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PREFACE

The California Energy Commission Energy Research and Development Division supports
public interest energy research and development that will help improve the quality of life in
California by bringing environmentally safe, affordable, and reliable energy services and
products to the marketplace.

The Energy Research and Development Division conducts public interest research,
development, and demonstration (RD&D) projects to benefit California.

The Energy Research and Development Division strives to conduct the most promising public
interest energy research by partnering with RD&D entities, including individuals, businesses,
utilities, and public or private research institutions.

Energy Research and Development Division funding efforts are focused on the following
RD&D program areas:

e Buildings End-Use Energy Efficiency

e Energy Innovations Small Grants

e Energy-Related Environmental Research

¢ Energy Systems Integration

e Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
e Renewable Energy Technologies

e Transportation

Economical Dispatch of Combined Cooling, Heating, and Power Systems With Emissions Constraints
and Thermal Load Following Capability is the final report for the Economical Dispatch of CCHP
Systems with Emissions Constraints & Thermal Load Following Capability project (Grant
Number PIR-09-013) conducted by Advanced Power and Energy Program, University of
California, Irvine. The information from this project contributes to Energy Research and
Development Division’s Buildings End-Use Energy Efficiency Program.

For more information about the Energy Research and Development Division, please visit the
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy
Commission at 916-327-1551.




ABSTRACT

The research team developed economic dispatch strategies, which are analyzed and discussed
in this report, to enable combined cooling, heat, and power technologies to reduce overall
facility energy costs. The models have been built in the MATLAB-Simulink® framework using a
method developed by the University of California, Irvine. In addition, the research team has
developed the economic and environmental analyses strategies and models that are used in the
project.

A microturbine generator is dispatched using different economic control strategies, reducing
the cost of energy to the facility. Several industrial and commercial buildings and facilities are
simulated using acquired dynamic electrical, heating, and cooling load data. Industrial and
commercial utility rate structures are modeled after Southern California Edison and Southern
California Gas Company tariffs and used to find energy costs for the simulated buildings and
corresponding microturbine dispatch. Using these control strategies, building models, and
utility rate models, the research team performed a parametric study examining various
generator characteristics. An economic assessment of the distributed generation is then
performed for both the microturbine generator and that parametric study. In addition, the
researchers examined carbon and pollutant emissions from a Capstone C65 microturbine
generator and estimated for the dispatch strategies. The criteria pollutant emissions were
estimated using measured emissions levels for various amounts of heat recovery. These
emission rates were compared to regulatory limits, the California electric grid emissions rates,
and national grid emissions rates.

Finally, the novel control algorithms and architectures that were developed were also
demonstrated to dispatch a microturbine generator in the Engineering Laboratory Facility of the
University of California, Irvine. The control algorithms were translated to Siemens controls and
were installed to demonstrate the novel control algorithms for economical dispatch of a CCHP
system.

Keywords: CCHP, Economic Dispatch, Control Strategy, Energy Cost, Emission
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EXECUTIVE SUMMARY

Introduction

This project enables using combined heat and power (CHP) in underutilized applications. With
the emergence of technologies that can efficiently convert heat into cooling (for example,
absorption chilling technology), considering combined cooling, heating, and power offers
additional market opportunities that are of interest and can significantly contribute to meeting
Public Interest Energy Research Program goals.

Combined cooling, heating, and power technology can support large energy efficiency
improvements and significant reductions of greenhouse gas (primarily carbon dioxide [COz])
emissions. While combined cooling, heating, and power has been widely applied in large (>20
megawatts) applications, the smaller commercial and industrial applications between 500
kilowatts (kW) and 5 megawatts (MW) have not been fully exploited. Various estimates of the
combined cooling, heating, and power market potential in the industrial sector are in the range
of 30-90 gigawatts (GW) of electrical capacity. The “light” industrial market (defined here as 0.5
—5 MW of electrical capacity) comprises about 60 percent of the total industrial combined
cooling, heating, and power market potential. In addition, similar applications in the
commercial and institutional market sectors are estimated to comprise about 75 GW of the
market potential. As a result, the combined light industrial, commercial, and institutional
combined cooling, heating, and power market potential ranges from 93 to 129 GW.

However, combined cooling, heating, and power in the smaller commercial and industrial
applications are challenged by a host of barriers. These barriers include product performance
and availability barriers; awareness, information, and education barriers; utility policies and
regulatory barriers; planning, siting, and zoning barriers; and environmental regulation and
supporting market infrastructure barriers. Among these barriers are three high priority
challenges that must be overcome to enable the light industrial, commercial, and institutional
adoption of combined cooling, heating, and power. These high priority challenges are:

1. Lack of cost-competitive equipment options in the appropriate size range (0.5 - 5SMW).
2. Lack of information on the value of these smaller systems for potential users.

3. Lack of controls sufficient to deal with the highly dynamic nature and relative
noncoincidence of the thermal and electrical loads in many of these applications.

This research and development effort directly addresses these challenges and significantly
contributes to increased combined cooling, heating, and power market penetration in the light
industrial, commercial, and institutional sectors.

Project Purpose

Most commercial and industrial electrical loads are highly dynamic and typically not
synchronized with local heating and cooling demands. These dynamics, together with utility
charges and nonexport requirements, often make CHP/CCHP systems less cost-effective and
less attractive to end users.



A new, dynamic combined heat and power/combined cooling, heating, and power system
control approach is required to address this problem and overcome these barriers. The purpose
of this research and development effortis to develop novel control strategies for dynamic
economical dispatch of combined heat and power/combined cooling, heating, and power
systems with emissions constraints and thermal load following capability (or the ability of the
system to adjust the amount of heat energy supplied to match the amount required in real
time). This new combined heat and power/combined cooling, heating, and power control
technology will significantly contribute to increased CHP/CCHP market penetration in the light
industrial, commercial, and institutional sectors of California. The novel control algorithms and
technology will be developed based upon previous research, experience, and expertise at the
University of California, Irvine (UCI), which directly addresses the high priority challenges in a
wide variety of applications.

To meet the goal and address the problem, the research team has established a set of objectives
as follows:

Objective 1: Develop first principles dynamic physical models of the CCHP technologies
required for fundamental understanding of transient performance capabilities and
interactions.

Objective 2: Acquire and assess dynamic loads from existing building types and
applications and dynamic performance characteristics of CCHP technologies of interest.

Objective 3: Verify the dynamic model performance by comparing simulation results to
existing CCHP performance.

Objective 4: Develop and test novel control algorithms and architecture for dynamic
control of CCHP systems with economic and environmental constraints and goals.

Objective 5: Translate the novel control algorithms and architecture to the industrial
partner (Siemens) controls hardware platform, and

Objective 6: Install & verify performance of the novel controls in a CCHP system.

Project Results

The first principles dynamic models for CCHP components and integrated systems technologies
that are required for the project have been developed. The models have been built in the
MATLAB-Simulink® framework using a method developed by UCI and described in detail in
this report. In addition, the research team has developed the economic and environmental
analyses, strategies, and models that were used in the project. The UCI method develops a
physical model for each of the primary system components and then connects the components
together to represent the CCHP system. The system dynamic models are then subjected to
dynamic CCHP load demands and other deviations. In this fashion the dynamics of individual
components, as well as interactions among system components, are captured to simulate the
system dynamic response. In this report, the developments of all of the following dynamic
models are presented: Micro-Turbine Generator, High-Temperature Polymer Electrolyte Fuel



Cell Model, Molten Carbonate Fuel Cell Model, Photovoltaic Model, Lead-Acid Battery Model,
Lithium-Ion Battery Model, and Ultracapacitor Model.

A combined cooling, heating, and power system can provide many benefits over traditional
central generation such as increased reliability and efficiency while reducing emissions. Despite
these potential benefits, a CCHP system is generally not purchased unless it reduces energy
costs. Economic dispatch strategies can be designed such that CCHP technologies reduce
overall facility energy costs. In this report, a microturbine generator is dispatched using
different economic control strategies, reducing the cost of energy to the facility. Several
industrial and commercial facilities are simulated using acquired electrical, heating, and cooling
load data. Industrial and commercial utility rate structures are modeled after Southern
California Edison and Southern California Gas Company tariffs and used to find energy costs
for the simulated buildings and corresponding microturbine dispatch. Using these control
strategies, building models, and utility rate models, the research team performed a parametric
study examining various generator characteristics. The team then performed an economic
assessment of the distributed generation for both the microturbine generator and parametric
study.

Without the ability to export electricity to the grid, the economic value of CCHP system is
limited to reducing the costs that make up the cost of energy for a building. Any economic
dispatch strategy must be built to reduce these costs. While the ability of CCHP system to
reduce cost depends on factors such as electrical efficiency and operations and maintenance
cost, the building energy demand being serviced has a strong effect on cost reduction. Buildings
with low load factors (average power to peak power ratios) can accept distributed generation
with higher operating costs (low electrical efficiency and/or high operations and maintenance
cost) due to the value of demand reduction. As load factor increases, lower operating cost
generators are desired due to a larger portion of the building load being met to reduce demand.
In addition, buildings with large thermal demand have access to the least expensive natural gas,
lowering the cost of operating distributed generation. Recovery of exhaust heat from the
combined cooling, heating, and power system reduces cost only if the thermal demand of the
buildings coincides with the electrical demand.

Capacity limits exist where annual savings from operation of distributed generation decrease if
further generation is installed. For low operating cost generators, the approximate limit is the
average building load. This limit decreases as operating costs increase. In addition, a high
capital cost of distributed generation can be accepted if generator operating costs are low. As
generator operating costs increase, capital costs must decrease if a positive economic
performance is desired.

In addition, the carbon and pollutant emissions from a Capstone C65 MicroTurbine generator
(were examined. Using the experimental efficiency, the research team estimated the carbon
emissions. The criteria pollutant emissions were estimated using measured emissions levels for
various amounts of heat recovery. The team compared these emission rates to regulatory limits,
the California electric grid emission rate, and national grid emission rate. For each case, the
team determined the amount of waste heat recovery that would lead to parity between a



Capstone C65 MicroTurbine generator and the different regulatory limits and grid emission
rates.

Novel control algorithms and architecture were developed and tested to dispatch a
microturbine generator in the Engineering Laboratory Facility in University of California,
Irvine. The control algorithms have been translated to Siemens controls and were installed to
demonstrate the novel control algorithms for economical dispatch of a CCHP system.

Project Benefits

This report provides CHP/CCHP system developers, installers or end users a detailed
understanding of CHP/CCHP generator and component technology operating and performance
characteristics required to successfully control highly integrated systems

The project supports the California Energy Commission’s Energy Research and Development
Division’s goal to develop and help bring to market energy technologies that provide increased
environmental benefits, provide greater system reliability, and lower system costs. This effort
provides tangible benefits to electric utility customers through development of advanced
controls for electricity generation technologies that exceed applicable standards to increase
reductions in greenhouse gas emissions from electricity generation. This project will also lead to
greater adoption of advanced electricity technologies that reduce the consumption of finite
fossil fuels. Specifically, the novel controls advanced will make CHP/CCHP systems more
capable of meeting demands for a larger cross-section of the potential market and will make
market adoption of CHP/CCHP technology more rapid. Increasing the market potential and
market adoption of CHP/CCHP technology will provide California ratepayers with the
following specific benefits:

e Lower energy use (improved fuel use efficiency) that contributes to conservation of
limited primary energy resources

¢ Reduced criteria pollutants that can lead to improved air quality

e Reduced greenhouse gas emissions, which contribute to meeting state goals for GHG
reduction and lessens impacts on the global climate

e Lower ultimate cost of electricity and heat than would otherwise result due to
energy that is saved and due to the increasing costs of emissions.

Finally, the project developed technology that would otherwise not be developed by
competitive or regulated markets. These anticipated benefits are developed with very modest
cost (about $400,000), since the project heavily leverages previous investment and uses
significant previously developed expertise and resources.



CHAPTER 1:
First Principles Dynamic Models of CCHP
Technologies Development and Verification

While the market potential and emissions reductions of Combined Cooling, Heat and Power
(CCHP) use are significant, CCHP use is currently challenged by a host of barriers. The general
problem is that, although CCHP technology could significantly contribute to reductions in
energy use, criteria pollutant and green house gas emissions, market adoption and installation
of CHP/CCHP technology is too slow. Contributing broadly to this fact and directly related to
the general technical and market barriers listed above are three high priority challenges that
must be overcome to enable higher adoption of CCHP technology. These high priority barriers
include 1) Lack of cost-competitive options in the appropriate size range, 2) Lack of information
on the value of these systems for potential users, and 3) Lack of controls sufficient to deal with
the highly dynamic nature and relative non-coincidence of the thermal and electrical loads in
many applications. The specific problem is that most commercial and industrial electrical loads
are highly dynamic and typically not synchronized with local heating and cooling demands.
These dynamics, together with utility charges and non-export requirements often make
CHP/CCHP systems less cost effective and less attractive to end-users.

A new, dynamic CHP/CCHP system model and control approach is required to address this
problem and overcome these barriers. In this chapter, first principles dynamic physical models
are developed and verified for dynamic economical dispatch of CCHP systems with emissions
constraints and thermal load following capability.

This chapter summarizes and describes the dynamic model development effort that has been
completed for this project and describes the details of the models developed. This chapter
contains the following sections: Micro-Turbine Generator (MTG), High Temperature Polymer
Electrolyte Fuel Cell Model, Molten Carbonate Fuel Cell Model, Photovoltaic Model, Lead-acid
Battery Model, Lithium-ion Battery Model, and Ultra-capacitor Model.

1.1 Microturbine Model (Capstone C65)

Steady state experimental data was taken from a Capstone C65 Microturbine operating from 5
kW to 65 kW in 1 kW increments. Data collected included information on actual power output,
fuel consumption, and exhaust characteristics, including pollutant emission levels. The
pollutant emissions for a Capstone C65 Microturbine generator at steady state operation for
various part loads are shown in Figure 1.



Figure 1: NOx and CO Emissions for Capstone C65 Microturbine Generator for Steady-State
Operation at Part Load
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As seen in Figure 1, part load steady state emissions are significantly higher than operation near
or at full load. While studies have shown that increased distributed generation penetration,
including combustion based generators, can help improve overall air quality?, emission factors
based on operation at near or full load are assumed?. Continuous operation at part load would
undoubtedly increase these distributed generation emission factors, potentially turning any air
quality benefits into disadvantages. Regulation of emission limits for distributed generation
exist in some parts of the United States®, but generator operators needs to ensure that
microturbine dispatch occurs at near or full load.

Any air quality improvements provide indirect benefits to the operator and, currently, would
most likely not increase profitability of a microturbine investment. Operation at part load,
however, does lead to reduced electrical efficiency, as shown in Figure 2.

This reduced efficiency at part load increases the cost of electricity produced by the generator,
reducing the value of producing electricity on-site. With the highest efficiency occurring at near
or full load and increased pollutant creation at part load, microturbine operation for a single
generator will likely be limited to between 80 and 100 percent of maximum generator power to
simultaneously achieve high electrical efficiency and low emissions dispatch.

1 Carreras-Sospedra, M., et al., Central power generation versus distributed generation - An air quality
assessment in the South Coast Air Basin of California. Atmospheric Environment. 44(26): p. 3215-3223

2 Rodriguez, M.A,, et al., Air quality impacts of distributed power generation in the South Coast Air
Basin of California 1: Scenario development and modeling analysis. Atmospheric Environment, 2006.
40(28): p. 5508-5521.

3 Greene, N. and R. Hammerschlag, Small and Clean Is Beautiful: Exploring the Emissions of
Distributed Generation and Pollution Prevention Policies. The Electricity Journal, 2000. 13(5): p. 50-60.



Figure 2: Part Load Electrical Efficiency of a Capstone C65 Microturbine Generator with Curve Fit
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Ambient temperatures above 59 °F have a negative impact on power. As ambient temperature
increases beyond this value, the maximum power produced decreases due to a lower air density
at elevated ambient temperatures*. This temperature derate was captured by operating the C65
MTG at full load for various temperatures during the summer. Using this data, a look-up table
was built that captures the temperature derate due to ambient temperature and is shown in

Figure 3.

Figure 3: Temperature Derate Due to Ambient Temperature of a Capstone C65 Microturbine
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4 Goldstein, H.L., et al., Gas-fired Distributed Energy Resource Technology Characterizations. 2003:
National Renewable Energy Laboratory.



Available waste heat also changes based on generator power setting. Using a mass flow curve
supplied to APEP from Capstone and temperature information taken from the generator, the
available waste heat at part load operation was found using the equation below.

E = me.‘rhaust * (Cpe:rhaust(T) * Te.rhausr - Cpmnbienr (T) * Tambient)

Figure 4: Available Heat for the Capstone C65 Microturbine Generator Operation at Part Load for
Various Ambient Temperatures
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Available waste heat, according to Eq. 1 changes due to ambient temperature, with available
heat being reduced at elevated ambient temperatures. The available waste heat at part load
operation used for the C65 model for various ambient temperatures is shown in Figure 4 6.
Capital cost of a Capstone C65 Microturbine Generator is assumed to be $2700 per kW.

1.2 High-Temperature Polymer Electrolyte Fuel Cell Model

In Proton Exchange Membrane (PEM) fuel cells, the electrolyte material that are widely used is
perfluorosulfonic acid (PFSA). In the family of PFSA, the material Nafion, which was developed
by Dupont®, has good durability and fairly high proton conductivity. The use of phosphoric
acid-doped polybenzimidazole (PBI) membrane is intended to raise the operating temperature
of PEM fuel cells. PBI membrane possesses desirable characteristics such as high proton
conductivity at temperatures up to 200°C, good tolerance of CO and SO2 when operating at high
temperature up to 200°C. PEM fuel cells using PBI membrane can operate at higher temperature
and possess good features as shown above. Other undesirable characteristics of PBI are low
proton conductivity at low temperature, low solubility of oxygen, and evaluation of stack
components including bipolar plate, seals and coolant, and thermal and water management. To
evaluate the effect of using a high temperature PEM fuel cell (HTPEMEC) couple with a micro-
CHP for heating purpose, a first-principle model has been developed.

1.2.1 Model Description

A first-principle HTPEMFC model has been developed using the MatLab-Simulink® interface.
The temperature, species concentrations of the control volumes throughout the system are



determined from the first principles conservation equations. Temperatures of the solids are
resolved using the ordinary differential equation below:

,QL*{.——EC_»' e

The temperature of the gas channel and coolant control volumes is determined by solving the
dynamic energy conservation equation in the form:

o @7 -
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Where [ i, represent the enthalpy flux into the control volume, ¥;yskey; the enthalpy flux
out of the control volume, V is the molar capacity, or total number of moles, Cy; is the constant
volume gas specific heat capacity.

Species mole fractions at the exit of each bulk fluid control volume are determined from the
dynamic species conservation equation:
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Where ¥ is the species mole fraction vector and @ is the species diffusion flux from adjacent
control volumes.

The major assumptions of the model are: 1) Only major species in the gas stream are considered
in the model: CHy4, CO, COz, Hz, H20, N2, O; 2) All gases are ideal gases; 3) Control volumes
have a single lumped temperature, pressure, and set of species mole fractions; 4) Uniform gas
pressure along the streams. Thus, the pressure drop along the gas flow channels and gas
diffusion layer (GDL) are neglected; 5) the solid GDL and membrane electrode assembly (MEA)
have a lumped temperature; 6) each cell in the fuel cell is identical. Thus the performance of the
stack can be evaluated using the performance of a single cell. 7) Quasi-steady electrochemistry
is assumed, since the electrochemistry is rapid (occurring at time scales on the order of 10 s; 8)
A single activation polarization equation is used to capture the effects of all physical and
chemical processes that polarize the charge transfer process; 9) All reactants generate their ideal
number of electrons, and no fuel or oxidant crosses the electrolyte.

1.2.1.1 PBI Fuel Cell

The model is developed with emphasis on electrochemical reaction with these assumptions: 1)
The system distributes air, fuel, and coolant evenly across all cells; 2) All cells are identical. Thus
modeling of one cell is sufficient to predict the performance of the stack; 3) Heat loss is
negligible. The fuel cell is discretized in the direction that is normal to the flow. The control
volumes are: anode bipolar plat, anode GDL, electrolyte, cathode gas diffusion layer, bipolar
plat, coolant and end plate, as shown in Figure 5.



Figure 5: PBI Fuel Cell Control Volume Definitions
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The reactions that happen in the anode and cathode compartments are:
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The reaction rate of consumption and creation are calculated using Faraday’s Law.

i
2-1-1000
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In which F is the Faraday constant, i is the current, and r is the reaction rate. The model also
captures the species diffusion between the gas channel, GDL, and electrodes using standard
approach of calculating the mass transport coefficient (g, ):

Where Sh is the Sherwood number, D, is the diffusion coefficient, and D,, is the hydraulic

diameter of the gas flow channel. The diffusion coefficients for species are functions of
temperature and pressure and are modified via the Bruggeman correlation to account for the
effects of porosity and tortuosity in the GDL as follows:

Where D, is the species diffusion coefficient at standard pressure and temperature, D is the

effective species diffusion coefficient and ¢ is the GDL porosity. The species diffusion flux
between the GDL and bulk gasses is then as:

10



After participating in electrochemical reaction, the cathode exhaust recirculates to the fuel
processing unit, and the anode exhaust enters the combined heating and power (CHP) unit.

1.2.1.2 Fuel Processing Unit

The fuel processing system consists of an auto thermal reactor, a high temperature shift reactor,
and heat exchangers to preheat the fuel and regulate the anode inlet temperature. The auto
thermal reactor process uses rate reaction developed by Yuan et al.>. The model takes into
account the convection heat transfer between the gas stream and the catalyst bed to determine
the temperature of the gas stream and the temperature of the catalyst according to the equation:

Qq =hc'ﬂc'Fc'E:Tq_Tc:'

Where hc is the convective coefficient between catalyst and gases, A is the convective efficient
area per volume of the catalyst. The High Temperature Shift reactor captures the reaction:

CO+ Ho O = He + 0l

Using the internal reforming of mechanism for solid oxide fuel cell, as outlined by Aguiar et al.®
and the catalyst used is Ni/MgAOs. The operating temperature of the HTS is ~400°C.

1.2.1.3 Heat Exchanger

The heat exchanger model is a counter-flow shell-and-tube heat exchanger model. In the normal
direction to the flow, the heat exchanger is discretized into three nodes: hot stream, wall, and
cold stream. The main assumptions of the models are: 1) Heat transfer between the fluid and the
wall is dominant in compared to the heat transfer along the fluid stream; 2) All streams are
symmetric, thus simulating along one channel is sufficient to capture the temperature profile
along the heat exchanger. A description of the resistive thermal flow network of the heat
exchanger can be found in Figure 2. Tuning of the heat exchanger model is accomplished by
varying physical parameters of the heat exchanger such as tube length, tube diameter, and
number of tubes.

5 L. Yuan, ]. Brouwer, and G.S. Samuelsen. Dynamic Simulation of an Autothermal Methane Reformer.
in 2nd International Conference on Fuel Cell Science, Engineering and Technology. 2005. Rochester, NY.

6 P. Aguiar, D. Chadwick, and L. Kershenbaum, Modelling of an indirect internal reforming solid oxide
fuel cell. Chemical Engineering Science, 2002. 57(10): p. 1665-1677.
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Figure 6: Heat Exchanger Heat Transfer Network
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1.2.2 Model Verification
The simulation results of the voltage and the current agree well with the experiment data as
shown in Figure 7.

Figure 7: HTPEMFC Stack Voltage and Current

E ______________ i e — 1
“ 1 e 1
§ — Simulink
5 Experimental
30 40 50
Time (hr)
E — Simulink
) .
Sy Experimental
Rl
S
0 10 20 30 40 50
Time (hr)

1.3 Molten Carbonate Fuel Cell Model

A spatially-and temporally-resolved fuel cell model has been developed using the MatLab-
Simulink® interface. The model incorporates necessary terms for Molten Carbonate Fuel Cell
(MCFC) simulations and is derived from first principles. Spatial resolution allows for analysis of
the internal temperature profile and thus internal heat transfer must be modeled with precision.
The analysis allows for local evaluation of electrochemical activity and potential using local

12



pressure, temperature, and concentration values. Internal reforming rates are evaluated locally
and local heat generation calculated from the difference in chemical potential energy and local
electrical power production.

1.3.1 Model Description
1.3.1.1 Species Conservation

Each spatially resolved segment, or node, of the fuel cell accounts for the changing
concentration of each species through mass conservation of each element and known reaction
processes. The expression assumes a perfectly stirred reactor with the exit conditions
representing the concentrations throughout the control volume.

Rgrom t Keowswae - Nowltin = Nousilour _ A

i at

-
i

Where the following apply:

| ! o .
Nourm Ny, + Z WRasream + Beowsvme)

o
Brerogrconses Rate of species reform/consumed {kmealis]
! Nodal Current {couiombs/s}

reuiemis i
F Faradays Constant [— — |
MEE L RIR RN

i 0ue Flow rate infout of node {kmaliz]
Ynawe Opecies concentration in/out of node
F; Local Pressure {&Fa)l

V; Volume of channels in node (1%}

Ro Universal Gas Constant € &I /kmel - K
e

=& Rate of change in species {1/35}
o ST

The consumption rates for the cathode and anode are based upon the two half reactions for a
molten carbonate and solid oxide fuel cell. The half-reactions of the MCFC consume carbon
dioxide and oxygen in the cathode to produce carbonate ions while hydrogen molecules and
carbonate ions react in the anode to produce carbon dioxide and water. The balance of electrons
passes through an external circuit providing for the useful power of the chemical reactions.

13



Cathede é-:ﬂg o 0k o 2= = Py
Anode: Hy + C0;™ = CO0; + H,0 + 26~

The reaction rate is arranged in an array of seven species specified below. A positive reaction
rate indicates the production of that species while a negative rate indicates consumption.
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1.3.1.2 Reformation

Reformation occurs within the anode and any external reforming chamber, and is a function of
the local pressure, temperature, and species.

The internal and external reformation of methane as well as the water gas shift chemistry
utilized in the model is based on the well established kinetic reaction mechanisms, presented in
Equations below. Through well documented experiments the authors outlined three important
reaction mechanisms and the corresponding rate equations. Three reaction mechanisms are
responsible for the conversion of methane and steam into hydrogen and carbon dioxide.

CHy + Ho0 =00+ 34,
CO -+ H 0= 00; + Hy
CHy + 2020 = 005 + 4H;

The rate equations for these three reactions above are presented below and implemented
directly into the model in each node.
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HeactionHate = 1 * M * Sl onommess * Activelataiyst

r: Reaction rate {imelsm* » s}
1; Reaction effectiveness
5‘*55'1; eannels

ActiveCatalyst Surface Catalyst

Reaction surface area {m*}

¥, Local Partial Pressure & &Fal

E;:  Reaction equilibrium constant

k; Arrhenius equation reaction constant
K, Van’t Hoff equation reaction constant

The constants used in these expressions are presented in the Table 1 and Table 2.

Table 1: Reformation Constants

Rate Activation Pre-exponential Rate Heat of Pre-
Constant | Energy factor Constant | absorption | exponential
(kJ/mol) (kJ/mol) factor
ks 240.1 4.225x10™ Keo -70.65 8.23x 10°
(kmol-MPa®*/kgcat-h) (MPa™)
ko 67.13 1.955 x 10° Kcha -38.28 6.65x 10
(kmol/kgcat-h-MPa) (MPa™)
ks 243.9 1.020 x 10" Ko 88.68 1.77 x 10°
(kmol-MPa®*/kgcat-h) (unit less)
KH, -82.9 6.12x 10°
(MPa™)
Table 2: Equilibrium Constants
Equilibrium Constant Dimensions
Ko 1.198 x 10"-exp(-26830/T) (MPa)?
Kz = 1.77 x 10°-exp(4400/T) (MPa)°
Kpa Kor- Kpz M Pa)2
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1.3.1.3 Inlet Composition

Molten carbonate fuel cells require sufficient carbon dioxide in the cathode inlet stream for the
carbonate forming reduction reaction to proceed. Determining correct inlet concentrations and
flow rates requires several assumptions or a detailed understanding of the system
configuration. Typically for MCFC systems the exhaust supplies the necessary COz by mixing
with the inlet air stream, thus the exact concentration depends upon the exhaust composition
and amount of recirculated gas. Solutions require multiple iterations for steady state models or
a short period of convergence with dynamic state models. Calculating inlet conditions rather
than specifying them allows direct comparison of different system parameters without the
influence of arbitrary variations in fuel and air specifications. The parameter under
investigation, steam to carbon ratio, recirculation or utilization, can be varied independently.
Table 3 lists the reference conditions for a MCFC running at a steam to carbon ratio of 2, fuel
utilization of 80 percent, and no recirculation. The fresh fuel stream flows directly from a pre-
heater into the reformer compartment.

Table 3: Reference Molten Carbonate Inlet Concentrations

Compartment CH, (o{0] CO, H, H,O N, 0,
Reformer 0.2798 0.005 0.0346 | 0.1168 | 0.5662 0.0 0.0
Cathode 0.0 0.0 0.1041 0.0 0.1137 | 0.6332 0.149

The composition of the cathode inlet stream plays a significant role on the overall performance
of the cell. A reduction in oxidant concentration at the cell inlet reduces oxidant partial pressure
throughout the cell. This negatively impacts the local Nernst potential and loss terms, thereby
producing more heat and reducing the efficiency of the cell. Cathode recirculation, if present,
can increase or decrease the oxidant concentration at the inlet. Cathode recirculation diminishes
oxygen concentration when diluting ambient air, but increases CO:2 concentration for MCFC.

A molten carbonate fuel cell recycles CO: from the anode compartment and post combustor into
the cathode inlet stream. The anode off gas is diluted with atmospheric air, and the resulting
inlet species distribution is calculated. The following expressions determine the inlet
concentrations.

{#Xex, + Xeo + Xeo )], _ TR [ﬂEXCO; jj.;;,-«a..-..-ﬁ-h
XCG: - {'-1‘1}1:::-.’:.:?.‘.‘&:'

{'.'1(2?5’( g, T &g T Ao )}HH-E«'::‘ + 8 ["ﬂ' E‘;"EE; o ) -lrl:l.'..‘:'."..‘-h".'«'::'
X{-ﬁi o=

Ml cashinies

R ) .
X‘:"i -{XGE}H:."EJ'- il an "'")

b
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Water has a high heat capacitance, and can be used within the stack for temperature
management. However, the addition of water in the anode compartment reduces the fuel
concentration and thus the Nernst potential, possibly reducing the overall efficiency of the
stack. When the MCFC stack is combined with the rest of the components in the hybrid system,
the steam to carbon ratio can be adjusted as an additional control mechanism. The steam from a
Rankine bottoming cycle can be added to a natural gas stream to reach a specified steam to
carbon ratio when no anode recycle is employed. The reference steam to carbon ratio is 2:1; for
each carbon atom flowing into the stack, two water molecules are also supplied. Table 4
presents the composition of fuel supplied to the MCFC stack.

Table 4: Example Molten Carbonate Inlet Concentrations

Compartment CH, co CO, H, H.O N, 0.
Steam 0.0 0.0 0.0 0.0 1.0 0.0 0.0
Natural Gas 0.8 0.0 0.05 0.1 0.0 0.05 0.0
S/IC=20 0.2963 0.0 0.01852 | 0.03704 | 0.6296 | 0.01852 0.0

The flow rate into the reformer is controlled to maintain specific fuel utilization by measuring
the instantaneous current produced, and supplying enough available hydrogen to produce that
current at a specified utilization factor. The following expressions are important in determining
the fuel flow rate into the fuel cell, and fuel utilization is an important parameter that can be
manipulated to control stack conditions.

HE-EP weuIeE

Hﬂ .‘.f wet — H
Seauail

Reett " f* Agen
7 F

Eyasett = Pruet *$4 Xeg, T Xeo + X5 )

M —
ZOCRFUMmME —

Air utilization is calculated by comparing the oxygen supplied and consumed. Air flow is
controlled by the inlet and exhaust stream temperatures, not air utilization. Higher air
utilization implies a more efficiently fuel cell that requires less cooling air. At high air utilization
local Nernst potential decreases dramatically as the partial pressure of the oxidant approaches
zero in downstream nodes. This impact is enhanced in systems operating on pure oxygen rather
than atmospheric air at 21 percent oxygen.

1.3.1.4 Energy Balance

Each component of the cell is given the conservation of energy treatment resulting in a unique
expression for each. Several intrinsic and extrinsic properties of the stack and the anode,
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cathode, and electrolyte material properties are needed to complete these expressions and are
detailed in Table 5.

Table 5: Molten Carbonate Fuel Cell Parameters

Component Parameter Value Units
Stack Length 1.2 (m)
Width 0.8 (m)
Bipolar Plate Thickness 0.02 (m)
Density 7900 (kg/m®)
Specific Heat 611 (J/kg*K)
Conductivity 254 (W/m*K)
Anode Channel Height 0.004 (m)
Channel Width 0.004 (m)
Wall Thickness 0.005 (m)
Cathode Channel Height 0.005 (m)
Channel Width 0.006 (m)
Wall Thickness 0.006 (m)
Electrolyte Membrane 0.001 (m)

Thickness

Plate Density 2702 (kg/m®)
Plate Specific Heat 1146 (J/kg*K)
Plate Conductivity 218 (W/m*K)
Reformer Channel Height 0.005 (m)
Channel Width 0.003 (m)
Wall Thickness 0.001 (m)

The resulting expressions from this conservation of energy analysis are presented below. The
subscript a refers to the anode gas stream, e to the PEN, c to the cathode gas stream, o to the
oxidant side of the separator plate, and f to the fuel side of the separator plate except for the
following exceptions. The subscripts n+1 and n-1 refer to the subsequent and previous nodes in
the direction of air flow, r+1 and r-1 refer to the nodes to the right and left respectively, and h+1
and h-1 refer to the nodes above and below.

A, Local heat transfer coef. {I¥* fm=aK)
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h Specific enthalpy f—"{f'—\T

oMl

Adte  Heat of Reaction (—“ir—\T

oty

&h;  Change in sensible enthalpy of species i Ifjfr:]

il Flow rate {&Mal/s)

4. Contact area between x and y {m?}
T Temperature (K

P, Local Partial Pressure {&Fa}

Q1o sranzger  ENthalpy of transport ion*rate of transfer{ ki)
t; Thickness of component i {m)

K.ong Local heat conduction{W’ fm « K}

@ Heat generated by electrochemical reaction {&l"}
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1.3.1.5 Energy Balance

The Nernst Equation is applied specifically to the operation of a molten carbonate fuel cell and
presented below. When applied to the Nernst potential equation the half-reactions occurring in
the anode and cathode compartments of an MCFC form an expression for the open circuit
potential.

EwmEY+
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)
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Angde

Assuming the pressures in the anode and cathode compartments are equal this expression can
be reduced by combining logarithms and using only the cathode pressure. This results in the
following simplified expression.
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E Nernst Potential {[*gits]
E¢ Ideal Reversible Cell Potential {I*gits}

By Universal Gas Constant $&f fkmol £

T Electrolyte Temperature {Kelvin)

F Faradays Constant {couiombs mal)

P Partial Pressure of species i normalized by atmospheric pressure
X; Mole Fraction of Species i {unitigss)

4g:% Change in Gibbs energy of formation {kJ fzmel}

n # of electrons involved in reaction {greeas )

1.3.1.6 Polarization Losses

Activation losses: The activation losses is encapsulated in the fundamental equation of
electrochemical kinetics, know commonly as the Butler-Volmer equation:

i ’c?ﬁ £E ] QEF L £ ]
fm [Femiﬂr WRE - EF.E L= T ,ﬁf.]
% F
Where:
i Exchange Current Density {amgs/me}

15° Exchange Current Density at Standard Concentrations {Ampa ma)

fzp  Actual Surface Concentrations (reactants/products)

£ ?;-E Reference Concentrations (reactants/products)
a Symmetry of Activation Barrier {unitiess)

n Number of Electrons in Reaction {ynitiess)

7 Activation Overpotential {Feitz)

The shape of the Butler-Volmer equation lends itself to simplification. For extremely low
activation polarization, less than 15mV, a linear approximation is accurate. A first order Taylor
expansion results in the first equation below. For higher polarizations, 50-100mV, an
exponential approximation is employed resulting in the second equation below. This is further
simplified, by solving directly for the activation over-potential, resulting in the more common
form of the Tafel equation shown below that is utilized in this model.
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Ohmic losses: Electrical resistance of the electrodes and electrolyte results in the single largest
source of energy loss incurred during typical fuel cell operation. Due to their highly porous
structure, and high operating temperatures, the electrode materials conduct electrons from the
Triple Phase Boundary (TPB) poorly. The ions being conducted across the electrolyte also
encounter significant resistance, and can account for up to 70 percent of the total Ohmic loss.
Electrolyte resistance exhibits a strong dependence on both temperature and thickness. Though
thinner electrolytes offer less resistance the electrolyte must remain thick enough to prevent
leakage, crossover of reactants or products, and withstand the thermal and physical stresses of
the stack. The electrode and electrolyte resistances can be combined as resistors in series to form
a single effective resistance. The effective resistance modeled in these experiments is taken from
the empirical test cell data gathered by Rivera of UCI, and follows the correlation below.

ASR.s5= €y + €y T

This results in an Area Specific Resistance (ASR). Fuel cells are typically compared on a per-
unit-area basis to relate small test cells to full size operational models. When using ASR it is
important to account for the current density when calculating the actual cell resistance. This is
utilized in the nodal design of the model by calculating the local resistance with needing to
know the resistance of the entire plate. The final equation needed to find the local Ohmic loss is
expressed below.

t
Wohmie =7  *ASRopp =+ ASRofy

Concentration Losses: Concentration losses arise from a physical limitation of gaseous flow to
the reaction sites. As the cell produces current it must be continually supplied with reactants at
the TPB, however, at some rate the supply of reacting species cannot diffuse through the
electrode quick enough. This is known as the limiting current density, and will reduce the
operating voltage all the way to zero. Reactant concentration affects the fuel cell performance in
two specific ways, through the Nernst potential and through the reaction kinetics. The actual
theoretical potential of the cell is found by using the reactant concentrations at the TPB, not in
the bulk flow. Thus by comparing the Nernst potential using the slightly different reactant
concentrations we can derive the first portion of the concentration loss.

Ryl' 1 j RyT’ E‘ﬂ.Eﬂ

j RyT
ﬂrwa:'-.l.-[kﬂl}ﬂ‘ - Eﬂ—]—[ﬂgﬂ'ﬁ —_— >F

22



The relationship between the concentration of the bulk flow and at the TPB can be put in terms
of the current and diffusivity rates in the following expression. Taking the limiting case of zero
reactants at the TPB, letting¢z = {I, we can define a limiting current density, j;.

S S L N /R
R= R nrpell — nFpetl  nFpe?

Combining these equations forms the first portion of the concentration loss equation.

Hooncy m L L
rened Zﬁ .'tl- ,-t

Reaction kinetics is also heavily dependent upon reactant concentrations at the TPB. Once again
the difference in concentration between the bulk flow and TPB can be modeled and input into
the Tafel Equation. This simplification of the more general Butler-Volmer expression is valid,
because concentration losses are most likely to have an effect in the high current density
regimes where the Tafel Expression is valid. This results in a similar loss term.

R,T
P

alji=1

Combining the above with the previous expression yields the net concentration loss term.

1 jI R .r_rT' f L
ey
1.3.1.7 Model Parameters
The open circuit voltage found using the Nernst Equation must be adjusted to account for the

three types of voltage loss detailed above. The values used for the constants in the voltage loss
equations are shown in Table 6.

Meene ™ [-I- = in

Table 6: Voltage Loss Parameters for MCFC

Constant Value Units
Ji 4000 Amps/m?
Cs 6.667x10” Ohm-m?/K
C, 4.7833x10™ Ohm-m?
a 04 unit less
Jo 50 Amps/m?

1.3.2 Model Testing

To test the robustness of the model, and gain insight into the steady state behavior of the fuel
cell a multi-parameter variation was undertaken. The important variables manipulated during
these tests were power density, steam to carbon ratio, fuel utilization, and temperature rise
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across the stack. Airflow was controlled to maintain the desired average PEN operating
temperature of 650°C. The following data presents the power produced, amount of cooling air
required, peak electrolyte temperature, and thermodynamic efficiency under the applied
conditions. This study will help determine the ideal conditions to operate the fuel cell at in
conjunction with the turbomachinery. It is obvious that higher operating voltages result in
better fuel cell performance, but decrease the power density of the fuel cell and the amount of
high temperature gas available to drive the turbomachinery. A portion of the initial test matrix
and results are shown in Table 7.

Table 7: Operating Condition Test Matrix and Initial Results

AT Séi?g:) |t1° CO, | Voltage | Current FIAc:rw Power | Efficiency 'II?:;I;
(K) H.,0:C % | (volts) | (amps) | (mol/s) | (watt/cell) % (K)

100 3:1 10 0.70 535.2 | 0.0449 374.6 53.51 973.0
100 3:1 15 0.71 595.8 | 0.0484 423.1 54.27 975.8
100 2:1 10 0.70 567.5 | 0.0541 397.2 53.51 977.4
100 2:1 15 0.72 553.3 | 0.0481 398.4 55.04 978.2
100 2:1 20 0.72 623.6 | 0.0524 448.9 55.03 979.4
75 2:1 15 | 0.745 400.6 | 0.0472 298.4 56.95 965.4
50 2:1 15 0.76 320.3 | 0.0588 243.5 58.10 953.4

1.4 Photovoltaic Model

1.4.1 Model Description

Solar photovoltaic (PV) electricity sources convert sunlight directly into electricity through the
use of semiconductor technology. Sunlight is composed of photons that have energy
proportional to their frequency (f) according to E = hf, where h is Planck’s constant. When the
photon hits a semiconductor, it will either be reflected or transfer its energy to the surface. If
this energy is greater than the band gap of the material, an electron will be promoted from the
valence band to the conduction band. In this way, the heart of a PV cell is a current source:
photons strike a surface to emit electrons. This in itself will not produce electricity, as without
the presence of an electric field, the electron will fall back into the “hole” created by its absence.
However, the silicon material can be doped with atoms that have either 3 (p-type) or 5 (n-type)
valence electrons. The lattice structure of silicon is achieved with four valence electrons, so the
addition of an n-type impurity will cause four of those electrons to participate in the lattice
structure and leave one essentially ‘free” electron. Similarly, a p-type dopant will create a hole.
Both these materials are electrically neutral, but due to the structure, when put together, the free
electrons tend to migrate to the holes, which creates an intrinsic electric field in the material that
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is called a p-n junction. Now, when a photon strikes the semiconductor, the electron will have
the force of an electric field and provide current’. However, this p-n junction also creates a
diode in parallel with the current source that must be accounted for in the PV model. The
resistance of the current through the semiconductor material and contacts creates a series
resistance with the current source and diode as well. Thus the simplest PV cell model is
presented with current source, diode, and resistance in Figure 8.

Figure 8: Simple Electric Schematic of a Solar PV Cell

1.4.1.1 Irradiation Module

Solar power-producing devices such as photovoltaics are capable of producing electrical power
from both direct and indirect light inputs. Therefore, the total irradiation that is incident on the
photovoltaic cell must be calculated from the different irradiation components. Calculation of
the in-plane irradiation on the solar array is done using the exact model constructed by Helings.
The model reads files containing hourly data for different types of solar insolation for a given
location: Direct “beam” insolation (B) is the component of the sun’s radiation which arrives on a
horizontal surface at ground level without interruption, in a straight line from the sun. Indirect
“diffuse” insolation (D) is the component of the sun’s radiation which arrives at a horizontal
surface at ground level after being reflected from atmospheric objects such as clouds and
airborne particles. An additional given parameter is the global horizontal irradiation (H), which
is the amount of total (beam and diffuse) irradiation striking a horizontal surface at ground
elevation. The model uses the different insolation types to calculate in-plane beam irradiation
(Iv), the in-plane diffuse irradiation (I4), and the in-plane irradiation that is reflected from the
ground (Ir). The total in-plane irradiation on the solar panel is then:

I=1,+1,+1,

The in-plane beam irradiation is calculated according to the following method using the solar
declination and the true solar time. The solar declination (6 ), which is the angle between the

7 ].]J. Kraushaar and R. A. Ristinen, Energy and Problems of a Technical Society, 2nd ed: John Wiley &
Sons, 1993.

8 M. G. Heling, Assesment of the zero-emission vehicle, shared-use station car (ZEV-SUSC) mobility
concept with a focus on energy and environmental sustainability, Master thesis, University of
California, Irvine, 2008.
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earth’s equatorial plane and a straight line drawn between the center of the earth and the center
of the sun, is calculated for locations north of the equator as:

o =23.45° sin{w}

365

where dh is the serial number of the day of the year. The true solar time, which is the difference
between noon and the considered hour of the day in terms of a complete revolution of the earth,
is calculated as:

©=15x(T0O - A0 —12)—(LL—LH)

where TO is the local time, AO is the time by which the clocks are advanced ahead of local time
zones, LL is the longitude of the site in consideration, and LH is the reference longitude of the
local time zone encompassing the site in consideration. Note that TO and AO are in hours, and
LL, LH are in degrees.

The solar declination and true solar time used to calculate the angle of solar incidence 6,, which

is the angle between the sun and the line that perpendicular to the face of the photovoltaic
array, calculated as:

cos@. =sindsingcos f—sind cos@sin fcosa +coso cosgcos fcosm+...

cOs O sin @ sin ff cos ¢ cos (+ cos o sin ¢ sin w sin fj.

where ¢ corresponds to the latitude of the site under consideration.
The total in-plane beam irradiation is then calculated by:

I, = Bmax(0,cosg,)
The total in-plane reflected irradiation can also be calculated by:

1—
,r:ng%sﬁ

Where p, is the reflectivity of the ground. The in-plane diffuse irradiation is calculated

according to the model presented by Perez’, represented by:

6, = cos ¢cos O cosw+sin@gsin o

R. Perez and P. Ineichen, Modeling daylight at availability and irradiance components from direct
and global irradiance. Solar Energy, 1990. 44(5): p. 271-289.
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1, :D[ %w‘z sinﬁ}
Where F1 and F: are functions of the sky condition 9, and @, is the solar zenith angle as
calculated®. The values for a and b are calculated according to:

a =max(0,cos &)
b = max(0.087,cos 8,)

1.4.1.2 Fixed-Plate Solar Photovoltaic Module

The PV model captures the effect of solar irradiance, cloud cover, and ambient temperature on
the array output power, dynamically capturing the intermittent nature of solar PV power. The
model integrates (1) an equivalent circuit model for power output and (2) an energy balance
based PV cell temperature model. The developed model is tuned to represent experimentally
measured data of a Solarex MSX-60 panel installed on top of the Engineering Laboratory
Facility at the University of California, Irvine. The developed module model output is scaled to
simulate any sized solar installation parametrically.

The Power Block model was developed based on an equivalent circuit representation of a solar
cell as presented by Walker!!, with temperature dependence of the diode saturation current (I )
and photo-current (IL), and the inclusion of a series resistor.

The current output of the PV cell is equal to the difference between the current source (I.) and
the diode current (In). The diode current can be expressed according to the Shockley equation,
which is presented in the following Equation.

¢ Fo
Ipmlgle mT-1]

Where Io is the reverse bias saturation current and Vr is the thermal voltage Vr=kT/q. For the
thermal voltage, k is the Boltzmann constant, T is temperature in Kelvin, and q is the elementary
charge of an electron. Vb is the voltage across the diode, and n is a quality factor of the
semiconductor, generally between 1 and 2 with 1.2 used herein.

Thus, the overall current produced by the PV cell is:
=i —Ig EE.L?':'.-'--.EE-}.-"H."::' —_ l]

The current source photo-current, I, is directly proportional to irradiance, G. The photo-current
is generally constant for a specific irradiance and temperature and has a linear dependence with
temperature. The equation for photo-current at any irradiance and temperature is thus!:

10]. A. Duffie and W. A. Bechman, Solar Engineering of Thermal Processes, John Wiley & Sons, 1991.

11 G. Walker, Evaluating MPPT Converter Topologies Using a MATLAB PV Model, Journal of Electrical
and Electronics Engineering, Australia, vol. 21, pp. 49-55, 2001.
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The reverse bias saturation current, lo, is shown below from?12.
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Which can be evaluated directly with known constants and from values on the data sheet. The
specific panel modeled here is the Solarex MSX-60 PV panel, which is a 60W panel comprised of
36 series-connected cells. The array open circuit voltage (VOC), at 25°C is 21.0V, and the short
circuit current, Isc, is 3.74 A. The Isc increases to 3.92 A at 75°C. The Rs is found to be about
8mQO.

Cell Temperature Block: The temperature of the solar cell is determined by applying
conservation of energy to a control volume encompassing the entire 5 kW solar array. Heat
transfer due to convection and radiation was resolved, however conduction was assumed to be
negligible since the contact area of the panel interconnects with the roof is very small:

drT.

pVCV 7; = de - Qconv - de,lass - W

Convective heat transfer was determined using a turbulent-flow Nusselt number approach for a
flat plate:

Vo= 0. 664Re? Pro®
kf

Where Rer is the Reynolds number of the ambient flow, Pr is the Prandtl number, k:is the
thermal conductivity of the ambient air, L is the length of the plate, and As is the surface area of
the array. For the case of the solar panel, the length of the plate is taken to be the diagonal of the
panel area.

The density, dynamic viscosity, thermal conductivity and Prandtl number are temperature
dependent. The velocity of the ambient air is taken from measured wind speed data in the Santa
Ana region for the appropriate time period.

12]. A. Gow and C. D. Manning, Development of a photovoltaic array model for use in power-
electronics simulation studies, Electric Power Applications, IEE Proceedings -, vol. 146, pp. 193-200,
1999.
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Radiative heat transfer was modeled using the grey body assumption, where the temperature of
the grey surface is set to the ambient temperature:

O, = (Gmeasured - 50_(T A ))As

Where Gmeasured is the in-plane solar irradiation on the panel, calculated from the irradiation
module. In addition, a radiative heat loss was included to account for the absorptivity of the
ambient atmosphere and any cloud cover that might be present. This loss is also modeled with a
grey body, where the temperature of the grey body is set to the ambient temperature minus 2
degrees Kelvin, and the emissivity of the gray body is dependent on the ambient relative
humidity and cloud condition:

de,loss = 8(%RH7 Cloud) GAS (Ts4 - (]100 — 2)4 )

Where:

Epy TE
&(%RH,Cloud)=1- (Rﬂfmj
Where ¢, and &4 are the emissivity indices of the grey surface due to relative humidity and
cloud cover, respectively:

Table 8: Relative Humidity Emissivity Indices

Relative Humidity (%) Relative Humidity Index
RH < 65% 0
65%< RH < 70% 0.1
70% < RH < 75% 0.25
75% < RH < 80% 04
80% < RH < 85% 0.5
85% < RH 0.8

Table 9: Cloud Condition Emissivity Indices

Cloud Condition Cloud Condition Index
Clear 0
Few 0
Scattered 0.05
Broken 0.25
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Overcast 0.65
Haze 0.8

This approach greatly simplifies the calculations needed to determine the temperature of the
solar cell. Notice that as the cloud cover or relative humidity increases, the radiation loss
decreases, representing the effects of atmospheric radiation absorption and re-radiation. This
assumption was made since it was deemed unnecessary to develop a physics of weather
simulation for the purpose of determining the temperature of the solar cell, since the variation
in the performance of the cell over the temperature range considered is relatively small,
however it is significant enough to be included.

1.4.2 Model Verification

The model was constructed to simulate the performance of a Solarex MSX-60 60W solar panel
array. Model verification of the power module is carried out by comparing simulation results
to power data obtained from a 3.85 kW solar array on the rooftop of the Engineering Laboratory
Facility at the University of California, Irvine. The simulated irradiation and cell temperature
were used as inputs to the power module, and the results were compared to the measured
power data. The individual 60W panel was scaled up to 3.85 kW for comparison.

The combined model was validated against measured power, cell temperature, and irradiation
data from a 3.85 kW solar panel array on the roof of the Engineering Laboratory Facility at the
University of California, Irvine.
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Figure 9: Model Verification (a) Power Module, (b) Irradiation Model, (c) Temperature Module
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From Figure 9, the combined model results match with the measured data with an average
error of 1.36% on a power output basis. Therefore, it is safe to assume that a more detailed
model for determining the effective irradiation, power output, or cell temperature is not
necessary for this level of analysis.

1.5 Lead-acid Battery Model
1.5.1 Model Description

A lead-acid battery dynamic model based on equivalent circuit is developed. The model is
designed to accept inputs for current and ambient temperature, and the outputs are battery
voltage, state of charge (SOC) and battery electrolyte temperature. The equivalent circuit
network represented in Figure 10 constitutes the basis on which the battery model developed in
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this report®®. There were mainly three sub models: charge and capacity sub model, thermal
(electrolyte heating) sub model and circuit network sub model. The model developed had been
demonstrated to have accuracy satisfactory for majority of uses¢. The dynamic model
developed can be used for 1) simulate battery behavior under different operating conditions
(both charge and discharge processes), 2) state of charge estimation, battery monitoring and
diagnostics when lead acid battery is contained in on-line systems.

The temperature of battery is modeled by the energy balance equations. In the battery
operation, the heat generation is ascribed to the ohmic heating by the sum of the energy
charged and discharged from the battery (I?’R). The heat dissipation is modeled by free
convection and radiation processes described in the Equation below. The convection coefficient
(h) is evaluated based on empirical correlation of external free convection flows and Nusselt
number.

ear 1035 W Goony t Grog ™ ATDIT; — Tombtens) + E-TFE'FEE&_ T:.lrar*.;“*-)

Figure 10: Lead-acid Battery Equivalent Circuit
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1.5.2 Model Verification

Model parameters were determined starting from sets of lab tests of real lead-acid batteries and
empirical parameters used in literatures” models®. The parameter identification was simplified
since some of the parameters can be taken as constant for all the batteries built with the same
technology. The model was validated in conjunction with identifying the model parameters
under various operating conditions.

13 M. Ceraolo, New dynamical models of lead-acid batteries. IEEE Transactions on Power Systems,
2000. 15(4): p. 1184-1190.

14 M. Chen and G.A. Rincon-Mora, Accurate electrical battery model capable of predicting, runtime and
I-V performance. IEEE Transactions on Energy Conversion, 2006. 21(2): p. 504-511.

15 S, Barsali and M. Ceraolo, Dynamical models of lead-acid batteries: Implementation issues. IEEE
Transactions on Energy Conversion, 2002. 17(1): p. 16-23.
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The simulated battery behaviors agreed well with the experiment data in the literatures' 14 15,
Some representative simulation results of a 2V 250Ah Lead-acid battery are shown in Figure 11,
Figure 12, and Figure 13. Discharge (from fully charged) processes under various constant
discharging currents (25A, 50A, 125A, 200A and 250A) starting are shown in Figure 11. The
temperature effect on discharging is presented in Figure 12, in which a fully charge battery
being discharged at current of 125A under various ambient temperatures. Figure 13 presents the
simulation of transient behaviors of the battery discharging under constant currents (0.2C for 2
hours and 4 hours) followed by rest periods (in which the current is zero) at 20°C.

Figure 11: Discharge under Constant Current, 20°C
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Figure 12: Discharge under 0.5C at Various Ambient Temperatures
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Figure 13: Discharge under 0.2C current step at 20°C
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1.6 Lithium-ion Battery Model

1.6.1 Model Description

A generic Lithium-ion battery dynamic model is developed and validated with a 3.3V 2.3Ah
Lithium-ion battery (ANR26650M1, A123Systems®) based on a model proposed in'® and the
implemented battery model in SimPowerSystems™ in MATLAB/Simulink®. The model is
using SOC as input and battery voltage as output, and simulated using a simple controlled
voltage source in series with a constant resistance. The equivalent circuit of the non-linear
battery model proposed in'¢ is showed in Figure 14 and the parameters are listed in Table 10.
Based on the discharge characteristics, all the parameters of the equivalent circuit can be
modified to represent a particular battery type.

Figure 14: Non-linear Battery Model
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16 Tremblay, O., L.A. Dessaint, and A L. Dekkiche. A Generic Battery Model for the Dynamic Simulation
of Hybrid Electric Vehicles. in Vehicle Power and Propulsion Conference, 2007. VPPC 2007. IEEE. 2007.
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Table 10: Battery Model Parameters

E (V) No load voltage

Eo(V) Battery constant voltage

Q (Ah) Battery capacity

R(Q) Internal resistance

K(V) Polarization voltage

A(V) Exponential zone amplitude

B(Ah)" Exponential zone time constant inverse

The model developed is based on specific assumptions: 1) the internal resistance is assumed
constant during the charge and the discharge cycles and does not vary with the amplitude of
the current, 2) the parameters of the model are extracted from discharge characteristics and
assumed to be the same for charging, 3) the capacity of the battery doesn't change with the
amplitude of current, 4) the temperature doesn't affect the model's behavior, and the battery
model is simulated the battery behavior at 25°C. 5) the Self-Discharge of the battery is not
simulated, and 6) the battery has no memory effect.

1.6.2 Model Verification

A series of voltage response experiment results for a higher power rechargeable Lithium-ion
(ANR26550M1) battery under various constant discharging current were obtained from
A123systems® and presented in Figure 15 and Figure 16. Fully charged batteries (SOC=100
percent) are discharged under 0.43C, and 4.35C, respectively.

According to Figure 15, which compares manufacture experimental results and our simulated
voltage responses relative to complete discharges at 1A, the model developed accurately
simulated the discharging processes starting from full charge (SOC=100 percent) to nominal
voltage (3.3V). While from nominal voltage to recommended cut off voltage (2V), the simulation
results are not agreed very well with the manufacture’s data.

With increased discharge current to 4.35C (10A) presented in Figure 16, the simulation result
agreed well with the manufacture data at the exponential zone where the beginning of the
discharge, and power output is slightly larger from 3.2 V to cut off voltage.
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Figure 15: Discharge Characteristics at 25°C, 1A
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Figure 16: Discharge Characteristics at 25°C, 10A
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1.7 Ultra-capacitor Model

Ultracapacitors or electric double layer capacitors (EDLC) are electrical energy storage devices
which have significantly larger energy density as compared to common capacitors, and larger
power density compared to conventional batteries. Ultracapacitors present the lowest cost per
Farad, extremely high cycling capability and long shelf life (when using carbon electrode), and
are environmentally safel”. Because of these unique characteristics, ultracapacitors are utilized
in a wide range of applications, such as electric vehicles and distributed generation systems.
The feature of larger energy density is mainly due to the enormous surface area created by the
porous (carbon) electrodes and the small charge separation created by the dielectric separator in
ultracapacitors?.

17 Burke, A., Ultracapacitors: why, how, and where is the technology. Journal of Power Sources, 2000.
91(1): p. 37-50.
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1.7.1 Model Description

Dynamic modeling and simulation of ultracapacitors are very important for evaluating and
understanding the ultracapacitor behavior under different operating conditions in various
applications. The most commonly used model of ultracapacitor is the classical RC equivalent
circuit model, which consists of a capacitance (C), an equivalent series resistance (ESR)
representing the charging and discharging resistance, and an equivalent parallel resistance
(EPR) that accounts for the self discharging losses'® °. In spite of being useful for many
applications, this simple resistor and capacitor network model is insufficient to describe
accurately the dynamics of an ultracapacitor®. Because of the porous nature of the
ultracapacitor electrodes, the capacitive interface is not localized in a plain area but spreads into
the inner of the highly distributed pores. Hence, the theoretical model was then developed to be
a highly distributed R-C network which composed of many non linear resistors and capacitor
leading to different time constants.

In this project, a dynamic ultracapacitor model based on a new equivalent circuit is developed
and the model can predict the dynamic response of several types of ultracapacitors having
different capacity and rated voltage values under various operating conditions. Further, an
ultracapacitor bank built by arranging single ultracapcacitors in series is also developed and
verified. Dynamic simulations are performed in MATLAB/Simulink® environment with
Simpowersystem toolbox, and the simulations results were compared to the data provided by
ultracapacitor manufacturer (Maxwell®).

The equivalent ultracapacitor circuit used in the model is shown in Figure 17. The single resistor
of R1 represents the terminal interconnects resistance. While the resistor ESR represents the
equivalent series resistance of the combined effect of interconnects, metal foil current collectors
and interfacial resistance of carbon electrodes. Compared to the traditional RC network, the
Cauer I network used in this study gives more insight into the origins of the three time constant
approximation of an ultracapacitor model?.. The branch of ESR-C, Rai-Ca1, and Ra2-Ca2 account
for the highly distributed effects of carbon matte resistance, ionic conduction, and Helmholtz
double layer capacitances existing at “macro”, “meso” and “micro” pores in the electrodes,
respectively?. The resistor Riax represents the self-discharge behavior of ultracapacitor, and
which is important factor to determine the duration time of stored energy at open circuit.

18 Uzunoglu, M. and M.S. Alam, Dynamic modeling, design and simulation of PEM fuel cell/ultra-
capacitor hybrid system for vehicular applications. Energy Conversion and Management, 2007. 48(5): p.
1544-1553.

19 Vural, B, et al. A dynamic ultra-Capacitor model for vehicular applications. in Clean Electrical Power,
2009 International Conference on. 2009.

20 Belhachemi, F., S. Rael, and B. Davat. A physical based model of power electric double-layer
supercapacitors. in Industry Applications Conference, 2000. Conference Record of the 2000 IEEE. 2000.

21 Miller, ].M., P.J. McCleer, and M. Cohen, Ultracapacitors as Energy Buffers in a Multiple Zone
Electrical Distribution System, Maxwell Technologies, Inc.
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Figure 17: Equivalent Circuit Model of Ultracapacitor

Interconnects Ultracapacitor
Cauer | Network

— A AM— AN

R1 ESR Rm Rdz

— Cl J— Cm J— Cdz Rleak

NV

RO
|

1.7.2 Model Verification

In this project, MATLAB/Simulink® is used to develop the dynamic ultracapacitor model. To
test the developed dynamic model, various charge/discharge conditions are used in DC regime.
The extraction of model parameters is achieved by comparing the simulation results and the
data provided by Maxwell®. In this section, a Maxwell® 2000 F ultracapacitor (BCAP2000-P270,
rated as 2000F, 2.7V) is first simulated and verified. By varying model parameters with the
same equivalent circuit, a Maxwell® 3000F ultracapacitor (BCAP3000-P270, rated as 3000F,
2.7V) is then simulated and verified. Further, to simulate an ultracapacitor bank, a Maxwell®
16V ultracapacitor module (BMODO0500-P016) is simulated and verified. Three types of
ultracapacitors and their rated voltages and capacitances are listed in Table 11.

Table 11: Commercial (Maxwell®) Ultracapacitors Simulated

Ultracapacitor | Capacitance (F) | Rated Voltage (V) | Rated ESR (mQ)

BCAP2000-P270 2000 2.7 0.35
BCAP3000-P270 3000 2.7 0.29
BMODO0500-P016 500 16.2 24

1.7.2.1 Single Ultracapacitor Rated at 2000F, 2.7V

Constant current tests represent a basic and a widely used characterization method that is
useful to determine the rated capacitance and the equivalent series resistance (ESR)%. A series of
voltage response experiment results for BCAP2000-P270 under various constant discharging
current was obtained from Maxwell® and presented in Figure 18. According to Figure 18,
which compares Maxwell® experimental results and our simulated voltage responses relative

22 Lajnef, W., et al., Characterization methods and modelling of ultracapacitors for use as peak power
sources. Journal of Power Sources, 2007. 168(2): p. 553-560.

38



to complete discharges at various constant currents, the model developed accurately simulated
the discharging processes starting from full charge. In Figure 19, voltage response results when
discharging the ultracapacitor with constant power provided by Maxwell® and our
simulation results were presented, and it can be seen that the results obtained by the simulation
are in good agreement with the experimental results of Maxwell® for BCAP2000-P270 in the
range of 1.35V-2.7V at various constant power. For capacitance and ESR characterization of
ultracapacitor products, Maxwell® uses a constant current test method called 6-step process. In
terms of BACP2000-P270 ultracapacitor, a test including charge device to rated voltage at 250 A,
rest, discharge device to one-half its rated voltage at 250 A, rest, and end test after discharge to a
low safe voltage (<0.1V). Maxwell® provided the experiment results and simulation results
obtained using their model which are shown in Figure 20. The simulation result obtained by the
model developed in this study was also showed in Figure 20, which is also in good agreement
with the experiment data. Figure 20 also indicate that the model developed by Maxwell® is
more accurate than the one developed in this study in terms of the dynamic response at 250A
discharging rate. The model developed in this project is more accurate when discharging occurs
at lower current (<200A). The parameter values for BCAP2000-P270 model are listed in Table 12.

Figure 18: Simulation and Experimental Results for a 2000F Ultracapacitor (Maxwell® BCAP2000-
P270) Discharging at Various Constant Current
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Figure 19: Simulation and Experimental Results for a 2000F Ultracapacitor (Maxwell® BCAP2000-
P270) Discharging at Various Constant Power
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Figure 20: Simulation and Experimental Voltage Response Results for a 2000F Ultracapacitor
(Maxwell® BCAP2000-P270) under 6-step Test Procedure
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1.7.2.2 Single Ultracapacitor Rated at 3000F, 2.7V

By varying model parameters of the ultracapacitor model developed, Maxwell® BCAP3000-
P270 was simulated and the simulation results were compared to the manufacture data and
presented in Figure 21 and Figure 22, and the parameter values for BCAP3000-P270 model are
listed in Table 12. As shown in Figure 21, the model developed accurately simulated the
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discharging processes starting from full charge under various discharging current. And it also

can be seen that the discharging results obtained by the simulation are in good agreement with
the experimental results in the range of 1.35V-2.7V at various constant power in Figure 22. The
model developed in this project shows higher accuracy at lower constant power discharge rate.

Figure 21: Simulation and Experimental Results for a 3000F Ultracapacitor (Maxwell® BCAP3000-
P270) Discharging at Various Constant Current
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Figure 22: Simulation and Experimental Results for a 3000F Ultracapacitor (Maxwell® BCAP3000-
P270) Discharging at Various Constant Power
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Table 12: Model Parameters for BCAP2000 and BCAP3000 Ultracapacitor

Parameters | BCAP2000 MODEL | BACP3000 MODEL

R4 0.213 mQ 0.18 mQ

ESR 0.35 mQ 0.29 mQ

R 0.142 mQ 0.12 mQ

Ra2 0.355 mQ 0.3 mQ

Cs 800 F 1200 F

Car 880 F 1320 F

Ca 320 F 480 F

Rieak 675 Q 675 Q

1.7.2.3 Ultracapacitor Bank Rated at 500F, 16.2V

In practical applications, the certain amount of terminal voltage and energy or the capacitance
of ultracapacitor storage system can be achieved by stacking multiple ultracapacitors in series
and/or parallel. The terminal voltage required determines the number of capacitors that must be
connected in series to form a bank and the total capacitance the total equivalent circuit
resistance can be calculated as:

I -
Corral ™ I‘p ' _5

i
EE&R

Bigral = g1 ===

AR

Where N is the number of ultracapacitors connected in series, Np is the number so series strings
in parallel, C is the capacitance for single ultracapacitor, ESR is equivalent series resistance for
single ultracapacitor, Cewrta is the total system capacitance, and Rea is the total system resistance.
By calculation, the Maxwell® BMODO0500-P016 is made up of 6 Maxwell® BCAP3000-P270 in
series in terms of rated operating voltage and capacitance.

After the single ultracapacitor (BCAP3000-P270) is simulated and verified, a 16.2 V
ultracapacitor bank model is developed by connecting 6 single ultracapacitor equivalent circuit
models in series. The simulation results are compared to manufacturer’s data and showed in
Figure 23 and Figure 24.

Depending on the physical structure nature, the maximum voltage that can be applied across a
single ultracapacitor is limited, typically 2.5~2.7V. Exceeding of this voltage will lead to a
reduction of the lifetime or even catastrophic failure. As a consequence of this limitation, many
of such cells have to be connected in series for applications required higher operating voltage,
especially in automotive and distributed energy uses. When connecting many ultracapacitors in
series, a disadvantage of this high voltage ultracapacitor series module is the asymmetrical
balance of the voltage. If there is difference in the values of each ultracapacitor in series, the
total voltage over the series connection will not be equally distributed between the different
ultracapacitor which resulted in asymmetrical voltage distribution. With increasing
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charge/discharge cycles, a local over-voltage could appear over one of several ultracapacitors
and decrease the lifetime. Ultracapacitor series model developed in this study assumed that
component as ideal ultracapacitors with identical capacitance and leakage current, thus voltage
balancing would not be an issue. In terms of operation, there are several ways to balance the
ultracapacitor series module, such as passive voltage balancing and active voltage balancing. A
limitation of the model developed is that the temperature is not consider and assumed all
ultracapacitors working at room temperature (25°C).

Figure 23: Simulation and Experimental Results for a 500F Ultracapacitor (Maxwell® BMOD0500-
P016) Discharging at Various Constant Current
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Figure 24: Simulation and Experimental Results for a 500F Ultracapacitor (Maxwell® BMOD0500-
P016) Discharging at Various Constant Power
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CHAPTER 2:
Economic Dispatch of CCHP System Models
Development

2.1 Electric and Natural Gas Rate Structure Models
2.1.1 Electric Rate Structure Model

Electric rate structures are typically broken down into fixed, energy (aka volumetric), and
demand charges. The methods by which these charges are calculated vary amongst utilities and
rate structures (e.g., time of use, declining block, and fixed or non-time of use rate). As a result,
the calculation of charges can vary drastically between utilities and tariffs. It is therefore
important to capture the general characteristics of an electric rate structure and how it functions
as a whole, as opposed to specific individual charges associated with a particular rate structure.

For example, some common charges can be broken down into non-time of use (non-TOU) and
time of use (TOU) charges. These charges often vary with season, with higher charges for
seasons when total utility demand is highest. Non-TOU energy charges consist of a flat rate
that applies to all of the energy consumed by a customer. Non-TOU demand charges are often
determined by the largest load recorded for that billing period. As for TOU energy charges,
they depend on what time the energy is consumed. TOU energy rates are generally highest
during periods of high electrical demand (“on-peak”), lower for periods of moderate electrical
demand (“mid-peak”), and lowest during periods of low electrical demand (“off-peak”). TOU
demand charges are determined by the largest load recorded during a specific time period
during the billing period. If a declining block rate is being used, the charge is reduced with
increased electricity consumption. Many declining block rate structures are presented in a three
tier structure separated by levels of electricity consumption, with electricity becoming
progressively less expensive as the customer reaches each new tier. The electrical rate structures
used in this work were based on the structures used by Southern California Edison (SCE).

SCE rate structures for commercial and industrial buildings are broken down by maximum
yearly customer demand. Customers with loads greater than 20 kW are offered the choice
between at least two different rate structure types: (1) TOU-A, which has larger energy charges
than TOU-B; and (2) TOU-B, which has higher demand charges than TOU-A. Both rate
structures contain TOU energy charges, and both TOU and non-TOU demand charges. SCE
defines “summer” as June 1st through October 1st, and “winter” as all other times. During the
summer, the on-peak hours are 12:00 p.m. to 6:00 p.m., the mid-peak hours from 8:00 a.m. to
12:00 p.m. and 6:00 p.m. to 11:00 p.m., and off-peak hours are all other hours. During the
winter, on-peak hours do not exist, mid-peak hours are from 8:00 a.m. to 9:00 p.m., and off-peak
hours are all other hours. Energy charges versus time of day for summer and winter season are
shown for TOUS8 in Figure 25 and Figure 26. Figure 26 shows the percentage of a year for which
each peak period is applicable. A non-TOU demand charge of $11.88 per kW is applicable for all
months and is determined by the highest 15 minute average demand in a month. During the
summer, TOU demand charges exist for both on-peak and mid-peak, and are $19.49 per kW and
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$5.46 per kW respectively. These are determined by the highest 15 minute average demand
during the peak period in a month. All SCE tariffs for buildings with maximum yearly load
over 20 kW are shown in Table 13. The rate structures shown in Table 13 are applicable to
customers who do not have Distributed Generation (DG).

Figure 25: Southern California Edison TOU8 Energy Charge versus Time of Day for Summer and
Winter Seasons
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Source: Southern California Edison (SCE).

Figure 26: Percentage of the Year Comprising Each of the Southern California Edison Peak
Periods
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Table 13: Southern California Edison Energy and Demand Charges for Commercial and Industrial
Buildings with Loads Larger Than 20 KW

SCE Tariff GS-2 GS-3 TOUS8
Applicable Building Size 20-200 200-500 ~500
(kW)

Rate Structure Type TOU-A TOU-B TOU-A TOU-B TOU-A TOU-B

($/S\?Vh) $0.37809 | $0.13667 | $0.28163 | $0.11855 | $0.36288 | $0.10323
(7)) -
8) Summer Mid $0.14311 | $0.08398 | $0.12820 | $0.08493 | $0.13528 | $0.08078
= ($/KWh)
=
o Off $0.05511 | $0.05511 | $0.06507 | $0.05950 | $0.05407 | $0.05407
> ($/KWh)
8 Mid $0.08066 | $0.08066 | $0.06992 | $0.06394 | $0.07505 | $0.07505
W 1 Winter ($/kWh)

Off

($/kWh) $0.05183 | $0.05183 | $0.05273 | $0.04819 | $0.04980 | $0.04980

Non-TOU
(7))
8) ($/kW) $12.18 $12.18 $13.30 $13.30 $11.88 $11.88
© On TOU
-5 Summer ($/KW) N/A $14.94 N/A $12.96 N/A $19.49
5 .
% Mid TOU N/A $4.57 N/A $3.08 N/A $5.46
2 ($/kW)
A | Winter N&r}gvo)u $12.18 | $12.18 | $1330 | $13.30 | $11.88 | $11.88

Source: Southern California Edison (SCE).

2.1.2 Natural Gas Rate Structure Model

Natural gas utilities usually sell their gas in a block structure. These block structures can have a
single price for all gas used or be a three tiered declining block structure, with gas becoming
progressively less expensive as the customer reaches each new tier. The standard charge is
dollars per therm. Southern California Gas Company (SCG) is a major provider of natural gas to
many of SCE’s customers, providing a declining block structure for commercial and industrial
users. Like many natural gas utilities, SCG’s rates take into account the distribution and fuel
costs. While distribution costs have been observed to be relatively stable for SCG, fuel costs
regularly change depending on the price of natural gas. As a result, while natural gas rate
structures are relatively simple, changes in fuel cost because regular changes in customer prices.
Prior work has shown that fuel price has a large impact on distributed generation economics.
However, due to increased reserves and production of natural gas, prices have been
“depressed... to the lowest levels in a decade”?, leading to price projections that remain low in

2 Gilbert, D., Fowler, T., Natural Gas Glut Pushes Exports, Wall Street Journal. 2012: U.S. Edition.
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the near future?. While energy price projections have been shown to be inaccurate?, a

distributed generation investment that pays back in a reasonable time period should reduce the
risk of exposure to natural gas price volatility. As a result, the natural gas rate model will follow
SCG prices effective June 10th, 2012. This rate structure is as follows: $0.81115 for the first 250

therms, $0.56622 for the next 3,917 therms, and $0.402 for all other therms.

2.2 Building Models

Building models were developed using electrical load data showing energy consumption in 15
minute increments acquired from 38 buildings throughout Southern California, 12 of which had
corresponding thermal loads. The characteristics of data obtained from buildings with both
electrical and thermal loads are shown in Table 14.

Table 14: Characteristics of Collected Building Data

Annual Average Coincident
Monthly  Average Electrical
Data Average Max Monthly AMNUa o e atin
Building Name  Building Type Length  Electrical % Heatiny I EIT Durmn 9
(Months) '('va";,‘)’ Load (Thermg) ratio OnIMig-
(kW) Peak
uclI Croul UC‘.’"eg‘?/ 12 201.0 332.6 23014 218  58.18%
niversity
US Navy Hotel 14 203.9 2723 11118 458  95.14%
Palmer Hall
UCI Bren College/ 12 206.7 340.3 1197.9 423  34.06%
University
UCI Cal IT2 Co"eget/y”“’ers' 12 420.8 6772 42177 25  14.18%
UCI Natural College/ 12 447.8 7326 77613 144  19.60%
Science 2 University
UCI Natural College/ 12 505.7 828 64133 193  94.08%
Science 1 University
Hyatt Irvine Hotel 12 719.2 1016.8 133215 135  99.04%
SCAQMD Commercial 24 10116 17747 286153 086  59.57%
St. Regis Hotel 24 13674 18482 148141 23 09.85%
Patton State Hospital 14 16794 25792 413931 136  72.79%
Loma Linda VA Hospital 10 30894 39151 664743 124  94.74%
Longvieacr‘ Hospital 13 35100 4832 468195 181  53.76%
LACCD Commercial 17 577 4304459\ N/A N/A
Southwest 3

24 United States. Office of Energy Markets and End Use. and United States. Energy Information

Administration. Office of Integrated Analysis and Forecasting., Annual energy outlook. 2012, The Office
: Supt. of Docs., U.S. G.P.O,, [distributor]: Washington, D.C. p. v.

% Smil, V., Perils of Long-Range Energy Forecasting: Reflections on Looking Far Ahead. Technological
Forecasting and Social Change, 2000. 65(3): p. 251-264.
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College Cox

Bldg
UCI ELF Co"eget/y”“’ers' 24 81.0 4206637 NA  NIA N/A
UCI MSTB Co"eget/y”"’ers' 12 99.4  >°1 ';616 NA  NA N/A
LA-ISD EI
Monte Health Hospital 14 112.6 504'88177 NA  NA N/A
Center
Stater Brothers
#171 Hidden Grocery 15 1705 709'12074 NA  NA N/A
Valley
Canon B Commercial 16 173.5 753'82577 N/A N/A N/A
Stater Brothers 717.6340
Sioter Brother Grocery 15 175.3 . N/A N/A N/A
LA-ISD Van
Nuys Court Commercial 19 1792 69652 NA  NA N/A
House East &
West
Stater Brother
#124 Laguna Grocery 15 219.1 858'; 81  nA  NA N/A
Hills
Stater Brothers 888.1229
e Srother Grocery 15 225.5 . N/A N/A N/A
LA-ISD Hallof ) ercial 19 2075 6703214 ya N/A N/A
Records 8
Canon A Commercial 16 236.6 924 .92 N/A N/A N/A
LAISD
Norwalk Court Commercial 19 290.6 697.44 N/A N/A N/A
House
LA-ISD Roybal .
AISD Royba Hospital 19 3303 8237437 NA  NA N/A
LA-ISD
Pomona Court  Commercial 19 3456 891 '5785 N/A N/A N/A
House North
LA-ISD Mental . 1171.222
Health Court Commercial 19 3517 5 N/A N/A N/A
. 1114.751
Canon Aand B Commercial 16 3994 1 N/A N/A N/A
Grocery Store Grocery 23 457 9 6431170 NA  NA N/A
LAISD
Pasadena Commercial 19 501.0 868';318 N/A N/A N/A
Court House
US Navy
Commissary o cery/Food 14 5358 0181229 A NA N/A
Naval Base 6
San Diego
Jamboree Commercial 20 7013 1433651 N/A N/A
Center #4 9
Jamboree . 1488.822
Center#3 Commercial 20 748.9 5 N/A N/A N/A
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Chino

Women's Jail/Prison 26 578 BT NA Na N/A
Prison

Jamboree Commercial 20 7710 OIS gyA NA NA
Center #5 6

The Island Hotel 10 gag1 277835 ya N N/A
Hotel 6

CA Rehab Jail/Prison 25 9953 1653 NA  NA N/A
Center

Table 14 shows the type of building load, length of data acquired, the average electrical load for
the year, the average monthly maximum electrical load, the average amount of heating required
per month, the electrical to thermal load ratio, and the amount of time that both an electrical
and heating load are present at the same time during on and mid peak electrical periods. All
buildings monitored experienced typical diurnal load behavior, with the highest demand being
experienced during on or mid peak periods.

Since the price of electricity changes between the winter and summer season, financial analysis
using the building data could be improperly skewed; extra winter months would depress total
potential savings while extra summer months would inflate potential savings. For Southern
California Edison, the proper seasonal ratio is 4 summer months to 8 winter months, or one
summer month to every two winter months. If the acquired building data did not meet this
criterion, representative summer and winter months for the building were added in order to
create the proper seasonal month ratio.

2.3 Finance Models

A finance model was developed in order to determine the appropriate cost of capital associated
with investment in DG, track the cumulative costs of energy, and determine the simple payback
of the investment.

The cost of capital associated with investment in DG would come in the form of a loan used to
assist the purchase of the DG. It was assumed that the loan would cover 80 percent of the
purchase cost of the equipment and the other 20 percent would be funded directly by the
investor. The cost of this loan to the investor was summed up in a monthly debt payment,
calculated through the following equation:

Frm-;'rEﬁ.l. #l

Menthly Debt Payment m ——1==

where i is the interest rate, principal is the total loan amount, and n is the debt term. For this
study, the interest rate was set to eight percent and the debt term was set to 10 years.

The cumulative cost of energy was determined first by using the electric parent rate structure
and natural gas rate structure to determine the baseline case (no DG) for the cost of energy.
Then, after the dispatch strategy had been applied to the building load using the generator
specifications assigned to the model, the cost of energy was calculated using the electric standby
rate structure, natural gas rate structure, and determining the O&M from the generator
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dispatch. These costs were summed and compared to the baseline case, allowing for the
monthly savings to be calculated. These savings were used to represent future energy savings
also. The cost of capital was then applied through the life of the loan, allowing for savings
including capital costs to be determined.

Many investment criteria exist for judging the quality of DG investment2. The criteria picked
for this study was simple payback. While other criteria include the time value of money, simple
payback is a good indicator of investment potential; other criteria do not give positive
investment reviews unless simple payback occurs in a timely manner.

Since cost of capital is included through the first ten years, payback lengths that do not occur
within this time frame can have exaggerated paybacks due to this additional cost that stops at
the end of year ten. As a result, payback is determined to occur when the cumulative savings,
starting with the initial 20 percent of the purchase price invested, is greater than zero and does
not subsequently turn negative.

2.4 Economic Dispatch Strategy
The following assumptions were made in developing the economic dispatch strategy:

¢ Onsite generation is limited to real power and heat. No ancillary products or services are
considered.

* Benefits associated with reliability of onsite generation are not included.
¢ Installed generation is always available.

* A building’s electrical load is met at all times. Any load not met by distributed generation is
met by purchasing electricity from the grid.

¢ Onsite generation is not allowed to produce more electricity than the building requires.

* A building’s thermal load is met at all times. Any load not met by distributed generation is
met by a natural gas boiler. Boiler efficiency is set at 90 percent.

¢ If more heat is produced than needed through onsite generation, excess heat is vented to the
atmosphere.

¢ Electrical and thermal storage is not considered.
¢ Generator warm up costs are not considered.
¢ Maximum system efficiency is 80 percent.

¢ Only up to 60 percent of the heat produced by onsite generation can be captured.

26 Biezma, M.V. and J.R.S. Cristdbal, Investment criteria for the selection of cogeneration plants - a state
of the art review. Applied Thermal Engineering, 2006. 26: p. 583-588.
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¢ The only economic benefit of investment in distributed generation is reduction in electricity
and natural gas bills.

¢ Individual microturbine operation range is limited from near full to full power (80-100
percent).

¢ All operations and maintenance costs (O&M) associated with a microturbine are considered
to be variable.

¢ Installation of DG switches the building electrical rate structure from the parent structure to
the standby structure.

DG dispatch strategies have been used to measure DG performance with respect to its ability to
meet building loads through electrical and/or heat tracking?’2, as well as its ability to minimize
the cost of energy?. One example of a cost minimization dispatch strategy is The Distributed
Energy Resource Customer Adoption Model (DER-CAM), which were applied8 to produce an
optimal, cost-minimizing operating schedule for onsite generation. DER-CAM, however, was
intended to work with multiple DG systems much more complicated than an MTG with heat
recovery. A more simple dispatch strategy can be used to minimize costs in situations using a
single DG system such as an MTG.

A cost minimizing dispatch strategy utilizes DG only when it reduces total energy costs.

Energy costs are generally comprised of electricity demand and energy charges, and natural gas
energy charges. An economic dispatch strategy was therefore developed to utilize DG only
when it minimizes these charges. Also, because demand charges are determined by the average
electrical load over 15 minute increments, the dispatch strategy was designed to create an
operating schedule resolved to the same time increment. It was also designed to block dispatch
when the building load is less than the minimum power setting of the generator due to the fact
that the generator cannot export electricity or operate below its minimum power setting.

2.4.1 Demand Charge Reduction

The dispatch strategy used in this study gives priority to minimizing demand and electrical
energy charges as these costs can be significantly higher than the cost of natural gas. Because
demand charges are determined by the highest 15 minute average demand in a billing cycle (30
days), spikes in the electrical load that have little to no impact on the energy charge can cause a
large demand charge increase. Thus, priority is given to minimizing demand charges first.

27 Medrano, M., et al., Integration of distributed generation systems into generic types of commercial
buildings in California. Energy and Buildings, 2008. 40(4): p. 537-548.

28 Ruan, Y., et al., Optimal option of distributed generation technologies for various commercial
buildings. Applied Energy, 2009. 86(9): p. 1641-1653

2 Siddiqui, A., et al., Distributed Generation with Heat Recovery and Storage. Journal of Energy
Engineering, 2007. 133(3): p. 181-210.
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Since demand charges are determined by the highest 15 minute average demand, or maximum
utility demand (MUD), the simplest way to reduce these charges is to operate any onsite
generation to keep the maximum utility demand from rising during any billing period. For
generators sized smaller than the maximum building load, the MUD can only be reduced from
the maximum building load to the maximum building load minus the maximum output of the
generator. With perfect foresight of a building electrical demand, the generator can be turned on
at precisely the right moments to ensure that demand charges are reduced as much as possible.
Realistically, though, this is not possible and a more practical strategy must be adopted.

One such strategy is to set a demand threshold at the beginning of a month. This threshold is set
at the average daily maximum demand of the prior month (or a representative month from the
previous year) minus the capacity of the installed generation. Whenever the building load
increases beyond this threshold, the generator is dispatched in order to ensure that the MUD
does not increase. If the building load increase beyond the demand threshold is larger than the
maximum output of the installed generation, then MUD increases to fulfill the unmet building
load. Since demand charges have increased with the new MUD, the prior demand threshold
must be increased to equal the new MUD; only dispatch occurring when the building load is
surpassing the new demand threshold will reduce demand charges. This process repeats itself
till the end of the month, at which point the demand threshold is reset in preparation for the
next month. This demand reduction strategy is performed for all TOU and non-TOU demand
charges.

For the standby electrical rate structure outlined in section 2.4.1, demand charges during the
summer are determined by when the MUD occurs in addition to the size of the MUD. Winter
demand charges are non-TOU, with no value being added by shifting MUD from mid-peak to
off-peak. For summer operation, ensuring that the MUD occurs away from on- and mid-peak
times can be more important than reducing the MUD. Demand shifting only occurs if the MUD
happens on- or mid-peak. Prior to this occurrence, demand reduction as outlined above is
performed.

If the MUD occurs on- or mid-peak, then demand shifting is performed by allowing the utility
demand to surpass the prior MUD during lower cost periods. On-peak demand shifting
translates into letting mid- or off-peak load increase while mid-peak demand shifting translates
into letting off-peak load increase. While demand shifting consists of allowing the MUD to
increase away from on- or mid-peak, demand reduction still occurs during the process of
demand shifting if possible. For generators with a minimum dispatch constraint (e.g., a
microturbine can be turned down to only 80 percent of full power), the generator is dispatched
only if the building load is greater than the prior MUD by the minimum generator dispatch
power. Otherwise, the generator is left off. Performing demand shifting ensures that not only is
the MUD reduced, but demand charge rates are minimized. If demand shifting is being
performed, dispatch aimed at reducing electrical energy and natural gas energy charges is
blocked.

This dispatch strategy is illustrated in Figure 27 for a microturbine with a maximum output of
65 kW and minimum power setting of 50 kW operating at a grocery store. During Fri-01, the
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generator only operates whenever the building load surpasses the MUD, ensuring that demand
charges do not increase. During Sat-02 and Sun-03, the MUD is allowed to increase, shifting the
time of MUD from on-peak to off-peak. While the MUD increases, the shift from on-peak to off-
peak demand charges reduces overall costs. The demand threshold increases with the MUD
and following Sun-03, the generator is only dispatched when the building load surpasses the
increased demand threshold. This ensures that demand charges do not increase and are not
shifting from off-peak to mid- or on-peak.

Figure 27: One Week Example of Demand Reduction and Shifting Strategy for a Grocery Store
with a Single 65 kW Generator with a Minimum Power Setting of 50 kW

— Building Demad
—— Uiility Senviced Demand
1 | 1 d
Fri-01 Sa-02 Sun-03 NMon-04 Tue-05 Wed-06 Thu07 Fri-08

-

[ — Dermend Rediuction & Peak Shifting Dispatch]

| | | | I | | [[Il | "”I |

Fri-01 Sat-02 Sun-03 Mon-04 Tue-05 Wed-06 Thu07 Fri-08

Bilding Dermend (KW)
g B

8

(6}

Mcroturbine Dispatch (KW)
g 8 @&

The demand reduction dispatch strategy is further illustrated in Figure 28for a microturbine
with a maximum output of 65 kW and minimum power setting of 50 kW operating at Canon B.
Figure 28 occurs during a month where demand shifting has no value so demand reduction is
the only cost reducing activity available. It can be seen in Figure 28 that the microturbine is only
dispatched when the building demand surpasses the prior maximum utility demand.
Throughout much of the week, this activity occurs with the microturbine being set to its
minimum power level. However, the microturbine power level is increased throughout the
week to full power in an effort to keep the MUD from increasing; this behavior is successful in
the early portion of Figure 28, but the load increases prove to be too large for a single
microturbine to meet, resulting in a slight increase in MUD.
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Figure 28: One Week Example of Demand Reduction for Canon B with a Single 65 kW Generator
with a Minimum Power Setting of 50 kW
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2.4.2 Electrical Energy Replacement Dispatch

Electrical energy is more expensive to purchase from a utility than an equivalent amount of
energy from natural gas. As a result, if demand shifting is not occurring, electrical energy is
generated if the cost on onsite generated energy is less expensive than what is offered by the
electrical utility. With the cost of onsite generation being created by the fuel required to operate
the generator and O&M, the cost of a kWh is:

':::1 i '::".."E'I'H'r_f.

slen

Coatyyy, + Codtogy

which has units of $/kWh. Costiwn is the cost of a kWh from onsite generation, Costnc is the cost
of fuel ETMW . Nelec is the electrical efficiency of the onsite generation, Costosum is the cost of

. . 3 3 . . .
operations and maintenance [ﬁ I, and Ci is the conversion factor between the energy unit of
fuel and a kWh. If the Costiwn is less than the cost of grid electricity and demand shifting is not

occurring, the generator is operated.

2.4.3 Electrical Energy and Thermal Energy Replacement

Captured waste heat produces heating that would have otherwise been met through the firing
of a boiler using additional natural gas. If both demand reduction and electrical energy
replacement do not reduce energy costs and a thermal load exists, the addition of captured
waste heat has the potential to cause onsite generation to be less expensive than the otherwise
necessary grid electricity and fuel purchases to meet the building electrical and thermal load.
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The cost of onsite generation is similar to the equation above with the addition of a term that
includes savings due to waste heat recovery and is:

€y »Costye . . Thy .
1 = (g = Neses) |+ O8I

etec Eooiter

Costyynm
where numaxis the maximum system thermal efficiency achievable, ex is the effectiveness of
waste heat recovery, and évoiler is the efficiency of the boiler that would have been used to
supply the thermal load the waste heat recovery is meeting. Eq. 3 calculates the cost to produce
one kWh of electrical energy while also taking into account those avoided natural gas purchases
that would otherwise be necessary for heating. If Costwwn is less than the cost of grid electricity,
the generator operation could potentially reduce energy costs. The generator is set to produce
enough electricity so that all of the available waste heat is utilized. If this power setting is higher
than the capacity of the generator, then the power setting is reduced to the maximum capacity.
If the power setting is lower than the minimum allowable power of the generator, then the cost
of producing the additional electricity is calculated using Eq. 2. The cost of producing the
electricity onsite with partial heat recovery is then compared to the cost of purchasing the
electricity and natural gas from a utility, with the cheaper option being selected.

The electrical energy and thermal energy replacement dispatch strategy is presented in Figure
29. Until 23:00 (11:00 p.m.) the generator can produce electricity and heat at a lower cost than
can be purchased. However, the generator is turned to its minimum power setting because not
all heat is being utilized, except for heat demand spikes, where the generator power setting is
observed to increase to full power. At 23:00, the price of electricity changes from the mid-peak
price to off-peak. This reduction in price coupled with an insufficient thermal load leads to the
generator not operating during the off peak except for the two heat demand spikes. Once 8:00 is
reached the following morning, grid electrical energy is charged at mid-peak rates, and the
generator starts operation again.
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Figure 29: Example of Electrical Energy and Thermal Energy Replacement for UCI Croul with a 180
kW Generator with a Minimum Power Setting of 144 kW during a Night in the Summer Season
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Figure 30 shows the economic dispatch strategy operating during a summer week for Canon A
with a 400 kW generator with 20 percent turndown, utilizing demand reduction, electrical
energy replacement, and electrical energy and thermal energy replacement whenever these
activities reduce energy costs. During the first day (Sunday), off-peak electricity is available and
no energy replacement is possible. Demand charge reduction is possible, but the generator
produces as little electricity possible to accomplish this task. In the middle of the week, electrical
energy and thermal energy replacement is possible during the mid-peak period. However, not
all of the available heat is utilized, so the generator continues to operate at its minimum power
setting. As the building demand increases during mid-peak, demand reduction activities result
in generator operation before the dispatch strategy can check if electrical and thermal energy
replacement is possible. During on-peak, electrical energy replacement is possible even without
thermal energy replacement, and the generator power setting is increased to full power in order
to produce as much electricity as possible. These cost reducing activities occur for all on-peak
and mid-peak. When the end of the week is reached (Saturday), off-peak rates apply, resulting
in demand reduction being the only cost reducing activity available to the generator.
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Figure 30: Example of the Economic Dispatch Strategy for Canon A with a 400 kW Generator with
a Minimum Power Setting of 320 kW during a Week in the Summer Season
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CHAPTER 3:
Economic Dispatch and Emissions of a C65
Microturbine Generator

Economic dispatch of a C65 Microturbine Generator (MTG) can occur under many different
scenarios. First, depending on any agreements made between the generator operator and the
electric utility, either the standby or parent rate structure can be used to charge for utility
electricity service. If the parent rate structure is being used, the rate structure can be further
broken down (Such as TOU-A and TOU-B). The products utilized by the generator operator can
be electric only or both electricity and heat. Operation can be further altered by whether or not
additional charges such as departing load are applied, which would add an additional $0.01493
per kWh generated on-site, increasing the O&M charge associated with the generator. These
different scenarios were investigated with the results being presented and analyzed in this
chapter. Three different parameters, load factor, average monthly heating load, and coincidence
between electrical and thermal loads are used throughout this chapter to divide the results into
groups. The load factor is the ratio between the average building load and the maximum
building load. Each building has unique energy demand and DG operation can differ
depending on how much generation is installed and the three parameters mentioned. While
these three parameters do not capture all of the building energy demand behavior, they are
useful for characterizing the buildings used in this study as well as allowing for the numerous
results produced by yearlong simulations to be understood.

3.1 Baseline Building Energy Cost

Using the electrical and natural gas rate structures outlined in the previous chapter, the baseline
cost of energy was determined for the 38 buildings discussed in Section 2.2. Each building was
analyzed for use of both the TOU-A or TOU-B rate structure, with the less expensive rate being
picked as the baseline electrical cost for that building. The difference between TOU-A and TOU-
B is that TOU-A has higher energy charges while TOU-B has higher demand charges. The
electric energy cost incurred to meet each building annual energy demand using grid electricity
is shown in Table 15. The thermal energy cost to meet each of the building annual heat demand
profiles using a natural gas-fired boiler with 90 percent efficiency are presented in Table 16.

30 Southern California Edison, Schedule DL-NBC Departing Load Nonbypassable Charges. 2010.
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Table 15: Cost of Electricity for Building Models using only Grid Electricity to Meet all Electrical

Demand
AA\Irler;:ale Average Annual Annual Summer Winter Difference
Building Electri?:a Monthly Electric Cost of Cost of Cost of over
Name I Load Load Utility Bill | Electricity | Electricity | Electricity Other
(kW) Factor ($/Year) ($/kWh) ($/kWh) ($/kWh) Rate (%)
LACCD
Southwest o
College Cox 58.5 0.46 $69,711.42 $0.1412 $0.1555 $0.1234 6.81%
Bldg
UCI ELF 81.1 0.25 $118,183.73 | $0.1664 $0.1958 $0.1518 9.84%
UCI MSTB 99.1 0.53 $105,259.42 | $0.1117 $0.1378 $0.1004 6.66%
LA-ISD El
Monte Health | 112.9 0.62 $120,818.19 | $0.1245 $0.1425 $0.1133 7.45%
Center
Stater
Brothers
#171 Hidden 170.8 0.74 $160,743.38 | $0.0948 $0.1196 $0.0796 9.06%
Valley
Canon B 172.6 0.55 $170,541.36 | $0.1097 $0.1322 $0.0964 7.82%
Stater
E;‘;tgers 176.6 0.66 $151,462.17 | $0.0867 $0.0981 $0.0795 8.33%
Fontana
LA-ISD Van
Nuys Court o
House East 182.7 0.43 $242,631.00 | $0.1458 $0.1866 $0.1232 3.92%
& West
UCI Croul 201.1 0.61 $189,350.78 | $0.1065 $0.1259 $0.0949 8.43%
US Navy o
Palmer Hall 203.1 0.77 $172,544.19 | $0.0965 $0.1043 $0.0922 9.07%
UCI Bren 206.7 0.57 $185,917.27 | $0.1040 $0.1347 $0.0910 6.04%
Stater
Brother #124 | 218.0 0.71 $188,206.23 | $0.0873 $0.1382 $0.0634 5.30%
Laguna Hills
Stater
Brothers 226.7 0.59 $202,082.49 | $0.0898 $0.1434 $0.0632 5.06%
#170 Corona
Canon A 232.3 0.44 $285,189.49 | $0.1359 $0.1614 $0.1194 6.80%
LA-ISD Hall
of Records 234.8 0.63 $263,295.43 | $0.1232 $0.1479 $0.1097 6.00%
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Annual

Average Average Annual Annual Summer Winter Difference
Building Electri?:a Monthly Electric Cost of Cost of Cost of over
Name | Load Load Utility Bill | Electricity | Electricity | Electricity Other
(kW) Factor ($/Year) ($/kWh) ($/kWh) ($/kWh) | Rate (%)
LA-ISD
Norwalk 2016 0.45 $341,792.31 | $0.1288 $0.1649 $0.1084 5.82%
Court House
LA-ISD
Roybal o
Hoaith 335.9 0.61 $370,866.93 | $0.1212 $0.1507 $0.1051 7.47%
Center
LA-ISD
Mental 362.5 0.31 $535,065.15 | $0.1621 $0.2107 $0.1328 2.35%
Health Court
LA-ISD
Pomona
Contre o | 3733 0.61 $423,287.23 | $0.1245 $0.1333 $0.1179 8.11%
North
ga”"” Aand | 3990 0.51 $451,459.03 | $0.1253 $0.1487 $0.1103 7.45%
UCICal T2 | 4208 0.64 $407,970.87 | $0.1097 $0.1257 $0.1003 5.03%
UCI Natural o
SCence 2 447 8 0.67 $430,361.44 | $0.1087 $0.1195 $0.1028 5.64%
g{(‘)’r‘fry 4527 0.74 $403,960.12 | $0.0977 $0.1239 $0.0851 7.81%
UCI Natural | 55z - 0.66 $488,401.57 | $0.1120 $0.1278 $0.1024 571%
Science 1
LA-ISD
Pasadena 507.3 0.62 $507,945.50 | $0.1100 $0.1370 $0.0956 7.68%
Court House
US Navy
Commissary | 5,1 4 0.86 $455,074.63 | $0.0904 $0.0880 $0.0920 7.67%
Naval Base
San Diego
Jamboree
o 702.2 0.45 $813,680.78 | $0.1291 $0.1599 $0.1119 5.45%
Hyatt Irvine | 719.2 0.69 $663,527.48 | $0.1050 $0.1283 $0.0923 6.54%
Jamboree
il 752.4 0.44 $852,260.67 | $0.1262 $0.1669 $0.1048 4.34%
Chino
Women'’s 760.4 0.69 $715,045.37 | $0.1113 $0.1175 $0.1072 6.47%
Prison
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AA\Irler;:ale Average Annual Annual Summer Winter Difference
Building Electri?:a Monthly Electric Cost of Cost of Cost of over
Name | Load Load Utility Bill | Electricity | Electricity | Electricity Other
(kW) Factor ($/Year) ($/kWh) ($/kWh) ($/kWh) Rate (%)
Jamboree
Center #5 771.0 0.49 $832,648.82 $0.1203 $0.1527 $0.1024 6.22%
The Island o
Hotel 843.6 0.78 $719,190.62 $0.1033 $0.1208 $0.0911 7.12%
CARehab | 497 4 0.60 $1,001,744.7 | 66 1144 $0.1289 $0.1054 6.29%
Center 4
SCAQMD 1011.6 0.56 i1,016,566.9 $0.1121 $0.1292 $0.1018 4.36%
St. Regis 1365.7 0.75 ?1’225’125'5 $0.1010 $0.1206 $0.0899 7.78%
Patton State 1701.3 0.69 ?1’670’207'6 $0.1066 $0.1118 $0.1031 8.13%
'\'/‘/’A\ma Linda | 30939 | 0.80 g2’7°9’°63'1 $0.0026 $0.1098 $0.0796 8.41%
'\'/‘/1\”9 Beach | 34964 |073 23’198’358'6 $0.1019 $0.1128 $0.0958 7.56%

Table 16: Cost of Natural Gas for Building Models using only a Boiler to Meet all Thermal Demand

Average Averaage
Monthly Annual Natural %as
Building Name Thermal Natural Gas Pri
; rice
Load Bill ($/Year) ($/Therm)
(Therms)
us Naﬁglra'mer 1111.8 $8.750.15 $0.5956
UCI Bren 1197.9 $9,418.63 $0.5897
UCI Croul 2301.4 $17,166.20 $0.5594
UCI Cal IT2 4217.7 $29,203.04 $0.5193
UCI Natural 6413.3 $40.704.72 $0.4760
Science 1
UCI Natural
Science 2 7761.3 $47,615.83 $0.4601
Hyatt Irvine 13321.5 $76,685.39 $0.4317
St. Regis 14814 1 $84,491.62 $0.4265
SCAQMD 28615.3 $152,345.62 $0.3993
Patton State 41393.1 $157,895.29 $0.3979




Average Average

Monthly Annual Natural Gas
Building Name Thermal Natural Gas Pri

- rice
Load Bill ($/Year) ($/Therm)

(Therms)
Long Beach VA 46819.5 $240,892.01 $0.3949
Loma Linda VA 66474.3 $328,076.11 $0.3921

Table 15 shows average electrical demand, average monthly summer load factor, annual
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