝑓𝑓 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄

= 𝑆𝐶𝐸 𝑂𝑓𝑓 𝑃𝑒𝑎𝑘 ($ 𝑘𝑊ℎ)⁄ +  𝐴𝑑𝑑 − 𝑜𝑛 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄  

 

𝑂𝑛 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝐻𝑜𝑢𝑟)⁄ = 𝑂𝑛 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ ∗ 6.6 𝑘𝑊 

 
𝑂𝑓𝑓 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝐻𝑜𝑢𝑟)⁄ =  𝑂𝑓𝑓 𝑃𝑒𝑎𝑘 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ ∗ 6.6 𝑘𝑊 
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charger.  During this time the charging station space is essentially a normal parking spot.  The 

owner of the charging station would view this as a waste of their resource. 

 The second pricing method takes into account this behavior by making the first hour of 

charging more expensive and subsequent hours cheaper.  Two rates are created, one for 

charging during the first hour and another for charging after the first hour.  All charging after 

the first hour falls under the multiple hour rate.  The first hour rate is designated to be 50% 

more expensive than the multiple hour rate.  Since the first hour rate is weighted more heavily, 

the same factor is applied to the kWh consumed during the first hour when calculating the 

multiple hour rate.  This factor reduces the $/kWh value of the multiple hour rate. Thus, the 

kWh consumed by the PEV to charge the battery during the first hour costs 1.5 times that of 

any kWh consumed after the first hour.   

(Eq. 6-9) 

 

 

(Eq. 6-10) 

(Eq. 6-11) 

 

(Eq. 6-12) 𝐹𝑖𝑟𝑠𝑡 𝐻𝑜𝑢𝑟 𝑅𝑎𝑡𝑒 ($ 𝐻𝑜𝑢𝑟)⁄ = 𝐹𝑖𝑟𝑠𝑡 𝐻𝑜𝑢𝑟 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ ∗ 6.6 𝑘𝑊 

 

𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝐻𝑜𝑢𝑟 𝑅𝑎𝑡𝑒 ($ 𝐻𝑜𝑢𝑟)⁄ =  𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝐻𝑜𝑢𝑟 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ ∗ 6.6 𝑘𝑊 

 

𝐹𝑖𝑟𝑠𝑡 𝐻𝑜𝑢𝑟 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ = 1.5 ∗  𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝐻𝑜𝑢𝑟 𝑇𝑂𝑈 ($ 𝑘𝑊ℎ)⁄  

 

𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝐻𝑜𝑢𝑟 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄

=
𝐴𝑛𝑛𝑢𝑎𝑙 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐼𝑛𝑐𝑜𝑚𝑒($)

(1.5 ∗  𝑘𝑊ℎ 𝑑𝑢𝑟𝑖𝑛𝑔 𝑓𝑖𝑟𝑠𝑡 ℎ𝑜𝑢𝑟) +  𝑘𝑊ℎ 𝑓𝑟𝑜𝑚 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑟𝑠𝑡 ℎ𝑜𝑢𝑟
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6.1.4.3 Third Pricing Method 

 The third pricing method is based on the principle that there are periods of time in the 

day when there is higher demand to use the chargers.  For work place charging this occurs in 

the morning when there is a large concentration of people arriving to work.  Approximately 

58% of all PEV arrive in the morning hours between 6 AM - 10 AM.  This four hour period in the 

morning is designated as a period of high use (on peak) and will have a more expensive rate 

than the rest of the day (off peak).  To account for increased demand to use the chargers, the 

morning rate (on peak) will be 50% more expensive than the afternoon rate (off peak). 

(Eq. 6-13) 

(Eq. 6-14) 

(Eq. 6-15) 

(Eq. 6-16) 

6.1.5 Economic Comparison of Gas and Electric Mileage for PHEV 

 The PHEV from the charging model will be assigned a cost for the duration and time of 

the charge received based on the three pricing methods.  This cost coupled with the electric 

fuel economy of the PHEV can be used to determine the $/mile the PHEV achieves through 

work place charging.  This $/mile value can then be compared to an equivalent $/mile for a 

corresponding gasoline engine to determine the minimum cost for gasoline where the $/mile 

produced by work place charging is the same as the gasoline engine $/mile.  The gas fuel 

economy on the internal combustion engine and the electric fuel economy on the electric 

𝑀𝑜𝑟𝑛𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ = 1.5 ∗ 𝐴𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛 𝑅𝑎𝑡𝑒 ($/𝑘𝑊ℎ) 

 

𝐴𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛 𝑅𝑎𝑡𝑒 ($ 𝑘𝑊ℎ)⁄ =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐼𝑛𝑐𝑜𝑚𝑒 ($)

(1.5 ∗ 𝑀𝑜𝑟𝑛𝑖𝑛𝑔 𝑘𝑊ℎ) + 𝐴𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛 𝑘𝑊ℎ
 

 

𝐴𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛 𝑅𝑎𝑡𝑒 ($ 𝐻𝑜𝑢𝑟)⁄ =  𝑂𝑓𝑓 𝑃𝑒𝑎𝑘 𝑇𝑂𝑈 ($ 𝑘𝑊ℎ)⁄ ∗ 6.6 𝑘𝑊 

 
𝑀𝑜𝑟𝑛𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 ($ 𝐻𝑜𝑢𝑟)⁄ = 𝑂𝑛 𝑃𝑒𝑎𝑘 𝑇𝑂𝑈 ($ 𝑘𝑊ℎ)⁄ ∗ 6.6 𝑘𝑊 
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motor for the PHEV are shown in Table 6-3.  As can be seen there is a large range of fuel 

economies for each PHEV due to the different design decisions made by the manufacturers.  

(Eq. 6-17) 

 

(Eq. 6-18) 

 

Table 6-3. Gas and Electric Fuel Economies for PHEV 

Car Model Miles Per Gallon 

(Internal Combustion 

Engine) [77] 

Miles Per kWh 

(Electric Motor) 

[75], [76] 

Volt 37 2.22 

Prius PHEV 50 2.5 

Ford C-Max Energi 38 2.76 

Ford Fusion Energi 38 3 

Honda Accord 46 1.71 

BMW i8 28 3.25 

Porsche Cayenne S-E 22 2.037 

6.2 Results 

 The models have been run for a variety of car set sizes ranging from 50 to 5,467 and for 

a variety of installation costs ranging from $10,000 to $90,000.  In many of the sections, results 

will only be provided for car set sizes of 250 (low penetration of PEV), 1,000 (medium 

penetration of PEV) and 5,467 (high penetration of PEV).  Additionally, pricing results will be 

shown for installation costs of $30,000 (price of the current chargers considered), $60,000 

(price of current installation) and $90,000 (full price of current charging station).  Full results 

can be found in the Appendices. 

𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒 𝑃𝑟𝑖𝑐𝑒 (
$

𝐺𝑎𝑙𝑙𝑜𝑛
) = 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

$

𝑀𝑖𝑙𝑒
∗   
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𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒 𝐹𝑢𝑒𝑙 𝐸𝑐𝑜𝑛𝑜𝑚𝑦 (
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𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑡𝑜 𝑃𝐻𝐸𝑉 𝑈𝑠𝑒𝑟 ($)

𝐶ℎ𝑎𝑟𝑔𝑒 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 (𝑘𝑊ℎ)
∗ 

1

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐹𝑢𝑒𝑙 𝐸𝑐𝑜𝑛𝑜𝑚𝑦 (
𝑀𝑖𝑙𝑒𝑠
𝑘𝑊ℎ
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6.2.1 Charging Station Usage and Load 

 The annual energy consumption, the peak demand and the load factor of the chargers 

are shown in Table 6-4.  At small car sets, the energy consumption and peak demand are very 

similar for both Scenario 1 and 2.  As one would expect, as the car set size increases there is a 

growing disparity between the two scenarios, with Scenario 2 having a higher energy 

consumption.  Scenario 2 also exhibits higher load factors than Scenario 1.  Additionally, 

Scenario 2 reaches the capacity of the station (39.6 kW) at 500 cars while Scenario 1 never 

reaches this value. 

Table 6-4.  Annual Energy Consumption and Peak Demand 

Car Set 
Size 

Energy 
Consumption 

(kWh) 

Peak 
Demand 

(kW) 

Load 
Factor 

Energy 
Consumption 

(kWh) 

Peak 
Demand 

(kW) 

Load 
Factor 

Scenario 1 Scenario 2 

50 2,002 13.85 0.017 2,002 13.85 0.017 

100 4,007 15.22 0.030 4,007 15.22 0.030 

150 6,442 19.80 0.037 6,442 19.80 0.037 

200 7,781 29.68 0.030 8,096 23.14 0.040 

250 10,127 22.70 0.051 10,888 23.98 0.052 

300 12,196 26.00 0.054 13,511 32.93 0.047 

350 13,561 21.84 0.071 16,171 31.27 0.059 

400 14,357 23.86 0.069 17,724 34.96 0.058 

450 14,878 24.47 0.069 20,628 36.68 0.064 

500 16,856 25.65 0.075 22,182 39.60 0.064 

600 18,475 27.85 0.076 27,582 39.60 0.080 

700 20,033 30.23 0.076 31,382 39.60 0.090 

800 21,994 28.19 0.089 37,278 39.60 0.107 

900 24,091 33.00 0.083 42,617 39.60 0.123 

1,000 23,324 30.70 0.087 46,592 39.60 0.134 

2,000 28,633 32.59 0.100 92,391 39.60 0.266 

3,000 31,813 32.30 0.112 125,399 39.60 0.361 

4,000 34,815 31.56 0.126 151,401 39.60 0.436 

5,000 37,627 36.68 0.117 165,923 39.60 0.478 

5,467 35,780 39.48 0.103 171,468 39.60 0.494 
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 The load profiles for an example summer week for 250 cars, 1,000 cars, and 5,467 cars 

are shown in Figure 6-7, Figure 6-8 and Figure 6-9. The overall load profiles of the chargers are 

very similar for both summer and winter months (not shown) due to the similarity in the NHTS 

distributions that were sampled for driver behavior.  For each of the car sets, use of the charging 

station is highest on the weekdays and during daytime hours due to the nature of work related 

travel patterns.  For Scenario 1, even at large car set sizes, the charging station has a dynamic 

load with short periods of peak demand.  This is due to the fact that it is rare to have all six 

chargers occupied by vehicles which still require a charge.  While all of the chargers are occupied, 

they are not concurrently charging.  For Scenario 2, loads are less dynamic as car set size 

increases.  For the car set size of 5,467 the charging station has a constant load of 39.6 kW during 

the day time which is the capacity of the station.  This occurs as the large car set size ensures that 

there are enough cars in queue to constantly enter the station when a spot opens. 

 

 

Figure 6-7.  Weekly Summer Load Profiles for 250 Car Set 
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Figure 6-8.  Weekly Summer Load Profiles for 1,000 Car Set 

 

Figure 6-9.  Weekly Summer Load Profiles for 5,467 Car Set 

6.2.2 Utility Costs 

 The annual utility costs for the use of the chargers if they were metered on an EV rate 

are shown in Table 6-5. As car set size increases, there is a steady increase in the utility costs for 

both Scenario 1 and Scenario 2. The Scenario 2 utility costs are higher than Scenario 1 due to 

higher energy consumption.  Car sets of 50, 100 and 150 are calculated using the TOU-EV-3 rate 

while all others are calculated with the TOU-EV-4 rate.  The baseline utility cost for the MSTB as 



  
 

132 
 

a standalone building is $85,886 annually and $67,057 annually with installed solar PV.  The 

utility costs of the MSTB with the addition of on-site chargers have been evaluated for 

Configurations 1, 2, 3 and 4 to determine the cheapest way to install chargers at the MSTB. The 

annual utility costs are shown in Table 6-6 and Table 6-7 for Scenarios 1 and 2. 

Table 6-5.  Annual Utility Costs on EV Meter 

Car Set Size Scenario 1 Utility Costs ($) Scenario 2 Utility Costs ($) 

50 570 570 

100 932 936 

150 1,281 1,303 

200 7,102 6,580 

250 6,538 6,834 

300 7,368 8,480 

350 6,920 8,322 

400 7,392 9,540 

450 7,484 9,004 

500 7,821 10,437 

600 8,244 11,048 

700 8,525 11,298 

800 8,571 11,844 

900 8,707 12,237 

1,000 8,734 13,011 

2,000 9,891 17,694 

3,000 10,027 22,464 

4,000 10,359 25,300 

5,000 11,083 26,924 

5,467 11,392 27,188 

 

Table 6-6.  Annual Utility Costs (Scenario 1) 

Car Set Size Configuration 1 
Utility Costs 

Configuration 2 
Utility Costs 

Configuration 3 
Utility Costs 

Configuration 4 
Utility Costs 

50 $86,364 $86,457 $67,214 $67,627 

100 $87,041 $86,818 $67,965 $67,989 

150 $87,906 $87,168 $68,297 $68,338 

200 $87,910 $92,988 $68,355 $74,159 

250 $88,351 $92,425 $68,444 $73,595 
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300 $88,772 $93,254 $68,644 $74,425 

350 $88,888 $92,807 $68,775 $73,977 

400 $89,085 $93,279 $69,178 $74,449 

450 $88,731 $93,370 $69,750 $74,541 

500 $90,615 $93,707 $69,864 $74,878 

600 $89,868 $94,131 $69,868 $75,301 

700 $89,572 $94,412 $69,744 $75,582 

800 $90,787 $94,458 $70,118 $75,628 

900 $90,933 $94,593 $71,061 $75,764 

1,000 $90,294 $94,620 $70,381 $75,791 

2,000 $91,865 $95,777 $71,577 $76,948 

3,000 $91,450 $95,913 $71,894 $77,084 

4,000 $92,388 $96,246 $72,507 $77,416 

5,000 $91,379 $96,969 $71,219 $78,140 

5,467 $91,654 $97,278 $72,071 $78,449 
 

Table 6-7.  Annual Utility Costs (Scenario 2) 

Car Set Size Configuration 1 
Utility Costs 

Configuration 2 
Utility Costs 

Configuration 3 
Utility Costs 

Configuration 4 
Utility Costs 

50 $86,364 $86,457 $67,214 $67,627 

100 $87,044 $86,822 $67,967 $67,993 

150 $87,918 $87,190 $68,309 $68,360 

200 $88,042 $92,466 $68,540 $73,637 

250 $88,621 $92,720 $68,510 $73,891 

300 $89,384 $94,367 $68,963 $75,537 

350 $89,048 $94,209 $69,029 $75,379 

400 $89,692 $95,427 $70,207 $76,597 

450 $89,980 $94,890 $70,053 $76,061 

500 $90,061 $96,324 $70,338 $77,494 

600 $90,703 $96,934 $71,152 $78,105 

700 $91,544 $97,184 $71,578 $78,355 

800 $92,927 $97,731 $72,225 $78,902 

900 $93,124 $98,123 $72,548 $79,294 

1,000 $94,363 $98,898 $74,488 $80,068 

2,000 $94,718 $103,581 $76,709 $84,751 

3,000 $98,225 $108,351 $80,704 $89,521 

4,000 $100,003 $111,186 $82,622 $92,357 

5,000 $101,081 $112,810 $83,699 $93,981 

5,467 $101,233 $113,075 $83,851 $94,245 
 



  
 

134 
 

6.2.2.1 Scenario 1 Utility Costs 

 The annual utility costs for Configurations 1 and 2 for all car set sizes are shown in Figure 

6-10.  For cars behaving under Scenario 1 conditions and with no solar PV installed at the 

building, it is cheaper to separately meter the chargers and building (Configuration 1) when the 

charging load is less than 20 kW, placing it on the TOU EV-3 tariff.  When the charging load 

surpasses 20 kW and transitions to the TOU EV-4 rate it becomes significantly cheaper to 

integrate the chargers onto the building meter (Configuration 2).  This transition occurs at a car 

set of 200 and results in a significant increase in the difference between the overall costs of 

Configurations 1 and 2.   

Figure 6-10.  Annual Utility Costs Without Installed Solar for Scenario 1 
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 Generally speaking as car set size increases the overall utility costs also increase.  

However, this does not always occur for Configuration 1.  One example of this discrepancy 

occurs for a car set of 5,000 which has lower overall costs than a car set of 4,000.  This occurs 

even though the overall energy consumed by the car set of 5,000 is greater than that of the car 

set of 4,000.  The lower overall cost is due to the structure of demand charges for a building 

meter.  A building meter has a regular facilities demand charge as well as time related demand 

charges in the summer.  While the overall energy usage of 5,000 cars is greater than 4,000 cars 

it has a load profile which is more favored by the rate structure that includes demand charges. 

In this case the 5,000 cars case has lower demand peaks during on peak times in the summer, 

leading to lower demand charges and a lower overall cost.  On the other hand, for 

Configuration 2 an EV meter only has one facility related demand charge which is not time 

based. Since demand charges are no longer a function of time, the load profile for 5,000 cars is 

no longer favored by the rate structure.  This leads to an overall cost increase from car sets of 

4,000 to 5,000 in Configuration 2. 

 For Configurations 3 and 4, when solar PV is installed at the building, the same trends 

continue as previously observed in Configurations 1 and 2. It is cheaper to separately meter the 

chargers and building (Configuration 3) when the charging load is less than 20 kW.  When the 

charging load surpasses 20 kW for a car set of 200, it becomes significantly cheaper to integrate 

the chargers onto the building meter (Configuration 2).  The overall utility costs for 

Configurations 3 and 4 are cheaper than their counterparts without installed solar, 

Configurations 1 and 2.  The addition of solar does not change any of the decisions between 
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choosing integrated or separate meters.  The annual utility costs for Configurations 3 and 4 are 

shown in Figure 6-11. 

 

Figure 6-11.  Annual Utility Costs With Installed Solar for Scenario 1 

6.2.2.2 Scenario 2 Utility Costs 

 The annual utility costs for Configurations 1 and 2 for all car set sizes for Scenario 2 are 

shown in Figure 6-12.  For cars behaving under Scenario 2 conditions and with no solar PV 

installed at the building, it is cheaper to separately meter the chargers and building 

(Configuration 1) when the charging load is less than 20 kW.  When the charging load surpasses 

20 kW for a car set size of 200 it is significantly cheaper to integrate the chargers onto the 

building meter (Configuration 2).  
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Figure 6-12.  Annual Utility Costs Without Installed Solar for Scenario 2 

 For Configurations 3 and 4, when solar PV is installed at the building, the same trends 

continue as previously observed in Configurations 1 and 2. It is cheaper to separately meter the 

chargers and building (Configuration 3) when the charging load is less than 20 kW.  When the 

charging load surpasses 20 kW at 200 cars and transitions to the TOU EV-4 rate it becomes 

significantly cheaper to integrate the chargers onto the building meter (Configuration 4).  The 

overall utility costs for Configurations 3 and 4 are cheaper than their counterparts without 

installed solar, Configurations 1 and 2.  The addition of solar does not change any of the 

decisions between choosing integrated or separate meters. Figure 6-13 shows the annual utility 

costs for Configurations 3 and 4.  
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Figure 6-13.  Annual Utility Costs With Installed Solar for Scenario 2 

 The difference in annual costs between integrated and separate meters (Configurations 

1 vs. 2 and Configurations 3 vs. 4) is larger for Scenario 2 than for Scenario 1.  For 

Configurations 1 and 3, the integrated load of the chargers and building is larger than 200 kW 

for car sets of 2000 and greater.  This switches the building rate from GS-2 to GS-3; however, 

there is no significant increase in the building meter’s utility costs as a result of this switch. 

 The overall costs for Scenario 2 are also more consistent with what intuition expects, 

that overall utility costs monotonically increase as car set size increases.  This is due to more 

consistent load profiles that are generated under Scenario 2.  In Scenario 2, time of arrival plays 

less of a role in determining overall utility costs because PEV which arrive when the station is 

full still have a chance to charge by sitting in queue for a spot to become vacant.  Additionally, 
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energy is consumed for the duration of time a PEV spends plugged in.  Even if there is a large 

number of PEV arriving at the same time, most of the PEV will still be able to charge. 

 Conversely in Scenario 1 the load profiles and overall utility costs can be difficult to 

predict because time of arrival plays a significant role.  If PEV arrive when the station is full then 

they will be unable to charge.  Additionally, PEV will stay plugged in even when they are not 

charging.  This makes it difficult to predict when peak demands will occur even when all of the 

charging stalls are full. 

 When purchasing a charging station a building owner must decide whether to integrate 

the charging station on the existing building meter or to separately meter the charging station 

with a commercial EV charging rate.  Results from the two scenarios show that this decision 

comes down to whether or not the charging station will be placed on the TOU-EV-3 or TOU-EV-

4 rate when separately metered.  The reason for this is due to the core difference between 

these two rates structures, where TOU-EV-3 has no facilities related demand charge while TOU-

EV-4 has a demand charge. If the demand of the charging station is expected to exceed 20 kW 

placing it on the TOU-EV-4 rate, it is cheaper to integrate the chargers onto the building meter.  

By integrating charging loads exceeding 20 kW with the building meter, utility costs are 

minimized by avoiding a separate demand charge for the charging station.  If the demand of the 

charging station is not expected to exceed 20 kW placing it on the TOU-EV-3 rate, it is cheaper 

to separately meter the chargers and the building.  In this instance, utility costs are minimized 

because the charging station can be separately metered without incurring a demand charge.  

 For the system installed at the MSTB, capable of reaching a maximum demand of 39.6 

kW, the demand peaks over 20 kW even for low penetration cases of a car set size of 200.  It 
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would be logical to integrate these chargers with the building meter in order to minimize utility 

costs. The presence of solar PV reduces overall utility costs but it does not change the decision 

making process. 

6.2.3 Charging Station Performance 

6.2.3.1 Level of Charge 

 The performance of the station varied significantly depending on car set size and the 

scenario being run.  Generally speaking for smaller car sets the charging station provides more 

full and partial charges.  Additionally, the charging station has superior performance in Scenario 

2 compared to Scenario 1.  In Figure 6-14 the ratio of PEV which received different levels of 

charge in Scenario 1 is plotted.  

Figure 6-14. Level of Charge Provided by Charging Station (Scenario 1) 
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 In Scenario 1 as the car set size increases, the amount of PEV that receive a full charge 

gradually decreases and the number of PEV receiving zero charge increases.  Eventually at large 

car sets, the number of PEV receiving zero charge overtakes the number receiving a full charge.  

At the largest car set size, only 14% of cars receive a full charge, 85% receive zero charge and 

only 1% receive a partial charge.  The number of PEV receiving zero charge overtakes the 

number receiving a full charge occurs after a car set of 1,000.   

 Figure 6-15 plots the ratio of cars which received different levels of charge in Scenario 2.  

As shown in Figure 6-15 there is a drastic improvement in station performance in Scenario 2. 

 

Figure 6-15. Level of Charge Provided by Charging Station (Scenario 2) 

 In Scenario 1 there is an immediate drop off in the percent of fully charged cars when 

increasing the size of the car set. However, in Scenario 2 the percent of fully charged PEV 
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exceeds 90% until approximately 2,000 cars.  Before this point the vast majority of PEV that did 

not receive a full charge received a partial charge.  Once the car set increases over 2,000, there 

is a decrease in the number of full charges and an increase in the number of zero and partial 

charges.  At the largest car set size, 63% of PEV receive a full charge, 16% receive a partial 

charge and 21% receive zero charge.   

 There are two reasons a PEV could receive a partial charge.  First, the PEV arrives to the 

station and the time it takes to charge the battery is longer than their dwell time.  This reason 

for partial charging is not a reflection on the performance of the station and is referred to as 

dwell time limited charging.  Second, the PEV arrives to the station and the time it takes to 

charge the battery is shorter than their dwell time; however, the station is full and the PEV 

must wait in queue.  By the time the PEV has made it through the queue, there is no longer 

sufficient time to provide a full charge and the PEV leaves with a partial charge.  The second 

reason for partial charging is a reflection on the performance of the station, as the reason for 

the partial charge is due to congestion at the station. Figure 6-16 plots the ratio of PEV which 

received a partial charge due to dwell time limited charging. 
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Figure 6-16.  Ratio of Partially Charged PEV Due to Dwell Time Limited Charging (Scenario 2) 

 In Scenario 1 very few PEV receive a partial charge but all of the PEV which do receive a 

partial charge are due to dwell time limited charging.  For Scenario 2 virtually all of the PEV 

received a partial charge due to dwell time limited charging at smaller car set sizes. Indicating 

that congestion at the charging station is not playing a role at these car set sizes.  When 

transitioning from a car set of 1,000 to 2,000 the amount of PEV which received a partial charge 

due to dwell time limited charging begins to decrease.  Finally, at the largest car set the percent 

of PEV receiving a partial charge due to dwell time limited charging is 9%.  For Scenario 2 at 

large car sets, the vast majority of PEV receive a partial charge due to congestion at the station. 
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6.2.3.2 Feasibility of Route Completion 

 Prior to any charging at the station the BEV and PHEV feasibilities to complete the route 

due to the charge received only at home are 94% and 66% respectively.  This indicates that 6% 

of BEV and 34% of PHEV who want to travel solely on electric miles will require work place 

charging in order to make the return trip when leaving work.   Figure 6-17 plots the feasibility 

ratios of BEV and PHEV after they have passed through the charging station for Scenarios 1 and 

2. 

 

Figure 6-17.  PHEV and BEV Feasibility Ratios 

 BEV have higher feasibility ratios in both scenarios because of their superior electric 

range (larger battery).  The performance of the station under Scenario 2 conditions is 

impressive as BEV feasibility is close to 100% up until a car set of 2,000.  Even at the largest car 

set of 5,467 the station is able to increase the original BEV feasibility from 94% to 97% making 
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half of the previously unfeasible trips feasible.  Similarly, the PHEV ratios are extremely high 

until 2,000 cars and then they steadily decline to 84% at the largest car set. 

 Performance of the station under Scenario 1 conditions is far less impressive.  The BEV 

feasibility in Scenario 1 is approximately 100% up to 500 cars when it starts a steady decline as 

car set size is increased until it reaches 95% at 5,467 cars.  PHEV feasibility in Scenario 1 sees a 

steady decline from initial values of 96% at small car sets to 70% for the largest car set.  After a 

car set of 800, the majority of BEV who had unfeasible trips are unable to be serviced by the 

station and would require the use of other commercial chargers. 

 Comparing BEV feasibility to PHEV feasibility, BEV feasibility is the more important 

metric to measure the performance and need of the station.  A BEV whose travel route is 

deemed infeasible would either be stranded or would require the use of another charging 

station to perform the return trip.  A PHEV on the other hand can travel on the gasoline engine. 

6.2.4 Pricing Methods 

 The three pricing methods have all been developed from the same starting point of the 

annual income required to break even over the lifetime of the installation.  However, each 

method has different hourly rates throughout the day.  The annual income required is a 

function of the installed cost and the annual utility costs.  Pricing methods have been 

developed for integrated chargers on a building meter (Configuration 1) and a separate 

commercial EV charging meter (Configuration 2).  For Configuration 1, the utility cost is the 

portion of the overall utility cost that is attributable to the charging load.  This is calculated as 

the difference in cost between the standalone building ($85,886) and the increased utility costs 
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of an integrated building and charging station.  For Configuration 2, the utility cost is simply the 

total cost incurred by the charging station under the TOU EV-3 or TOU EV-4 rate structure. 

 At the MSTB the overall cost to purchase and install the chargers was approximately 

$90,000.  The overall cost can be broken down into two categories: the price of the chargers 

themselves, which cost approximately $30,000, and installation costs which were 

approximately $60,000.   These three installation costs will be used to present the rates of the 

different pricing methods.  The required annual income for several sample car sets under 

different scenarios and configurations is displayed in Table 6-8.   

Table 6-8.  Annual Required Income 

Car 
Set 
Size 

Installed 
Cost ($) 

Annual Income 
Required ($)  

(Building 
Meter, 

Scenario 1) 

Annual 
Income 

Required ($)  
(Building 
Meter, 

Scenario 2) 

Annual 
Income 

Required ($)  
(EV Meter, 
Scenario 1) 

Annual Income 
Required ($) 
(EV Meter, 
Scenario 2) 

250 30,000 5,856 5,906 10,504 10,745 

60,000 9,742 9,792 14,390 14,630 

90,000 13,627 13,677 18,275 18,515 

1,000 30,000 7,734 11,202 12,997 16,679 

60,000 11,619 15,087 16,882 20,564 

90,000 15,504 18,972 20,767 24,449 

5,467 30,000 8,734 25,286 14,904 29,798 

60,000 12,619 29,172 18,789 33,683 

90,000 16,504 33,057 22,675 37,568 

 

 Scenario 2 has higher required annual incomes compared to Scenario 1 for 

corresponding car sets and installed cost.  This is due to the higher throughput of the charging 
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station in Scenario 2 which leads to higher energy use and utility costs.  Additionally the annual 

income required is smaller when the chargers are integrated on the building meter. 

 Neither Scenario 1 nor 2 captures actual driver behavior.  Scenario 1 provides the 

minimum throughput of the station if drivers behave in the way suggested by the NHTS and 

Scenario 2 provides the maximum throughput of the station if the drivers follow the NHTS data. 

By considering both Scenario 1 and 2, the operation of the charging station is spanned for all 

cases of driver behavior. In order to develop a finalized set of rates for each pricing method the 

values from the two scenarios will be averaged. 

6.2.4.1 First Pricing Method 

 The first pricing method uses two separate rates, an on peak rate (noon – 6:00 PM) and 

an off peak rate for all other times of day.  The rates are built off the SCE rates which results in 

the on peak rate being more expensive than the off peak.  The finalized hourly rates for the first 

pricing method are shown in Table 6-9.  The rates are also graphically presented in Figure 6-18 

for the building meter case and in Figure 6-19 for the separate EV meter case.  The hourly rates 

decrease as car set size increases and installed cost decreases.  As expected, due to the lower 

annual required income, the rates for the building meter case are lower than the rates for the 

separate EV meter case.   
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Table 6-9.  First Pricing Method Rates 

Car Set Size Installed 
Cost ($) 

On Peak Rate ($/Hour) Off Peak Rate ($/Hour) 

Building 
Meter 

EV Meter Building Meter EV Meter 

250 30,000 4.90 7.28 4.25 6.63 

60,000 7.38 9.76 6.73 9.11 

90,000 9.86 12.24 9.21 11.59 

1,000 30,000 2.84 3.59 2.19 2.94 

60,000 3.68 4.44 3.03 3.79 

90,000 4.53 5.28 3.88 4.64 

5,467 30,000 2.09 2.47 1.44 1.82 

60,000 2.54 2.90 1.89 2.25 

90,000 2.98 3.33 2.34 2.68 
 

 

Figure 6-18. First Pricing Method $/hour Rates (building meter) 
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Figure 6-19. First Pricing Method $/hour Rates (EV Meter) 

6.2.4.2 Second Pricing Method 

 The second pricing method uses two separate rates, a rate for users charging in their 

first hour and a second rate for users after the first hour of charging.  This method makes 

charging in the first hour more expensive and users see a reduction in rates as they charge past 

one hour. 

 The finalized hourly rates for the second pricing method are shown in Table 6-10.  The 

rates are also graphically presented in Figure 6-20 for the building meter and in 

Figure 6-21 for the EV meter.  The hourly rates decrease as car set size increases and installed 

cost decreases.  As expected, due to the lower annual required income, the rates for the 

building meter case are lower than the rates for the separate EV meter case.   
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Table 6-10.  Second Pricing Method Rates 

Car Set Size Installed 
Cost ($) 

First Hour Rate ($/Hour) Multiple Hour Rate 
($/Hour) 

Building 
Meter 

EV Meter Building Meter EV Meter 

250 30,000 5.61 8.38 3.74 5.59 

60,000 8.82 11.44 5.88 7.63 

90,000 12.04 14.50 8.02 9.67 

1,000 30,000 2.86 3.83 1.91 2.56 

60,000 3.93 4.88 2.62 3.25 

90,000 5.01 5.93 3.34 3.95 

5,467 30,000 1.77 2.44 1.18 1.63 

60,000 2.30 2.98 1.53 1.99 

90,000 2.83 3.53 1.89 2.35 
 

 

Figure 6-20. Second Pricing Method $/hour Rates (Building Meter) 
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Figure 6-21. Second Pricing Method $/hour Rates (EV Meter) 
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and an afternoon rate for all other times of day.  The morning rate is considered an on peak 

time in terms of car arrival as this four hour window is when 58% of drivers arrive to work.  As 

there is a higher demand to use the chargers, the morning rate will have a higher $/hour rate 

than the afternoon.  The finalized hourly rates for the third pricing method are shown in Table 

6-11.  The rates are also graphically presented in Figure 6-22 for the building meter and in 
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second pricing methods.  Increases in car set size leading to higher station throughput and 
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rates.  Additionally, the rates for the building meter case are lower than the separate meter 

case as the building meter case has as a lower annual income required due to the avoidance of 

two demand charges. 

Table 6-11.  Third Pricing Method EV Rates 

Car Set Size Installed 
Cost ($) 

Morning Rate ($/Hour) Afternoon Rate ($/Hour) 

Building 
Meter 

EV Meter Building Meter EV Meter 

250 30,000 5.64 8.69 3.76 5.79 

60,000 8.88 11.86 5.92 7.91 

90,000 12.11 15.04 8.08 10.03 

1,000 30,000 3.00 4.03 2.00 2.69 

60,000 4.13 5.14 2.76 3.42 

90,000 5.26 6.24 3.51 4.16 

5,467 30,000 1.99 2.75 1.33 1.83 

60,000 2.59 3.36 1.73 2.24 

90,000 3.18 3.98 2.12 2.65 
 

Figure 6-22. Third Pricing Method $/hour Rates 
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Figure 6-23. Third Pricing Method $/hour Rates 
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necessary car set sizes to make the rates for a given installation cost comparable to other 

commercial charging networks is shown in Table 6-12. 

Table 6-12. Minimum Car Set Size Required for a Given Installation Cost for Competitive Rates 

Installed Cost Car Set Size 

Blink  ChargePoint  
($2.50/hour) 

eVgo  

$10,000 250 400 600 

$20,000 400 700 1,000 

$30,000 600 1,000 2,000 

$40,000 800 2,000 2,000 

$50,000 900 2,000 3,000 

$60,000 2,000 3,000 5,000 

$70,000 2,000 3,000 -- 

$80,000 2,000 4,000 -- 

$90,000 3,000 5,467 -- 
 

 The developed pricing rates are most competitive with the Blink Network.  The Blink 

Network has rates of $0.49/kWh which is equivalent to an hourly rate of $3.2/hour for level 2 

chargers. The three pricing methods can approximately reach this value at a car set size of 

3,000 for a full installation cost of $90,000 on the building meter.  If the majority of the 

installation costs are subsidized and installation costs are reduced to $10,000 comparable rates 

can be obtained for a car set of 250.   

 Two vastly different ChargePoint rates which are in use around the UCI campus are 

$0.75/hour for the first 4 hours and $3.00/hour thereafter and another rate at $2.50/hour.  For 

the first set of rates, the developed pricing methods are not competitive and unable to reach 

0.75 $/hour even for scenarios with low installation costs and large car sets.  For the second 

rate, the three pricing methods can approximately reach this value at the largest car set size of 
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5,467 for a full installation cost of $90,000. If the majority of the installation costs are 

subsidized and installation costs are reduced to $10,000 comparable rates can be obtained for a 

car set of 400.   

 The eVgo network has a monthly membership fee of $5.95/month and a session fee of 

$1/hour.  For five hours of charging a month this results in an overall rate of 2.2 $/hour.  The 

three pricing methods are unable to reach this low of a rate for a full installation cost of 

$90,000.  The highest installation cost where rates are comparable to the eVgo network is 

$60,000 for a car set of 5,000.  If the majority of the installation costs are subsidized and 

installation costs are reduced to $10,000, then comparable rates can be obtained for a car set 

of 600.  If the PEV owner were to charge for more than five hours, then the rate developed in 

this work become less competitive. 

 While the rates are comparable to those used by the major charging networks, a low 

installation cost or a large car set size leading to high throughput is necessary to make charging 

stations cost effective.  It should be noted that this analysis is not exact as the developed 

pricing methods use TOU and varying rates while the commercial charging rates use uniform 

rates throughout the day.  In order to compare the rates, weighted averages were used for the 

TOU rates. 

 

6.2.5 PHEV $/Mile Electric and Gasoline Comparisons 

 For the purposes of the PHEV $/mile comparisons between gasoline and electricity 

travel, only the values for the top 5 selling PHEV will be presented.  The low sales numbers of 

the Porsche Cayenne and BMW i8 leads to inconsistent data for smaller car sets.   
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 In this section, bar graphs will be used to present the $/mile achieved by each PHEV 

type on the electric motor under the various pricing methods.  Above each bar is a label which 

is the gasoline price in $/gallon which provides the equivalent $/mile for the gasoline engine as 

the $/mile on the electric motor.  This number is the cheapest price at which gasoline can be 

purchased such that the PHEV achieves equal economic performance between the gasoline 

engine and the electric motor.  

6.2.5.1 First Pricing Method 

 The $/mile for the five PHEV charging on the first pricing method for a car set size of 250 

is shown in Figure 6-24 for the building meter and in Figure 6-25 for the EV meter.  The Ford 

Fusion has the lowest $/mile and the lowest $/gallon gasoline equivalent at 0.48 $/mile and 

18.40 $/gallon for a $90,000 install cost on the building meter. The Honda Accord has the 

highest at 0.85 $/mile and 39.05 $/gallon.  The Toyota Prius has a lower $/mile at 0.26 $/mile 

than the Chevy Volt’s 0.30 $/mile. However, the Prius has a higher gasoline equivalent at 12.79 

$/gallon compared to 11.07 $/gallon for the Volt, due to its superior fuel economy.  The $/mile 

and the equivalent $/gallon gasoline costs on the EV meter are higher than the building meter 

values.  Reducing installation costs significantly reduces the $/mile and equivalent $/gallon 

costs. 
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Figure 6-24. First Pricing Method $/Mile for PHEV on Building Meter (Car Set: 250) 

Figure 6-25.  First Pricing Method $/Mile for PHEV on EV Meter (Car Set: 250) 
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 The $/mile and $/gallon equivalents for the five PHEV charging on the first pricing 

method for a car set size of 1,000 is shown in Figure 6-26 for the building meter and in Figure 

6-27 for the EV meter.  Increasing the car set size from 250 to 1,000 results in a significant 

reduction in $/mile and $/gallon equivalent costs for all PHEV. The Ford Fusion still has the 

lowest $/mile and $/gallon equivalent while the Honda Accord has the highest.    

Figure 6-26.  First Pricing Method $/Mile for PHEV on Building Meter (Car Set: 1,000) 
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Figure 6-27. First Pricing Method $/Mile for PHEV on EV Meter (Car Set: 1,000) 

 The $/mile and $/gallon equivalents for the five PHEV charging on the first pricing 

method for a car set size of 5,467 is shown in Figure 6-28 for the building meter and in Figure 

6-29 for the EV meter. Increasing the car set size from 1,000 to 5,467 results in a significant 

reduction in $/mile and $/gallon equivalent costs for all PHEV. The Ford Fusion still has the 

lowest $/mile and $/gallon equivalent while the Accord has the highest.  At 5,467 cars, the 

Fusion achieves 0.13 $/mile on the electric motor and a $/gallon equivalent of 4.79 $/gallon for 

a $90,000 install cost on the building meter.  Even at the largest car set size, the Accord still has 

extremely high $/mile and $/gallon equivalents of 0.23 $/mile and $10.37 $/gallon. 
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Figure 6-28.  First Pricing Method $/Mile for PHEV on Building Meter (Car Set: 5,467) 

 

Figure 6-29. First Pricing Method $/Mile for PHEV on EV Meter (Car Set: 5,467) 
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6.2.5.2 Second Pricing Method 

 The $/mile for the five PHEV charging on the second pricing method for a car set size of 

250 is shown in Figure 6-30 for the building meter and in Figure 6-31 for the EV meter.  The 

$/mile and the equivalent $/gallon costs are slightly greater than their counterparts in the first 

pricing method.  While, the values differ slightly, the same trends exist for each of the PHEV.  

The Ford Fusion has the lowest $/mile and $/gallon gasoline equivalent while the Honda Accord 

has the highest.  The Toyota Prius has a lower $/mile value than the Chevy Volt but the Prius 

has a higher $/gallon equivalent due to its superior fuel economy.  Additionally, the $/mile and 

$/gasoline costs for each PHEV are lowered as station throughput increases, installed cost 

decreases and the building meter case is used to avoid two demand charges. 

Figure 6-30. Second Pricing Method $/Mile for PHEV on Building Meter (Car Set: 250) 
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Figure 6-31. Second Pricing Method $/Mile for PHEV on EV Meter (Car Set: 250) 

 The $/mile and $/gallon equivalents for the five PHEV charging on the second pricing 

method for a car set size of 1,000 is shown in Figure 6-32 for the building meter and 

 in Figure 6-33 for the EV meter. 
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Figure 6-32. Second Pricing Method $/Mile for PHEV on Building Meter (Car Set: 1,000) 

Figure 6-33. Second Pricing Method $/Mile for PHEV on EV Meter (Car Set: 1,000) 
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 The $/mile and $/gallon equivalents for the five PHEV charging on the second pricing 

method for a car set size of 5,467 is shown in Figure 6-34 for the building meter and in Figure 

6-35 for the EV meter. 

 

Figure 6-34. Second Pricing Method $/Mile for PHEV on Building Meter (Car Set: 5,467) 
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Figure 6-35. Second Pricing Method $/Mile for PHEV on EV Meter (Car Set: 5,467) 
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Figure 6-36. Third Pricing Method $/Mile for PHEV on Building Meter (Car Set: 250) 

 

Figure 6-37. Third Pricing Method $/Mile for PHEV on EV Meter (Car Set: 250) 
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 The $/mile and $/gallon equivalents for the five PHEV charging on the third pricing 

method for a car set size of 1,000 is shown in Figure 6-38 for the building meter and in Figure 

6-39 for the EV meter.  The Ford Fusion returns to having the lowest $/mile and $/gallon 

equivalent with the C-MAX second. 

Figure 6-38. Third Pricing Method $/Mile for PHEV on Building Meter (Car Set: 1,000) 
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Figure 6-39. Third Pricing Method $/Mile for PHEV on EV Meter (Car Set: 1,000) 

 The $/mile and $/gallon equivalents for the five PHEV charging on the third pricing 

method for a car set size of 5,467 is shown in Figure 6-40 for the building meter and in Figure 

6-41 for the EV meter.   
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Figure 6-40. Third Pricing Method $/Mile for PHEV on Building Meter (Car Set: 5,467) 

Figure 6-41. Third Pricing Method $/Mile for PHEV on EV Meter (Car Set: 5,467) 
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6.2.5.4 Comparison to Average California Gas Prices 

 PHEV owners have a choice between workplace charging and using the gasoline engine.  

In order for work place charging to be competitive for a PHEV, the $/mile on the electric motor 

must be equal to or less than the $/mile on the gasoline engine.  The Chevy Volt, Toyota Prius, 

Ford C-MAX Energi, Ford Fusion and Honda Accord all have different electric and gasoline fuel 

economies, therefore work place charging becomes economically feasible at different rates for 

each PHEV.  To determine the economic feasibility of work place charging for PHEV, the rates 

calculated using the building meter will be compared against the average retail price of regular 

gasoline in California for 2014 which is 3.75 $/gallon [78].  

 The points at which work place charging becomes economically feasible for each car is 

shown in Table 6-13 for the first pricing method, Table 6-14 for the second pricing method and 

Table 6-15 for the third pricing method.  The installation costs listed in the tables are the 

maximum allowable installation cost for a given car set size which makes work place charging 

competitive with PHEV operation on the average gas price of $3.75/gallon. 

Table 6-13. Economic Feasibility of Work Place Charging for PHEV (First Pricing Method) 

Car Set Size Installation Cost 

Chevy Volt Toyota Prius Ford CMAX 
Energi 

Ford Fusion Honda 
Accord 

900 - - $10,000 $10,000 - 

1,000 - - $10,000 $10,000 - 

2,000 - - $20,000 $20,000 - 

3,000 - - $20,000 $40,000 - 

4,000 $10,000 - $30,000 $40,000 - 

5,000 $10,000 - $30,000 $50,000 - 

5,467 $20,000 - $40,000 $50,000 - 
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Table 6-14. Economic Feasibility of Work Place Charging for PHEV (Second Pricing Method) 

Car Set Size Installation Cost 

Chevy Volt Toyota Prius Ford CMAX 
Energi 

Ford Fusion Honda 
Accord 

900 - - - - - 

1,000 - - - - - 

2,000 - - $10,000 $10,000 - 

3,000 $10,000 - $20,000 $20,000 - 

4,000 $10,000 - $20,000 $30,000 - 

5,000 $20,000 - $30,000 $40,000 - 

5,467 $20,000 - $30,000 $40,000 - 
 

Table 6-15. Economic Feasibility of Work Place Charging for PHEV (Third Pricing Method) 

Car Set Size Installation Cost 

Chevy Volt Toyota Prius Ford CMAX 
Energi 

Ford Fusion Honda 
Accord 

900 - - - $10,000 - 

1,000 - - - $10,000 - 

2,000 $10,000 - $20,000 $40,000 - 

3,000 $20,000 - $40,000 $40,000 - 

4,000 $20,000 $10,000 $50,000 $60,000 - 

5,000 $30,000 $10,000 $50,000 $60,000 - 

5,467 $30,000 $10,000 $50,000 $60,000 - 
 

 Of the three pricing methods, the second pricing method is the least economical for 

work place PHEV charging.  This is due to the structure of the second pricing method where the 

first hour of charging is more expensive than subsequent hours.  PHEV have relatively small 

batteries and combined with the short distances that are typical with work related travel, the 

majority of PHEV charging occurs during the more expensive first hour rate.  The second pricing 

method favors EV that can charge for a long period of time as the $/kWh goes down the longer 

an EV charges. Owners of BEV would find this pricing method more economical than PHEV 

owners. 
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 The first and third pricing methods yielded similar results for economic feasibility of 

work place PHEV charging. The Ford C-MAX Energi and Fusion are the most economically 

feasible PHEV for work place charging.  For the Fusion, charging is feasible for rates derived 

from car sets larger than 900 at low installation costs and for rates derived from large car sets 

and installation costs up to $40,000-$60,000 depending on the pricing method.  The C-MAX 

Energi has similar economic feasibility to the Fusion.  For owners of the Volt, it is feasible to 

charge at the workplace when rates have been derived from car sets larger than 2,000 and at 

low installation costs.  For owners of Prius, work place charging is rarely economical and is only 

feasible for rates from the largest car sets and lowest installation costs.  For owners of the 

Accord it is never economically feasible to use work place charging instead of using the gasoline 

engine.   

 For the system installed at the MSTB with an installed cost of $90,000 the lowest 

equivalent $/gallon is $4.79/gallon for the Ford Fusion.  This is significantly higher than the 

average price of $3.75/gallon and the peak price in 2014 of $4.25 /gallon [78].  Therefore work 

place charging is not competitive for the system installed at the MSTB unless the charging 

station can be subsidized by a significant amount, and even then only certain PHEV would 

experience economic benefits through work place charging. 

6.3 Discussion 

 When analyzing these results a key point to emphasize is the definition of car set size.  

Car set size is the number of PEV that attempt to charge at the station over a one month 

period.  A car set of 200 does not necessarily mean 200 unique PEV but 200 unique trips to the 
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station.  The two extreme cases for this car set would be 200 unique PEV making one trip each, 

or one PEV making 200 trips.  Car set size can also be viewed as the total number of possible 

charging events per month.  For work place charging it is likely that there will be some form of a 

reliable customer base for the charging station as an employee with a PEV would be traveling to 

work five days a week.  With a reliable customer base, the total number of required unique PEV 

is smaller and the task of achieving a certain number of charging sessions per month is less 

daunting. 

 It must be noted that the pricing methods have been developed assuming no deviation 

in driver behavior from the NHTS data.  The analyses show that each pricing method will be 

able to generate the necessary income for the owner to break even over the life time of the 

installation. However, driver behavior will likely change depending upon the pricing rates.  For 

example, the third pricing method creates an on peak period based on the highest frequencies 

of drivers arriving to work in the morning hours.  However, rather than plugging into the station 

immediately when arriving at work, the driver could park in a regular spot and then move the 

PEV to the charging station in the afternoon during the off peak period.  This situation would be 

detrimental to the building owner because the PEV would be avoiding the on peak rates set by 

the owner and subsequently charging during the afternoon hours which are more expensive on 

the utility side due to SCE rate structures. The only way to determine the feasibility of these 

pricing method is to test each out and determine how driver behavior adapts to certain 

charging rates.  The process of implementing the different rates will occur during Task 3 of this 

project. 
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 While results have shown it is difficult to obtain competitive rates for charging, the 

purpose of investing in and installing a work place charging station does not necessarily have to 

be to obtain a profit through EV charging.  As PEV sales continue to grow and market 

penetration increases, charging stations could be seen as amenities at an office building which 

could attract companies to lease space in an office building.  There is a growing demand for 

green buildings and more companies are willing to pay more to occupy green buildings [79].  On 

site EV charging could become a factor in attracting office space tenants as more PEV hit the 

road.  This would allow owners to reduce rates to make them more economical for PEV owners 

as the owner will have seen benefits from the charging station in other parts of their business. 

 SUMMARY & CONCLUSIONS 

7.1 Summary 

7.1.1 Demand Response 

 This work has looked at two key areas of interest for DR with respect to microgrids: the 

economics of participation in utility DR programs and the impact of lighting and HVAC fan DR 

on the sizing of DER systems.  In order to comment on these two areas, DR for the UCI 

microgrid has been characterized by determining its overall capacity and calculating campus 

load profiles for various levels of DR commitment.  These load profiles were then analyzed for 

participation in historical SCE DR events and the economic gains from these programs have 

been compared with the installation costs of the DR systems themselves.  The analysis was then 

furthered by using an optimization model which minimized the total cost of purchasing 
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electricity and investing in DER technologies.  These simulations allowed for the commenting of 

the impact of DR on DER system sizing. 

7.1.2 PEV Charging 

 The PEV charging models used in this work have simulated various levels of throughput 

and installation costs for a charging station in order to determine overall utility costs, pricing 

rates for work place EV charging and performance characteristics of the station.  This work 

developed three pricing methods.  The first is TOU based with an on peak period from noon – 6 

PM and an off peak period for all other times.  The second uses a more expensive rate for the 

first hour of charging and a cheaper rate for charging after the first hour.  The third is also TOU 

based with an on peak morning rate from 6 AM – 10 AM and an off peak afternoon rate for all 

other times.  For the most part these rates are not competitive with either the commercial 

charging networks or gasoline prices for PHEV unless installed cost can be subsidized 

substantially and high throughput can be achieved at the station.  Additionally, the behavior of 

the PEV and their interactions with the station have been modeled in a worst and best case 

scenario, Scenarios 1 and 2, respectively. The conclusions are presented in terms of car set size 

which indicates the number of PEV that attempt to charge at the station in a one month period.  

These PEV are not necessarily unique and one individual PEV can make multiple trips to the 

station in a month.   
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7.2 Conclusions 

7.2.1 Demand Response 

The analysis of the impact of DR on DER system sizes resulted in the following conclusions: 

 Peak shaving DR strategies reduce the size of DER systems which generate electricity 

in the same microgrid.  However, the magnitude of these DER size reductions are less 

than the maximum capacity of the DR strategies. 

 Building based DR strategies which are used in peak shaving strategies reduce the size of 

generation based DER systems.  All levels of DR reduced the size of the DER selected from 18 

MW to the same value of 16 MW.  The DR strategies DR2P, DR3P, DR2F and DR3F all had a 

maximum DR capacity exceeding 2 MW.  Thus the magnitude of the reduction in GT size does 

not match the maximum DR capacity. 

 Peak shaving DR strategies do not consistently reduce the size of DER systems which 

store electricity. 

 The relationship of battery sizing and DR capacity is inconclusive.  When DR capacity 

increased and DR use became more frequent, the size of the battery both increased and 

decreased.  One reason for this is that while DR reduces energy use, it also makes the load 

more dynamic.  DR does not necessarily replace a battery as a battery can be helpful to manage 

system dynamics.  Batteries could be seen as an important component for microgrids which 

function with DR. 



  
 

177 
 

The analysis of the economics of DR system implementation and participation in utility DR 

programs resulted in the following conclusions: 

 The installation of DR systems for the purposes of economic gain through utility DR 

programs is feasible for systems that only implement HVAC fan reductions.  

 For DR systems which consist of only HVAC fan reductions, participation in utility DR 

programs can result in positive cash flow.  At high levels of DR commitment (DR3F) the DBP 

becomes economically feasible with a positive NPV.  The CBP has a positive NPV for all DR with 

DER scenarios.  

 Lighting DR systems installed through retrofits significantly hurt the economics of DR 

systems.  

 This analysis has shown that participating in utility DR programs for the purpose of 

economic gain is not a sound investment when considering a DR system that includes both 

lighting and HVAC fan reductions.  The NPV for such a system has values which ranges from -

$2.9 million to -$1.2 million.  Much of the negative value of the system is due to the high costs 

of lighting DR systems which exceeded $2 million.  It must be noted that this cost assumes a 

complete retrofit of a fluorescent lighting system employing dimming strategies.  This type of 

system requires replacements at all of the fixtures and other DR lighting systems could have 

lower costs of installation which would impact the economics. 

 Additionally, lighting loads are projected to decrease in the future as the adoption of 

low power LED lights spreads throughout the market.  As the lighting load decreases, the DR 
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capacity follows suit.  Thus, with the high installation costs of lighting DR, it is likely lighting DR 

will become less prominent. 

 The Capacity Bidding Program offers the most economic potential of the mainstream 

utility DR programs. 

The CBP offers more revenue streams for participants compared to the DBP.  CBP 

provides payment for monthly capacity commitments, actual energy reduction payments and 

savings on utility bills.  The DBP only offers energy reduction payments and savings on utility 

bills.  For all DR scenarios analyzed, participation in the CBP with a 1-4 hour duration with Day-

Of notifications had the highest NPV. 

7.2.2 PEV Charging 

The analysis of PEV charging resulted in the following conclusions: 

 An economic model in which the owner aims to earn enough annual income from the 

chargers through work place charging to break even over the lifetime of the 

installation is not currently feasible without significant reductions in installation costs. 

 The system which was installed at the MSTB for approximately $90,000 is only 

competitive to the other charging networks and gasoline prices for PHEV at large car set sizes 

which requires a throughput at the station that is not realistic for the current size of the PEV 

fleet.  As the PEV fleet grows and higher throughputs become a possibility, the rates generated 

in this thesis for large car set sizes may be achievable. 
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 To minimize utility costs the owner should integrate the building and chargers on the 

same commercial meter if the maximum demand of the chargers exceeds 20 kW.  

 This is the case for the system installed at the MSTB which has a maximum possible 

demand of 39.6 kW. The presence of solar PV reduces overall utility costs but it does not change 

the decision making process of whether to integrate or separately meter the building and 

charging load.  Under current rate structures, 20 kW is the threshold for when PEV charging 

would have a demand charge if separately metered.  Therefore, it is desirable to avoid paying a 

demand charge for both the building and PEV charging.   
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APPENDIX A   

Building Room Breakdown  

Building 
Name 

Class 
Room 
(ft2) 

Lab  
(2) 

Office 
(ft2) 

Study 
(ft2) 

Special  
(ft2) 

General 
(ft2) 

Suppor
t 
(ft2) 

Health
-care 
(ft2) 

Residen
-tial 
(ft2) 

Unclass
-ified 
(ft2) 

ADM 
MODULAR  

0 0 10129 0 0 0 0 0 0 0 

ALDRICH 
HALL 

0 3076 56109 316 384 0 4018 0 0 0 

ANT I&R 
BLDG 

0 20629 17692 0 1081 0 563 0 0 0 

ANT 
REC CTR  

0 0 7666 0 73600 54 2340 0 0 0 

ART CUL 
TECH 

0 15302 1113 0 490 0 0 0 0 0 

BECKMAN 
LASR 

0 11552 5112 0 0 247 1013 6354 0 0 

BERK HALL    0 1511 7456 1244 0 213 875 1292 0 0 

BIO SCI 3   5268 24896 32259 0 17003 0 1667 0 0 1835 

BIO  
SCI FOOD 

0 0 750 0 0 5825 0 0 0 0 

BONNEY  
RES L 

0 8792 1871 125 2406 0 0 0 0 0 

BREN 
EVENTS  

0 0 2248 0 0 63788 591 0 0 0 

BREN HALL    1238
7 

33505 46400 0 197 0 722 0 0 0 

CAL (IT)2    0 44789 7622 0 0 2366 0 0 0 2140 

CRAWFORD 
HALL 

0 0 7370 0 39423 0 54 0 0 0 

CROSS 
CULTURE 

0 0 6999 300 0 240 0 0 0 155 

CROUL HALL   0 28208 6032 0 0 0 147 0 0 0 

DISABLED 
SVC 

167 0 2211 504 0 0 312 0 0 0 

ENGR  
COMP TR 

0 785 4451 1008 110 0 0 0 0 0 

ENG 
GATEWAY  

0 52061 20523 0 2168 0 2295 0 0 0 

ENG HALL   3899 43661 13122 0 0 0 618 0 0 24655 

ENG LAB 0 19239 3217 0 0 0 822 0 0 0 

ENG LEC H   4630 0 0 0 0 0 0 0 0 0 
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ENG TOWER    2224 45649 12897 0 0 0 3176 0 0 15669 

EH&S BLDG    0 0 10579 0 0 0 15382 0 0 0 

GTWY  
STD CTR 

0 0 7048 8124 0 974 681 0 0 0 

GILESPIE  
BLD 

0 39524 4191 0 8123 0 123 142 0 0 

HDH 
GRNHSE 1 

0 2368 276 0 8880 0 0 0 0 0 

HEWITT 
HALL  

0 25458 7136 337 9868 0 354 137 0 0 

HUMANITIE
S 
GATEWAY  

2459 4951 36805 502 670 0 459 0 0 0 

HUMANITIE
S HALL 

1257
9 

6215 9528 0 43 1598 12 0 0 0 

HIB          5714 7034 32606 0 560 0 689 0 0 0 

COMP SCI 
BLD 

6137 13379 10865 390 1302 0 357 0 0 0 

COMP SCI 
ADD 

0 4531 4738 0 201 0 155 0 0 0 

IRVINE HALL  0 18228 19304 0 450 4000 1028 103 0 0 

LANGSON 
LIBR 

0 3350 20033 93674 160 2185 423 0 0 0 

MCGAUGH 
HALL 

0 96420 17017 0 18244 0 3251 0 0 0 

TAMKIN 
LECT  

4391 0 963 0 85 0 172 0 0 0 

MED SCI A    0 0 0 0 7097 0 0 915 0 0 

MED SCI B    0 17272 5052 0 0 0 240 0 0 0 

MED SCI C    0 25429 7413 0 0 0 1652 220 0 0 

MED SCI D    0 25761 8005 0 0 0 544 0 0 0 

MED SURG 
1   

0 8973 7467 0 226 0 0 0 0 0 

MED SURG 
2   

85 33977 6657 0 1959 0 146 0 0 0 

MESA ARTS    0 2826 8980 0 832 0 354 0 0 0 

MESA 0 0 11277 16951 0 65038 10217 0 223145 0 

MESA OFC 
BLD 

0 2595 3774 0 0 0 0 0 0 0 

ME 0 0 13444 8603 209 45315 7243 0 179345 0 

M SCI & 
TECH 

4323 19302 15950 0 0 0 4516 0 0 0 

KRIEGER 
HALL 

0 1950 25379 0 0 0 108 0 0 0 

MUSIC 
&MEDIA  

1176 7292 3811 0 0 0 150 0 0 0 

NAT SCI 1    0 54590 11450 323 308 0 1568 0 0 0 



  
 

188 
 

NAT SCI 2    0 51565 31197 0 1146 0 750 0 0 0 

NEWKIRK 
PAV  

0 350 1898 0 2008 0 0 0 0 260 

PHY SCI 
CLSM 

4076 0 0 0 0 0 0 0 0 0 

PLUM 
WOOD HSE 

0 10632 1295 0 0 0 136 0 0 0 

PS HIGH 
BAY  

0 8530 0 0 0 0 0 0 0 0 

REINES 
HALL  

0 76865 21570 0 0 0 0 0 0 0 

ROCKWELL 
ENG 

0 3250 4832 0 0 2252 85 0 0 0 

ROWLAND 
HALL 

6939 78853 47425 2712 0 0 15694 0 0 0 

SCILIBRARY   0 0 30678 11088
9 

1137 1089 1485 0 0 0 

W SMITH 
HALL 

0 4388 0 0 0 2645 0 0 0 0 

SOC 
&BEH SCI  

288 33374 45902 0 1134 0 488 0 0 0 

SOC 
ECOLOGY  

0 10315 18322 0 275 0 0 0 0 0 

SOC 
ECOLOGY2 

1921 11265 10254 0 125 0 18 0 0 0 

SOCSCI LAB   1118
1 

16269 1225 0 0 0 978 0 0 0 

SOC SCI PL 
A 

5319 5332 19036 0 0 138 42 0 0 0 

SOC SCI PL B 355 4775 26604 0 0 0 0 0 0 0 

SOCSCI 
TOWER 

5045 23623 17573 0 1081 0 461 0 0 0 

SOCSCI 
TRLRS 

2700 0 0 0 0 0 0 0 0 0 

SPRAGUE 
HALL 

0 33889 8208 0 0 0 444 0 0 12552 

STEINHAUS 
HALL  

3376 43971 12041 0 2724 0 4758 0 0 0 

UCI STUDT 
CNTR 

0 2260 85407 4989 0 73564 5119 0 0 1879 

STUDT HLTH 
CT 

0 0 4597 0 24 0 178 6407 0 0 

STUDT SERV 
1 

0 0 8140 0 869 0 90 0 0 646 

STUDT SERV 
2 

598 0 6067 1285 0 226 124 0 0 0 

SOTA  
STUD 4  

0 5631 110 0 0 0 230 0 0 0 

VERANO 0 0 2272 756 0 2877 942 0 404360 0 

 




