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ABSTRACT OF THE THESIS

Energy and economic assessment of distributed renewable gas and electricity generation from organic
solid municipal waste in an Advanced Energy Community
By
Rochelle E. Silverman
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2019

Professor Jacob Brouwer, Chair

A methodology for assessing the efficiency and economic viability of renewable gas generation
and energy conversion to compliment residential PV is proposed and demonstrated for a 10,000
resident example community in Huntington Beach, California. Dynamic solid oxide fuel cell (SOFC)
performance on two fuels was explored to inform electricity production assumptions. These efforts
included operating an SOFC on natural gas, using experimental data to verify an SOFC model,
and simulating SOFC operation on clean biogas. Renewable fuel production processes included in
the community zero-net-energy assessment are 1) through the processing of community-produced
organic fraction of municipal solid waste (OFMSW) in an anaerobic digester and 2) using solar
generation paired with power-to-gas technologies. Six pathways — ending in natural gas pipeline
injection or SOFC electricity production — were evaluated for two PV capacity scenarios. The renewable
fuel production potential of community-produced OFMSW was determined to be 0.24 MMBTU/y of
renewable natural gas (RNG) from anaerobic digestion and up to 2.85 MMBTU/y of hydrogen from
electrolysis using excess solar PV electricity. A payback period of 7 years, equal to that of a modern

natural-gas power plant, requires the renewable fuel sale price to be 5.2-15 times larger than the 2017

Xiii



California residential average natural gas price and the renewable electricity sale price to be 3.0-6.8
times larger than the 2017 local average residential electricity price. Results show >80% of the
community electrical demand can be met through a combination of solar PV, anaerobic digestion, and
SOFC operation. In this scenario, solar PV meets 52% of the community electrical load, while excess solar
production produces hydrogen that is passed through a fuel cell to meet 26% of the electrical load. The
remaining 3% is met using RNG produced through anaerobic digestion using only organic waste from the

studied community.
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INTRODUCTION

Overview

Recent California laws and policies including the California Energy Commission’s 2019 Building
Energy Efficiency Standards require boosts in energy efficiency [1]-[3], significant increases in renewable
energy reduction [4], and a statewide decrease in greenhouse gas emissions [5]. Both energy efficiency
and solar energy generation have been critical towards meeting current and future California energy
and sustainability goals. Traditionally, both energy efficiency and solar generation have been supported
through a combination of incentive and rebate programs [6]—[8]. Although successful, critics of such
programs cite equity issues faced when attempting to implement energy efficiency and renewable
energy measures in low income, urban, and/or multifamily communities [9]. In order to overcome these
critiques, the concept of “the community energy project” has emerged [9].

These energy projects can include community scale design of energy efficiency retrofits, district
energy systems, combined heat and power, renewable generation, and community energy storage [10]—
[14], with particular focus on community solar photovoltaic (PV) [15]. As grid connected solar energy
systems proliferate, challenges from handling excess solar generation must be dealt with [16].
Conventional methods for handling excess and unwanted solar output are to use the excess energy to
provide ancillary services, charge energy storage, or curtailment. Considering the future need for a
renewable fuel [17], another use of excess solar energy is through an electrolysis process to generate
renewable hydrogen. Electrolysis of water to hydrogen using excess renewable energy, or power-to-gas
(PtG) can be used to provide seasonal energy storage to balance intermittent and inflexible renewable
generation [18], [19]. PtG includes any technology that converts electrical power to a gaseous fuel,
usually hydrogen or methane. Hydrogen gas is the favored fuel produced by PtG technologies because it
has a high energy density, is storable on large timescales, requires fewer steps to produce than

methane, and produces no greenhouse gases when converted back to electricity [18].



It is easy to hypothesize that use of community solar to provide PtG would suffer from poor
economies of scale, or that such a project would face “not in my back yard” — NIMBY — challenges [20].
One scenario in which both challenges could potentially be overcome is when the PtG electrolyzer is
collocated with an urban waste transfer facility. The benefits of the system would be the introduction of
the system into an industrial location, possible proximity to a community energy project, and the
potential to develop renewable gas production using onsite organic waste. Previous studies have
examined community energy projects that include optimizing waste handling and usage, including
optimized recycling pathways. [14], [21]-[23]. Currently, little to no work is found on the literature on
colocation of PtG technology and waste transfer operations within an urban environment.

Electricity production from two possible community scale solar PV systems and community-scale
methane gas production via anaerobic digestion (AD) of residential organic solid municipal waste were
modeled. Using these energy streams, six energy pathways involving combinations of electrolysis (EC),
methanation (MT), solid oxide fuel cell (SOFC), and natural gas pipeline injection (Pl) technologies were
evaluated for energy efficiency, cost-effectiveness, and ability to meet community electricity demand.
The contribution of this thesis is to provide a simple, replicable, and scalable model to help direct future
energy-and sustainability-conscious construction and retrofitting in existing communities.

Additionally, a 1.5 kW SOLIDpower SOFC was installed as part of a CHP energy generation
system in a simulated ZNE home setting. A MATLAB Simulink model previously developed at the NFCRC
was modified to simulate the SOFC dynamic performance on natural gas fuel and clean biogas [24]. The
practicality of using small-scale SOFC power production as a dynamic distributed power resource to
complement intermittent solar PV power production was assessed using cost models found in the
literature and SOFC performance characterization data determined experimentally. Final evaluation
considerations of the practicality of renewable fuel production and use in ZNE communities include

system energy consumption, energy efficiency, solar PV capacity and rooftop requirements, cost-



effectiveness, and infrastructure needs. This thesis is organized as follows: Section Error! Reference s
ource not found. describes relevant technology characteristics and costs, Section Error! Reference
source not found. describes the modeling methodology, Section CHAPTER 3: presents results based on
the included technology and model methodology, and Section CHAPTER 4: summarizes the work in

conclusion.

Goal
The goal of this work is to evaluate renewable gas generation, conversion, and to determine its
ability meet ZNE criteria in mostly residential communities similar to the Oak View neighborhood in

Huntington Beach, California.

Objectives

To accomplish this goal, the following objectives will be carried out

1. Conduct a thorough literature review to acquire all relevant background knowledge,

2. Evaluate potential sources of sustainably produced fuel in an example community,

3. Install and evaluate the performance of a representative SOFC system operating on natural gas in
a simulated ZNE environment for model verification,

4. Develop a dynamic simulation environment for evaluating SOFC operation on natural gas and
verify with experimental data,

5. Develop a dynamic model for an SOFC system operating on biogas, and

6. Use the SOFC models to determine the viability of renewable fuel use in an SOFC system to

complement PV use and achieve ZNE in a community.



CHAPTER 1: BACKGROUND

1.1 Distributed Energy Conversion and Zero-Net-Energy Regulations

Several factors have increased demand for efficient electric power production, supply, and
transport technology. In the United States, power generation plants produce the majority of pollutant
emissions, including fine particulate matter, sulfur dioxide, and ammonia, according to 2008 data [25].
These pollutants contribute to global climate change and are known to have adverse health and
environmental impacts [25]. Most American electric power generation plants are coal-driven and have
electrical efficiencies of 30-40% [26]. In addition to heat losses, 6-8% of power plant-manufactured
electricity is lost during transmission and distribution [26]. Data from 2012 suggests that the U.S. total
energy efficiency is 38.4% [27]. Many newer technologies like fuel cells and gas turbines can achieve
total efficiencies exceeding 80%, especially when integrated to form combined cycles or combined
heating and power (CHP) systems [28]. Distributed energy resources (DER), i.e. those that produce
electric power and/or heat near the point-of-use, that use these sustainable energy technologies are
becoming increasingly popular methods to reduce energy loss during transmission and increase local
grid resilience. Photovoltaic systems are the most common DER and are widely deployed throughout
California. Distributed energy systems reduce transmission and distribution energy losses while
providing access to waste heat for CHP systems.

Reinforcing and restructuring the aging and outdated U.S. electrical grid to connect with new
smart technologies and distributed energy systems has been a major legislative focus in recent years
[29]. The American Recovery and Reinvestment Act of 2009 dedicated 4.5 billion USD to modernizing
the nation’s electrical grid, reducing energy demand, and increasing the use of renewable energy
technologies [29]. The private electric sector has provided an additional 5 billion USD to fund design and
construction projects to replace old transmission lines, build smart grids, and institute policies that

promote distributed generation and cogeneration for both commercial and residential buildings [30]. In



support of these efforts, the 2015 Executive Order titled Planning for Federal Sustainability in the Next
Decade by U.S. President Barack Obama mandates that 15% of existing federal buildings conform to
energy efficiency standards for High Performance and Sustainable Buildings by 2025 and that all new
federal buildings be Zero-Net-Energy by 2020 [31]. Similarly, the California Energy Commission has
required that all new commercial buildings (and 50% of existing commercial structures) must meet ZNE
standards by 2030 and that all new construction single-family homes must also meet ZNE standards
beginning in 2020 [3].

A Zero-Net-Energy Code Building is defined by the CEC as “one where the societal value of the
amount of energy provided by on-site renewable energy sources is equal to the value of the energy
consumed by the building . . .” [32]. The CEC gives all electric power, both produced on-site and from the
grid, a monetary value equivalent. This time-dependent valuation (TDV) is based on the time of
production and the typical energy demand at that time. The TDV consumption value must equal the TDV
generation value over the course of a year for a building to earn a ZNE classification. The keystone
element of a ZNE building is the use of a renewable distributed generation system. This can be achieved
by generating electricity directly from renewable sources like wind or solar power when they are
available regardless of demand or by using renewably generated electricity to produce fuel to store the
energy for later use. To-date, nearly all residential distributed generation systems have been
photovoltaic (PV), which have daily peak electric power production during off-peak power demand [3].

Solar PV provides clean renewable energy that has the capacity to meet significant portions of
current electrical demand [33]. However, the current grid infrastructure cannot support the increased
intermittent renewable power without also increasing installation of supporting distributed energy
conversion and storage technologies [34]. The California Independent System Operator (CAISO)
published a graph (Figure 1) plotting California’s actual and projected net electrical loads, equal to the

normal load minus wind and PV generation, for an example spring day in 2012-2020 [35]. This figure has



become known as the “Duck Chart” because of the chart’s shape that is similar to the outline of a duck.
The figure shows a large drop in mid-day net electrical load when solar PV production is highest that

increases as PV penetration increases over time. The chart also shows the significant need for ramping
resources in the evening. The chart raises concerns that the current power system which utilizes many
resources requiring long start-up times will not be able to match the steep afternoon ramp rate at high

PV penetrations [34].
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Figure 1. CAISO Duck Chart showing a large drop in mid-day net electrical load as solar PV penetration increases over time [35].

Much of the over-generation is fed back onto the utility grid network on a net energy metering
(NEM) basis (electricity generation and consumption are valued equivalently at the meter) [33], [35],
[36]. Under this policy the utility grid network is expected to handle all over-generation in the middle of
the day and all of the generation lost as the sun goes down without compensation [34], [37].

More traditional power generation plants have very limited ability to follow dynamic loads and
must be run near steady-state conditions [34]. If solar power cannot be fully utilized because other
power resources are online simultaneously, more power is produced than demanded [34]. The simplest

technical solution to this PV over-generation is renewable curtailment, decreasing output from wind or



PV below what it would normally produce, effectively increasing the cost of renewable energy
production and reducing the environmental benefits [34].

A 2015 study by the National Renewable Energy Laboratory (NREL) concluded that under
business-as-usual power system management California solar penetration as low as 20% could lead to
marginal curtailment rates greater than 30% [34]. Figure 2 shows CAISO historical renewable
curtailment data for each month in 2014 through October 2018. The recent trend in increased
renewable curtailment is clear. Curtailment and the emergence of negative electricity prices during
over-generation hours in the California energy market have generated significant interest in energy
storage [34], [38]. Allowing or requiring storage along with the installation of distributed PV could
increase system flexibility, reduce curtailment, and allow greater penetration of renewable power

generation [34].

Renewable Curtailment
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Figure 2. CAISO historical renewable curtailment chart [39].
1.2 Community Description
The Oak View community is a small subsection of the City of Huntington Beach located in

Southern California. This community was selected as the design community, representative of a
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disadvantaged community which may be difficult to make ZNE, due to a combination of a poor
CalEnviroScreen 3.0 rating of between 76% and 80% [40], local per capita income falling well below
average income levels, and over 80% of all buildings being built prior to 1980 [41]. The community is
home to approximately 10,000 residents, and contains multiple commercial and industrial entities,
including a waste separation and transfer station. Most of the 10,000 Oak View residents live in multi-
family residences with no air conditioning, and the neighborhood has a history of substandard air quality
as determined and enforced by the South Coast Air Quality Management District [42]. When considering
California State goals, the local pollution levels, aging building stock, and variety of building end uses,
Oak View is a prime challenging candidate for exploring community net zero energy methods and

technologies.

1.3 Relevant Technologies and Cost Models

The current work examines renewable fuel production and conversion pathways, requiring a
myriad of technologies and methods to be implemented. This section reviews the technical and
economic characteristics of the different technologies included in this work.

During the cost analysis, cost of energy through renewable fuel pathways is compared to
average residential and commercial costs in Southern California. In 2017, the average residential and
commercial cost of natural gas was $12.04 and $8.45 per MMBTU, respectively [43]. The average price
of residential and commercial electricity in 2017 from Southern California Edison, the local provider in

Huntington Beach, was $0.1660 and $0.1441 per kWh, respectively [44].

1.3.1 Cost Summary
Table 1 presents the capital and annual operating and maintenance cost models determined for
each relevant technology discussed in Section 1.3. For technologies with an expected lifetime less than

30 years, the expected lifetime of a power or fuel generation plant, replacement costs are included in



the O&M costs shown in Table 1. Replacement costs were calculated as monthly payments over the

lifetime of the previous component or component cell stack with an 8% annual credit on payments.

Table 1. Summary of capital and O&M costs for all relevant technologies.

System Component Capital Cost Annual O&M Cost

Residential Solar PV $2,530 * Py [45] $21 * Py [46]
Commercial Solar PV $1,395 * Pyyyre [45] $21 * Pyye [46]
Lithium lon Battery $0.853 * Exyn [47] $0.0922 * Epyyp, @

MSW Anaerobic Digestion $2,508,900(MSW,4p)%5 [37] $162,775(MSW,4p)°° [37]
Biogas Upgrading for Pipeline $1,370,000(flowgyg)°>° [37] $101,625(flowgyg )8! [37]
Alkaline Electrolysis $1,200 * Py [18], [19], [48]  $57.4 * Pyye [49], [50]
Catalytic Fixed-bed Methanation ~ $0.007(CAPy,) %823 b 0.0835 * Capitalyr [51]
SOFC $5,000 * Py [52], [53] $959 * Prye [52]
Renewable Natural Gas Injection  $615,750(flowgys)%*2 [37] $28,425(flowgyg)3° [37]

Prwe is electric power in kW.

Ewn is battery energy storage in kWh.

MSW c4p is the digester capacity in thousands of tons/y of MSW input.
flowgyg is the output flowrate of renewable natural gas in MMBTU/h.

Prwe is the electrical power capacity of the electrolyzer in kW.

MT cqpitar is the capital cost of the methanation system.

P capitar is the capital cost of the RNG pipeline.

2 Includes only replacement cost as batteries require little-to-no O&M expenses.
b Equation was obtained from best-fit line of values found in the literature.

Any real system would require dynamic operation of equipment as intermittent renewable
resources are available and used. In this case, dynamic operation should be considered for the efficiency
and cost analysis. Alternatively, natural gas and grid electricity could be used to supplement sustainable
fuel and electricity as needed to operate technologies at steady-state. This study does not account for

possible increased operation and maintenance costs of dynamic equipment operation.

1.3.2 Solar PV
The first commercial silicon PV cells debuted in 1956 by Western Electric, but high costs
prevented their widespread use [54]. Since the beginning of the twenty first century, commercial solar
PV power generation technologies have steadily matured and decreased in price causing the number of
PV installations to drastically and steadily increase in California [33]. Five recent developments,
alongside decades of world-wide government financial incentives [55] have contributed to the recent
growth of PV in the state: (1) the United States government permitting lower cost solar panels produced

in China to be imported, (2) the emergence of third-party-owned residential solar systems, (3) the



completion and success of large scale PV power plants, and (4) ongoing manufacturing consolidation
[33]. California was the first U.S. state to install over 1 GW of PV for utility power generation in 2012 [33]
with the Energy Information Administration and the CEC reporting that nearly 12.5 GW of installed solar
panels generated 24.3 GWh of electric power in 2017 [56], [57]. Residential solar PV has a capital cost of
$2,530/kW, and commercial solar PV has a capital cost of $1,395/kW [45]. Both have operational
lifetimes of 30 years and annual operation and maintenance (O&M) costs of $21/kW [46]. Capital as well
as operating and maintenance (0O&M) costs — accounting for replacement costs where applicable — are

summarized in Table 5 for all referenced technologies.

1.3.3 Batteries

Batteries are typically used to provide energy storage for relatively short timescales - from
seconds to hours. They can be used to control frequency and voltage, shift demand, provide ramp rate
compensation, smooth fluctuations in solar renewable power generation, and prevent curtailment [58],
[59]. Lead-acid (Pb-A) batteries are the most mature and widely used battery technology [58]. Lithium-
ion (Li-ion) batteries were first commercialized in 1990 and have been gaining popularity in recent
decades because of their high cycle life, high energy density, and high efficiency [58]. These two main
battery technologies are compared in Table 2.

The lifetime of batteries varies depending upon their thermal environment and charge and
discharge control strategies [59]. A life prediction model developed by the National Renewable Energy
Laboratory suggests that grid-connected batteries subject to a relatively constant average ambient
temperature of 30°C, a depth of discharge of 74%, and daily charge cycling can last 7.3 years before
degrading to 70% of its rated current flow [59]. This model concluded that integrated battery-PV
systems attempting to minimize energy exchange with the grid can have expected lifetimes of 7 to 10

years [59]. Battery replacement cost in this study assumes a capacity factor of 0.3 and a 7-year lifetime.
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Table 2. Popular battery technology characteristics.

Battery Type Pb-A Li-ion

Cycle life (cycles @ % 50-200 @ 80%; 1000s [58] 3000 @ 80% [60]

state of charge variation)  for shallow cycles

Energy density (Wh/L) 50-80 [61], [62] 200-550 [58],
[63]

Power density (W/L) 300-400 [61], [62] 4500 [58]

Self-discharge per day <0.5% [60] 0.1-0.3% [58],
[60]

Cycle efficiency 63-90% [58] 80-98% [58]

Commercial cost ($/kWh)  1.06-1.15 [47] 0.853 [47]

Maturity level Mature [58] Commercial [58]

1.3.4 Anaerobic Digestion and Biogas Upgrading

Three commercial technologies convert biomass to electricity and biogas fuel: combustion,
gasification, and anaerobic digestion [64]. Combustion uses the heat produced from burning biomass to
create steam to turn a steam turbine, producing electricity. Gasification reacts biomass with limited
oxygen and/or steam to produce syngas, a gaseous fuel rich in hydrogen and carbon monoxide.
Anaerobic digestion is a series of biological processes in which microorganisms break down
biodegradable material in the absence of oxygen to produce biogas, a methane-rich gaseous fuel. AD
uses organic wastes, including livestock manure, municipal wastewater solids, food waste, the organic
fraction of municipal solid waste, along with fats, oils, and grease that would otherwise be landfilled,
incinerated, or used directly as agricultural fertilizer, as feedstock to maintain the digestion reactions
[65]. As hydrogen has also been shown to be an effective fuel source, research has been conducted to
demonstrate additional AD methods that produce hydrogen-rich biogas [66]-[69]. These processes,
however, are currently only in the laboratory stages [35]. AD is the only one of these technologies that is
nearly carbon neutral and does not emit criteria pollutants from combustion [70].

Anaerobic digestion systems can be configured in several different ways and can be categorized
into mesophilic versus thermophilic, wet versus dry, continuous versus batch feeding, and single-stage
versus multi-stage systems. Mesophilic or thermophilic categorization describes the digester operating

temperature. Mesophilic digesters operate in an ideal temperature range of 30-40°C, while
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thermophilic digesters operate in an ideal temperature range of 50-60°C [71]. Mesophilic digestion is
better established and more widely used because mesophilic species are more tolerant to changes in
environmental conditions than thermophiles. This has given Mesophilic digestion the reputation of
being much more stable while also, on average, having lower maintenance costs [71]. Thermophilic
systems feature significantly shorter digestion periods than mesophilic systems to produce comparable
amounts of biogas [65]. Typical thermophilic retention times are 10-16 days, and typical mesophilic
retention times are 30-60 days [65].

Wet versus dry digestion describes the total solids (TS) content of digestate. Wet systems are
suitable for liquid feedstocks with TS concentration below 16%, and dry systems are suitable for dry
feedstocks with a TS content greater than 22% [72]. Liquid feedstocks such as manure slurry or waste
water sludge can be pumped from one system stage to the next. Operating a wet digestion system
requires less input energy, because pumping is significantly more efficient than are the specialized
technologies for loading moving solid feedstock required by dry digestion systems [73]. Wet systems
typically have higher methane yields while dry digestion systems have higher contaminant tolerances
and require less maintenance [73].

Continuous or batch feeding characterizes the manner in which feedstock is added to the
digester. In continuous digestion systems, feedstock is continually fed into the digester and digestate is
continually taken out of the digester [74]. In discontinuous digestion, feedstock is digested in batches
[74]. Batch feeding systems are less expensive than continuous feeding systems; however, each batch
turnover must undergo the maintenance-heavy aerobic starting phase. For industrial-scale digestion
systems, continuous feed is generally advantageous [71].

The number of reactors used during the digestion process is described as stages. Single-stage
systems use only one reactor, while multi-stage systems typically use two reactors. Multi-stage systems

work by separating the hydrolysis and acidification processes from the acetogenesis and

12



methanogenesis processes. This is done because each process has different ideal operating conditions
[72]. Multi-stage systems usually have slightly higher methane yields and better stability than single-
stage systems, but are also more expensive to build and maintain [72].

Biogas yields of AD are strongly dependent upon feedstock composition, which is highly variable
with location, population density, season, sector of the source material, and use of pre-treatment
options [75]. Municipal solid waste (MSW) typically has greater than 25% total solids and is therefore
categorized as a feedstock best suited for dry AD [64], [76]. The first MSW digester plants operated as
continuous-feed wet digester systems [64]. Since 2007, however, most MSW AD plants have been
batch-fed dry systems [64]. Relevant literature recommends that MSW be mixed with chipped wood to
produce a feedstock containing about 44% total solids to be digested over 30 days after a 3-4 day
aerobic pre-treatment that slowly raises the feedstock from ambient temperature to 37 °C [64], [76].
Each digestion batch should consist of half new feedstock material and half digestate from the previous
batch [64].

Biogas is typically composed of 50-70 vol% methane, 30-50 vol% carbon dioxide, and a few
percent by volume of trace volatile organic compounds [64], [75]-[77]. Common contaminants include
sulfur, halogens, organic silicon, and aromatic compounds and must be removed before the biogas can
be used to produce electricity [64], [76], [78]. Biogas is typically upgraded to renewable natural gas
(RNG) through a multi-step process that includes carbon dioxide removal, gas drying, minor contaminant
removal, and compression in upgrading systems with energy efficiencies of 85-98% [79]. At small scales
biogas upgrading is prohibitively expensive [37]. Government-funded feed-in tariffs, which guarantee a
set purchase price of renewable gas or electricity by the utility, have been used in California to offset
high costs encourage the development of small-scale bioenergy projects [80], [81]. However, these

programs are currently suspended [80], [81].
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Upgraded biogas can be used locally by the producer, compressed and sold as compressed
natural gas (CNG) vehicle fuel, or injected into the natural gas pipeline distribution network. CNG
production is less expensive than RNG production from biogas, however, local CNG demand must be
strong to make its production economically feasible. Anaerobic digestion and, especially, biogas
upgrading demonstrates strong economies of scale [37], [78], [82]. The economic feasibility of anaerobic
digestion as waste treatment depends upon a large number of location-specific variables such as local
energy and waste markets, population density, and climate [83]. Estimates in existing literature are
highly varied and often site-specific [83]—[85]. Parker, et al. defined functions approximating anaerobic
digestion system capital and O&M costs specific to California markets that are referenced in Table 1. The
assumed lifetime of an AD facility is 30 years.

Another consideration when siting an anaerobic digester is potential resistance from local
residents and stakeholders. Public interviews of Oak View residents and stakeholders revealed that the
siting of an anaerobic digester at the local waste transfer station is undesirable. As a result, RNG
production from community waste requires transfer to an existing AD system. Further interviews with
the waste transfer station operators indicated that transfer of organic waste to an AD system located in
Perris, CA is planned. The process of transferring organic waste from the Oak View community to the
Perris, CA digester system is included in this work.

Using the 2017 Alternative Fuel Life-Cycle Environmental and Economic Transportation (AFLEET)
Tool, a module of the GREET 2016 software, produced by U.S. Department of Energy’s Argonne National
Laboratory, the expected emissions for trucking OFMSW processed at the Oak View waste transfer
station to the AD located in Perris, CA, were calculated [86]. Figure 3 shows the Google Maps suggested
driving route between these locations. The shortest driving distance between the facilities is 66.6 miles

(133.2 miles roundtrip) [87].
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Figure 3. Gooéﬂe Maps suggested driving routes between Oak View (17001 — 17019 Nichols Lane) to the anaerobic digester
(Goetz Road) [87].

1.3.5 Power-to-Gas
The need for seasonal and yearly energy storage to balance intermittent and inflexible

electricity supply has motivated the development of power-to-gas technologies [18]. PtG includes any
technology that converts electrical power to a gaseous fuel, usually hydrogen or methane. It has
become an established compliment to increasing shares of wind and solar power in the energy sector
[19]. Hydrogen gas is the favored fuel produced by PtG technologies because it has a high energy
density, is storable on large timescales, requires fewer steps than methane production, and produces no
greenhouse gases when converted back to electricity [18]. The foundation of all PtG systems is water
electrolysis, which involves passing an electric current through an electrolyzer to decompose water into
oxygen and hydrogen (reaction (1)). In an oxygen-ion (0%") conducting electrolytic cell, liquid water is
reduced at the negatively charged cathode (reaction (2)), and oxygen ions are oxidized at the positively

charged anode (reaction (3)).

H,0 (1) = Hy(g) +75 02(9) (1)
H,0 + 2e~ - H, + 0%~ (2)
0%~ >0, +2¢” (3)
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Efficiencies of existing electrolyzer technologies and steam methane reformation are compared
in Table 3. Electrolyzer efficiencies are calculated by dividing the energy of hydrogen fuel produced using
its higher heating value (HHV) by the electrical and heat energy input to the process. The overwhelming
majority of hydrogen gas production today uses steam methane reformation (SMR), which reacts

natural gas and steam with approximately is 85% efficiency [88]-[90].

Table 3. Efficiencies of hydrogen fuel production processes in order from highest to lowest.

H; Production Process Efficiency
High-Temperature Solid Oxide Electrolysis (using waste heat) 85-90% [88], [89]
Steam Methane Reformation 85% [89], [91]
Low-Temperature PEM Electrolysis 67-82% [92]
Alkaline Electrolysis 62-82% [92]

High-Temperature Solid Oxide Electrolysis (producing own heat)  60-70% [88], [89]

Table 5 compares characteristics of the three major electrolysis technologies: alkaline
electrolysis (AEC), proton exchange membrane electrolysis (PEMEC), and high-temperature solid oxide
electrolysis (SOEC). Alkaline electrolysis is the most mature electrolysis technology and has been
commercially available for decades [19]. AEC systems are typically well-suited to PtG applications where
the power supply is often intermittent and fluctuating. AEC systems at ambient temperatures start in
30-60 minutes and can be operated between 20% and 150% of their design capacity [19]. The cost of an
AEC is estimated at $1,200/kW. for a 1 MW, system [18], [19], [48].

PEMECs are also a fairly mature technology with the first commercial system produced in 1978
[19]. PEMECs have the quickest start times of the three systems and produce high purity hydrogen gas
[19]. They can operate at 5% of their design capacity and couple extremely well with dynamic power
sources [19]. The capital cost of a 1 MW, PEMEC systems is estimated at $2,170/ kW, twice the cost of
AEC systems with roughly the same efficiency [19].

SOECs operate at high temperatures between 650-1,000°C enabling high efficiencies up to 90%
[88], [89]. SOEC is the newest electrolyzer technology and is not yet commercially available. While cost
estimates in the literature are rare, fuel cell systems with identical cells are reported to cost $5,000-

$6,500 per kW, [52] and it is assumed that SOEC system costs are currently at the high end of this range.
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Many academic and industry experts expect SOEC to become the most broadly applicable PtG

technology by 2030 as prices decrease [18].

Table 4. Comparison of AEC, PEMEC, and SOEC characteristics.

AEC PEMEC SOEC

Electrolyte Aqg. Potassium hydroxide Polymer membrane Yittria--stabilized Zirconia
Operating Temp. (°C) 40-90 [92] 20-100 [92] 650-1,000 [93], [94]
Gas Purity (%) >99.5 [95] 99.99 [96] 99.9 [18]
Lower Dynamic Range 10-40 % [96] 0-10 % [19], [97] >30 % [18]
System Response Seconds [98] Milliseconds  [98] Seconds [18]
Cold-start time (min) <60 (48] <20 [48] <60 [18]

I 60,000- 20,000-
Stack Lifetime (h) 90,000 [48] 60,000 [48] 10,000 a
Maturity Mature [18], [19] Commercial [92] Demonstration [18], [92]
Efficiency 62-82% [92] 67-82% [92] 60-90% [88], [89]
2018 Capital Cost ($/kW.) 1,080-1,300  [18], [48] 2,170-2,510  [18], [48] 6,500 b
2030 Capital Cost © ($/kW,) 813 [18] 921-1790 (18] 1140-4,600 [18], [19]

2 Industry experts interviewed estimated SOEC lifetimes to be significantly longer than 10,000 h [18]. However, there is little
evidence in the literature proving longer lifetimes.

b Indirect from SOFC costs reported in [52].

¢ Projected capital costs from interviewed industry and academic experts [18].

All electrolysis systems have low maintenance costs compared to capital and electricity costs.
Alkaline electrolysis O&M costs are approximately 1.5% of total capital expenditure (including initial
capital cost and stack replacement costs) [49], [50]. Stack replacement occurs every 10 years over the
system’s 30-year operational lifetime [19], [49]. Each stack replacement cost is assumed to be $840/kW-.
and is paid in monthly installments throughout the previous stack’s lifetime with an 8% annual credit on
payments. Modeled electrolysis systems have a 0.8 capacity factor. The O&M cost shown in Table 1

includes maintenance fees as well as stack replacement costs.

1.3.6 Methanation
Methane, the major component of natural gas, is a ubiquitous energy carrier in modern society.
In the United States the natural gas distribution network contains 2.44 million miles of pipe, 400
underground storage facilities, and 1,400 compressor stations [99]. Most methane fuel used today is
derived from fossil fuels but production from alternative sources has increased in recent years.
Methanation is the process of producing methane and water from carbon oxides, usually CO,, and

molecular hydrogen. Two types of methanation systems are used commercially: catalytic and biological.
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Biological methanation is often cited as having lower capital costs for very small systems while catalytic
methanation is the more mature reactor technology and is widely used for larger systems [100].
Catalytic methanation of hydrogen occurs at temperatures between 200 and 550°C and pressures
between 1 and 100 bar. The methanation process includes several chemical reactions, which are
summarized by the following overall reactions: carbon dioxide hydrogenation (reaction (4)), water-gas
shift (reaction (5)), and Boudouard reactions (reaction (6)) [19], [101]. The major methanation reaction

(reaction (4)) is strongly exothermic.

C03(9) + 4H3(g) © CH.(g) + 2H,0(g) (4)
C0,(g) + H(g) < CO(g) + H,0(g) (5)
2C0,(g) < C(s) + C0,(9) (6)

A typical industrial adiabatic fixed bed methanation system uses a series of 2 to 5 reactors with
intercooling between reactors to maintain proper operating temperatures. These systems typically
produce methane with 95-98% purity at efficiencies near 80% [19], [100], [102], [103]. Nickel is the most
popular catalyst for the reactor beds because of its high selectivity and low material cost [19]. Catalyst
cost fluctuates with the market value of nickel but is estimated to be 1.6-3.1 cents per 1000 scfyg in
methanation systems [104].

The endothermic electrolysis reaction in SOECs is known to pair well with the exothermic
catalytic methanation process. This thermal coupling of the processes increases overall efficiency [105].
Additional considerations should be made for systems that do not operate at steady state conditions.
For an electrolyzer with intermittent hydrogen production, a methanation reactor with rapid start up
and shut down or significant hydrogen storage is required. Because hydrogen storage is very expensive,

a dynamic methanation reactor is often the more economical choice [19], [106].
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Capital cost estimates in the literature for catalytic methanation systems ranged from $170 to
$640/kWrne [19], [96]. In the relevant literature eight methanation plant capital cost values were
reported together with a plant size description that are listed in Table 5.

Three plants reference methanation systems that produced RNG from renewable sources, and
five plants described systems that produce synthetic natural gas (SNG) from nonrenewable sources. The
capital and levelized costs were calculated for each plant and the values were plotted against plant size

in Figure 4. The equation of the best fit line for capital cost values is shown in Table 1.

Table 5. Methanation plant sizes and capital costs found in the literature. Values reported are scaled to 2018$ as the original
values were reported from 2004 to 2014.

Plant Type Methanation Total Plant Cost  Levelized Methanation Source
Plant Size (MWyg)  (MMS$, 2018) Cost (2018$/kWyg)
RNG 5 2.72 5.4x1022 [107]
RNG 14.8 4.232 2.86x1022 [108]
RNG 110 192 1.8x1022 [107]
SNG 390 410 1.1x102b [109]
SNG 410 44> 1.1x102b [109]
SNG 470 48b 1.0x102b [109]
SNG 510 51b 1.0x102b [110]
SNG 910. 109°b 1.20x102b [104]

a Historical annual EUR-to-USD exchange rates and USD inflation values were used to
calculate costs in 2018S.
b Historical annual USD inflation values were used to calculate costs in 2018S.

Methanation Capital Cost versus Plant Size
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Figure 4. Best-fit lines for total and levelized methanation system capital cost versus plant size.
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Methanation operating and maintenance costs in the literature are rare. One study showed
O&M costs to be 8.35% of capital costs assuming that there is no cost for acquiring carbon dioxide [51].

This percentage is used to calculate methanation O&M costs in this study.

1.3.7 Solid Oxide Fuel Cell Systems
There has been a great deal of work demonstrating and developing the benefits of various

alternative distributed energy resources [28], [85], [111]-[114]. Most fueled DER systems in operation
today use internal combustion engines (ICEs) or microturbines. At the small scale, typical ICE and
microturbine DERs have electrical efficiencies of 27-41% and 22-28%, respectively [52]. Unlike ICEs and
Microturbines the electrical efficiency of fuel cells does not strongly correlate with size as they produce
electricity directly from the chemical energy stored in fuels, i.e. hydrogen or natural gas. As such, even
small-scale fuel cell systems have electrical efficiencies of 40-60% [115]. Solid oxide fuel cell systems
integrate well with the existing natural gas infrastructure and are most often used for stationary power
generation [115], [116]. In addition to high electrical efficiencies, SOFCs have high fuel flexibility, nearly
zero criteria pollutant emissions, operate silently with few moving parts, and produce high quality waste
heat that can be used for reclamation as electricity, heat, steam, or chilled water [115], [117]-[119]. In
the case of coupled anaerobic digestion, the excess heat can be used to maintain digester temperature.
In the United States space heating and cooling account for 54% of residential site energy consumption,
and water heating accounts for an additional 18% [120]. Thus, DER SOFC systems can help meet heating
and cooling loads as well as electricity demands when installed in residential communities. At the end of
2006, Osaka Gas Co., Ltd. developed and installed compact SOFC power generation units into four
houses [121]. By April 2012 ,the company launched the first commercial residential SOFC-CHP system
“Ene Farm type S” [121]. AC power from these SOFC generator units varied from 50 W to 700 W
depending on electric demand [121]. Similar technologies are used by the ene.field project, the largest

European case study of micro-CHP smart energy solutions for private homes [122]. Over 1,000 fuel cell
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micro-CHP systems were installed under ene.field in ten European member states as of the programs
end in 2017 [123]. Several recent studies have tested and modeled solid oxide fuel cells for more
complex residential and commercial distributed energy and energy storage applications [28], [88], [111],
[112], [124], [125].

A complex system of physical, chemical, and electrochemical interactions dictates fuel cell
operation. The specific processes vary slightly between fuel cell types, but all directly convert chemical
energy stored in fuels to electricity using an electrolytic cell (Figure 5). In an ideal SOFC fuel enters the
cell’s anode compartment and an oxidant, typically air, enters the cathode compartment where oxygen
is reduced. The electrolyte transports oxygen ions from the cathode to the anode where they react with
hydrogen to form water. The electrons freed during the oxygenation of hydrogen at the anode flow
through the external load to the positively charged cathode and produce the useful electrical current.
SOFCs operate at high temperatures of 500-1,000 °C and use a solid ceramic (metal oxide) electrolyte,

typically yittria-stabilized zirconia, for which the fuel cell is named [115].
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Figure 5. Schematic of an SOFC electrolytic cell [126].
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The Nernst potential describes the concentration- and temperature-dependent thermodynamic
limit of cell voltage that drives electricity generation. Voltage losses are subtracted from the Nernst
potential and the remaining value is multiplied by the current to calculate electrical power produced by

the cell. As applied to an SOFC, the Nernst potential equation is

RyT P RyT 1\2
E:E°+Lln(ﬂ) +80 00 (P1?) .
2F PH20/ jnode 2F 2 Jcathode

Assuming that the pressures in the anode and cathode compartments are the same, this expression

reduces to

1
2 1
E = B0 + Ry 20250z p
2F XH,0 cathode

where E is the Nernst potential in volts, E° is the ideal reversible cell potential in volts, Ry is the

. .k . . . . , .
universal gas constant in p /_ Tisthe electrolyte temperature in Kelvin, F is Faraday’s constant in

mol-K’

coulombs

ol P; is the partial pressure of species i normalized by atmospheric pressure, and X; is the mole
e

fraction of species i.

SOFCs typically operate on natural gas, but a great deal of work has been performed to
characterize the performance of SOFC systems fueled by hydrogen, biogas, and even ammonia [84],
[116], [127]-[129]. Regardless of fuel type, fuels must be cleaned by removing sulfur, siloxanes and
chlorine compounds before use in an SOFC or an ICE [76], [130]. Prior to use in SOFCs, biogas must be
upgraded to standards used for ICEs to avoid carbon deposition and carbon-induced electrode catalyst
degradation [76]. One study used AspenPlus™ software to model an SOFC operating on cleaned biogas
for 7,000 hours, achieving a system electrical efficiency of 55% [117]. Papurello, et al. recorded the
stable performance of an SOFC operating on simulated biogas (60% CH, and 40% CO, by volume) for
over 200 hours [64]. In a 2015 paper, the same group operated an SOFC on cleaned biogas from the AD

of OFMSW for 400 hours without significant carbon deposition [64], [76]. Additionally, several
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experiments have concluded that SOFCs can operate on biogas containing less than 45% CH, [64], [76],
[117], and one 2017 experiment even validated a dynamic SOFC model operated on biogas [131].

Currently, nearly all commercial SOFC units only operate at steady-state conditions and like
most power systems are designed only considering system performance at steady-state operation [132].
Experimental testing has shown that SOFC stacks can operate dynamically. However, thermal cycling
that occurs during start-up and shut-down as well as interruptions in the fuel supply accelerate fuel cell
degradation mechanisms [124], [133], [134]. Modeling dynamic operation is essential to understanding
experimental transient system performance and utilizing such performance characterization. In the past
15 years, several transient SOFC modeling approaches [132] and SOFC power and temperature control
strategies for rapid load following have been described in the literature [85], [113], [135], [136].

As SOFCs are newly commercialized, reports on SOFC capital costs vary widely. However, most
reports estimated the cost of an SOFC system including installation to be $5,000-6,500 per kW [52],
[53]. Lower levelized costs are cited for systems above 50 kW in size and if increased SOFC production
volume is accounted for [137], [138]. As fuel cell systems are easily scalable like most other distributed
energy technologies, their cost is relatively constant for all system sizes. An SOFC capital cost of $5,000
per kW, is used in subsequent calculations. The SOFC O&M cost equation presented in Table 1 assumes
a capacity factor of 0.8, a stack replacement cost of $1,500, a stack lifetime of 5 years, and that
replacement payments are made monthly over the previous stack lifetime. This report uses data from
the experimental operation of a BlueGEN 1.5 kW SOFC from SOLIDpower SpA to verify SOFC steady-

state and dynamic efficiency and behavior.

1.3.8 Axial Compressors and Centrifugal Blowers
The Simulink-based SOFC model previously developed at the NFCRC included an industrial-scale

axial compressor (AC) model, an example of which is shown in Figure 6, to cool the model SOFC system.

23



The BlueGEN uses a backward-curved single intake centrifugal blower (CB), ebm-papst model NRG 118
shown in Figure 8, which is typical of smaller-scale fuel cell systems.

Axial compressors produce a continuous flow of pressured gas and are characterized by
alternating rotating and static airfoil stages [139]. Air flows parallel to the axis of rotation along the
outer edge of cylindrical airfoil stages. The rotor stage blades exert torque on the fluid and increase fluid
velocity tangential to the compressor stage rotation, and thus, increase fluid angular momentum.
Stationary stages remove this angular momentum by converting kinetic energy to pressure energy as
fluid velocity decreases. Alternating stages are added in series until desired pressures are obtained.

Compressor performance is characterized by a compressor map, which allows for determination
of operating conditions. A typical compressor map shows pressure rise on the y-axis as a ratio of static
pressures at the inlet and outlet stagnation points (i.e. points where fluid velocity is zero and all kinetic
energy has been transformed to pressure energy) and mass flow along the x-axis. Figure 7 shows an
example compressor map. Efficiency contours are overlaid on performance curves corresponding to
rotational speeds. A surge line identifies the maximum pressure ratio for each mass flow at which there
is a steep decline in compressor performance.

Axial compressors are integral in large gas turbines such as jet engines, high speed ship engines,
and small-scale power stations. Axial compressors exhibit high pressure ratios, high efficiency and large
mass flow rate in relation to their cross-sectional size. They can, however, be complex and expensive

compared to other compressor types due to their multi-stage design.
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Figure 6. Example axial compressor configuration [140].

Figure 7. Garrett TO4E-60 example axial compressor map [141].
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Centrifugal blowers (also called radial blowers) are the most common type of blower used by
the HVAC industry [142]. They are extremely quiet and both simpler and cheaper to manufacture than
axial compressors [142]. Centrifugal blowers are composed of fan blades mounted on a cylindrical hub
rotating on a driveshaft within the fan housing. Air enters through the center of the hub parallel to the
axis of rotation and is accelerated outward by the hub’s rotating blades. The rotating fan blades impart
kinetic energy to the air increasing its speed and volume. Fan housing directs the exiting airflow into a
single stream. Centrifugal blowers are constant displacement devices, meaning that at a constant fan

speed a constant volume of air moves through the blower resulting in air flow with constant velocity.

Figure 8. ebm-papst model NRG 118 centrifugal fan used in the BlueGEN SOFC system [143].

Blower performance is described using two characterization curves: a pressure-volume curve
and a brake horsepower curve. The pressure-volume curve characterizes the static pressure change for
each impeller speed in RPM. The brake horsepower curve identifies the break power for each fluid flow
rate. For single speed blower, such as the NRG 118, power consumption is nearly constant for all flow
rates in the small range of operative impeller speeds. Horsepower curves are used to relate static
pressure change, impeller speed, and volume flow rate at nearly constant power consumption. The NRG
118 has a maximum power consumption of 56 W and operates according to the characteristic curves in
Figure 9 and Figure 10 [143].

26



RPM vs Flow Rate

10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

RPM [min-1]

0 200 400 600 800 1,000 1,200 1,400 1,600
Flow Rate [Ipm]

Figure 9. ebm-papst model NRG 118 centrifugal blower characteristic curve showing motor RPM over air flow rate [143].
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Figure 10. ebm-papst model NRG 118 centrifugal blower characteristic curve showing the pressure difference between air
flowing out of and into the blower over air flow rate [143].

1.3.9 Natural Gas Pipeline Injection

Injection of RNG into the natural gas distribution grid allows for the use of natural gas pipelines
and infrastructure for the transport and storage of renewable fuels. If a renewable fuel is to be injected

into the natural gas distribution grid, it must be processed to comply with quality requirements
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established by the local gas utility. California has the most stringent gas quality standards (see Rule No.
30 by the Southern California Gas Company (SCG)) when compared to other states and European
countries [144]-[146]. Strict standards correlate with increased biogas upgrading costs [145]. Northern
California’s major utility provider, Pacific Gas and Electric Company, estimates the cost of
interconnection to the natural gas pipeline for a gas producer to be $1,500,000-3,000,000 in California
(compared to $75,000-500,000 in other states) [147], [148]. SCG, the natural gas utility company
servicing Oak View, requires three engineering studies totaling over $200k over the course of one year
before an injection project can be approved [149]. The California Public Utilities Commission estimates a
cost of $1.2-1.9 million to build a point of receipt facility with a monthly operating cost of $3,500 [147].
Parker, et al. presents functions (found in Table 1) describing capital and O&M costs for pipeline
injection of RNG in California that are corroborated by the costs cited by utility companies [37]. These
pipeline injection cost equations assume a 30-year economic lifetime.

Injection of hydrogen into the natural gas grid is currently being done in several countries,
mainly in Europe [150]. Scientific literature has reported that 5-20% hydrogen would be tolerable for
most residential and commercial end-use appliances [99]. In 2015 researchers at University of California
at Irvine in partnership with SCG installed the first hydrogen pipeline injection project in California [151],
[152]. Electrolysis from excess solar electricity produces renewable hydrogen that is injected into a
natural gas pipeline directly upstream of the campus’s power plant [151]. Hydrogen pipeline injection is

assumed to have the same costs as RNG pipeline injection.
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CHAPTER 2: METHODOLOGY

In order to accomplish the goal of evaluating the renewable fuel energy potential for the design
area, the renewable potential must first be established. Renewable resources considered in this work
are wind, solar, and municipal waste streams.

Historically, wind speeds in the Huntington Beach area have not been high enough to support
wind power generation [153], [154]. As a result, the wind resource is assumed to be infeasible. Available
solar radiation was defined using Typical Meteorological Year 3 data [155].

Quantified waste stream information was provided by the operators of the Oak View waste
transfer station (OVWTS). The following sections describe the transformation of these renewable energy
streams into renewable fuel quantities.

After the renewable resources have been quantified, different renewable fuel production,
conversion, and use as renewable natural gas or fuel for renewable electricity production is be explored.
As part of this effort, dynamic SOFC operation on natural gas and clean biogas were explored. These
efforts included operating an SOFC at steady-state and dynamically on natural gas, using experimental
data to verify and adjust an SOFC model, and simulating SOFC dynamic operation on clean biogas.
Ultimately, pathways for utilizing renewable fuel energy potential were selected that involved only

steady-state SOFC operation on hydrogen fuel and renewable natural gas.

2.1 Energy Conversion Pathways

Six production and use paths consisting of combinations of solar PV, electrolysis, SOFC, and
natural gas pipeline injection technologies are evaluated for energy efficiency, cost-effectiveness, and
ability to meet Oak View energy demand. Methanation was also considered. However, hydrogen
production was not large enough in any scenario to accurately calculate methanation costs. Figure 11
contains flowcharts of energy flow pathways through the Oak View community for each path

considered. All six paths produce either RNG or electricity. Odd numbered paths terminate with RNG
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injection into the natural gas grid, and even numbered paths conclude with electricity generation via
SOFC. Table 6 summarizes the technologies used in each path. This study assumed an electrolysis

efficiency of 72%, a methanation efficiency of 80%, and an SOFC electrical efficiency of 60%.
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(a)

(b)

(c)

(d)

(e)

(f)

Path 1: PV-PI

Path 2: PV-SOFC

Path 3: AD-PI

Path 4: AD-SOFC

electricity

Path 5: PV&AD-PI

excess
electricity

Path 6: PV&AD-SOFC

excess
electricity

electricity

Figure 11. Flowcharts showing the energy and material flow through the production, conversion, storage, and end use for all six

pathways. Width of lines are not drawn to scale and do not include inefficiencies and energy losses.
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Path

Table 6. Technologies used in all six production, conversion, storage, and end use paths considered.

Included Technologies

Path
a Solar PV Anaerobic Electrolysis NG Pipeline Path Description
Name . . SOFC .
(PV) Digestion (AD) (EC) Injection (PI)
PV-PI v X v X v Natural gas pipeline |nJe.cjc|on of H; fuel
from excess solar electricity.
PV- v X v v X Electricity production via SO.F(_: using H;
SOFC fuel from excess solar electricity.
AD-PI X v X X v Natural gas pl.pell_ne |n_Ject|on of CH4 fuel
from anaerobic digestion.
AD- X v X v X Electricity product.lon.wa SQFC using CHy4
SOFC fuel from anaerobic digestion.
PV&AD- Natural gas pipeline injection of H; fuel
o v v v X v from excess solar electricity and CHy fuel
from anaerobic digestion.
PV&AD- Electricity production via SOFC using H,
SOFC v v v v X fuel from excess solar electricity and CHa

fuel from anaerobic digestion.

The final pathway considered in this work assumes that AD is not locally adopted, but the
organic waste is diverted to a preexisting digester. In this case, the cost of shipping the waste and paying
a tipping fee must be weighed against potential revenue from generating renewable fuel. This option is
considered as the final scenario as interviews with waste transfer station operators indicate that this is
the most likely pathway to occur.

Note that gasification of organic waste and methanation of renewable hydrogen were both
originally considered. Despite being able to produce a hydrogen rich stream, gasification was not
considered after discussions with waste transfer station operators due to the quality and moisture
content of the waste feedstock. Methanation was omitted due to a reduction in renewable fuel energy,
but more importantly. More importantly, the renewable hydrogen production results are small relative

to the capacity of methanation systems reported in the literature [102]-[105].

2.2 Experimental Verification and Optimization of SOFC Model
A BlueGEN 1.5 kW SOFC from SOLIDpower was installed and operated as part of a dynamic CHP
energy generation system in a simulated ZNE home setting. Experimental performance measures were

used to verify a MATLAB Simulink model previously developed at the NFCRC for SOFC operation on
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natural gas fuel [24]. The model was then used to simulate the BlueGEN performance operating on clean

biogas (60% CH4 and 40% CO,).

2.2.1 SOFC Installation and Operation
The simulated ZNE electricity generation system included the 1.5 kW SOFC, a simulated

residential electric load and PV profiling system, a waste heat rejection system, and an energy flux
monitoring and logging system. The SOLIDpower BlueGEN fuel cell system used an external reformer
and a planar electrochemical cell design. The PV profiling system simulated a dynamic electricity load,
the waste heat rejection system contains a cooling loop, and the energy flux monitoring system included
all data acquisition equipment and processes. A mass flow meter on the natural gas supply pipeline was
used to record the amount of natural gas consumed by the system. Waste heat was measured using two
thermometers: one measuring the temperature of water produced by the SOFC heat exchanger and one

measuring the temperature of water returning to the SOFC heat exchanger from the cooling loop.

= BlueGEN

Figure 12. BlueGEN installation at the NFCRC.
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Electrical power demand data recorded at 5-minute intervals for a single-family residence in
Irvine, CA, over one week was used to approximate residential electricity demand. The weekday
electricity demand profiles were averaged to produce a mean weekday power demand curve, shown in
Figure 13. Available solar radiation was defined using National Solar Radiation Data Base data [156]. The
roof space suitable for PV installation was measured using Google Earth Pro [157], and the installation
capacity was calculated assuming 108 ft? per kW installed PV capacity. The dynamic solar PV electricity
production was obtained using HOMER Pro software.

The SOFC load profile was selected to complement electricity production of a rooftop PV
installation on a day in July 2016 in Irvine, CA and to maximize electricity production when solar meets
residential demand and to minimize electricity production when solar does not meet residential
demand. This was accomplished by matching the net electrical demand while constrained to 33-100% of
the fuel cell’s design power output and a 0.5 kW per hour ramp rate. The resulting SOFC power profile
(Figure 14) specified 0.5 kW steady state operation during the night and midday with spikes to 1.5 kW
operation during morning and evening demand peaks. The morning spike was shorter than the evening

spike. These power profiles are plotted in Figure 13.
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The combined time-resolved PV and fuel cell electricity production nearly meet all residential
demand. The large spikes between 7:00 and 9:00 pm could be partially met by increasing the SOFC to its
maximum power output during these hours. However, during nearly all daylight hours the minimum
SOFC power summed with solar production generates significantly more power than demanded. This
overproduction could be stored using a battery and used later to meet the unmet evening demand.
Additionally, all sharp demand peaks greater than the total power production could be met using the

same battery storage system.

Power Profiles of a House with PV and SOFC Power Production
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OUnmet Electricity Demand EJPV Electric Power Output EJSOFC Electrical Power Output B Electricity Demand

Figure 13. Averaged example single-family residence weekday electrical power demand overlaid on SOFC and PV electricity
production.

The BlueGEN was operated at steady state conditions at the maximum power output of 1.5 kW
for 4,578 hours (191 days) between December 7, 2016 and June 16, 2017. The BlueGEN was then run at
steady state conditions at 0.5 kW (33% of its maximum capacity) for 48 hours. Then the fuel cell was
programmed to follow a dynamic power profile simulating a night-time and mid-day baseload of 0.5 kW
and ramping up to and down from two periods of steady-state 1.5 kW power production to meet
morning and evening demand peaks. The morning peak is comprised of a two-hour ramp to 1.5 kW, one
hour of steady-state operation at 1.5 kW, and a two-hour ramp down to 0.5 kW. The evening peak is
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comprised of a three-hour ramp to 1.5 kW, two hours of steady-state operation at 1.5 kW, and a three-
hour ramp down to 0.5 kW. The BlueGEN was operated dynamically using this power profile, shown in
Figure 14, for 528 hours (22 days). The BlueGEN was then returned to steady state operation at its
maximum power output of 1.5 kW for 839 hours (approximately 35 days) before initiating the three-day
shutdown procedure. The BlueGEN was in operation for a total of 5,995 hours (approximately 250 days).
Static and dynamic operating performance is characterized using experimental results. These data are
used to define the accuracy of model results and dynamic operating performance under an example

residential load.

Target Power (kW)

o
@

06}

0 2 4 6 8 10 12 14 16 18 20 22 24
Hour (UST)

Figure 14. BlueGEN dynamic power profile.

2.2.2 SOFC Dynamic Model Verification with Natural Gas Fuel
A MATLAB Simulink model previously developed at the NFCRC was modified to simulate the
BlueGEN’s performance [24]. The original code used an axial compressor (AC) model to simulate air flow
through the SOFC system and is referenced in the following sections as the SOFC-AC model. Five
parameters were recorded for both steady-state and dynamic operation: stack voltage, stack current,

cathode gas exit temperature, anode tail oxidizer gas temperature, and air flow. From these parameters,
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stack power was also calculated. The experimental measurements reported by these six parameters
were used to validate model output.

The Simulink code models anode supported cells in a single stack to reach the desired power
output. The BlueGEN system uses four cell stacks. Thus, the model stack current was multiplied by four
and the model stack voltage was divided before to obtain values comparable to the actual BlueGEN
system. Significant input parameters of the simulation include a 1.5 kW desired net power output, a
specified power current density of 230 mW/cm?, and a fuel utilization rate of 85%. Other model

assumptions are shown in Table 7.

Table 7. Initial SOFC-AC simulation (a) electrochemical and (b) physical parameters for natural gas operation.

(a) Electrochemical Parameters

System net power output 1.5 kW

Steam-to-carbon ratio 2.0

Fuel utilization 0.85

Current density 230 mW /cm?

External CH,, reformation fraction 0.80

Activation current density 1000 A/m?

Limiting current density 6000 A/m?

Cathode exchange current density 5300 A/m?

Electrolyte conductivity 6.19W/m-K
(b) Physical Parameters

Blower pressure ratio 1.2

Stack temperature difference 50K

Anode thickness 240e-6 m

Cathode thickness 60e-6 m

Membrane thickness 8e-6m

Active area per cell 3.481e-3 m?

The previously developed Simulink SOFC model dynamic axial compressor was replaced with a
steady-state centrifugal blower (CB) in this work. The updated code with a centrifugal blower model is
referenced as the SOFC-CB model throughout this thesis. The centrifugal blower model developed
operates at 56 W, a pressure difference of 2350 Pa, and a volume flow rate of 130 LPM as described by
the NRG 118 characteristic curves in Figure 9 and Figure 10 and the ebm-papst blower specification
sheet [158]. Model parameters including SOFC power density, fuel utilization, cell component

thicknesses and specific heats, heat exchanger volume, and operating temperature, were varied
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systematically in an attempt to match other model outputs to experimental BlueGEN operation data for

both dynamic and steady-state operation.

223 Dynamic Simulation of SOFC Operation of Biogas Fuel
The initial Simulink model with an axial compressor was also used to model BlueGEN operation
on simulated biogas (60% CH4 and 40% CO,). No model parameters were altered, and the model was not
optimized for operation on this new fuel. Operation parameters of the model operating on simulated

biogas are compared to operational parameters of the same model operating on natural gas.

2.3 Community Assessment of Renewable Energy Assets

Southern California has high solar irradiance and is a good location for solar PV power
production [159]. Historically, wind speeds in the Huntington Beach area have not been high enough to
support wind power generation [153], [154].

A waste collection and distribution facility located in Oak View was the only source of large-scale
biomass resources within Oak View. The Oak View waste transfer facility (OVWTF) collects municipal
solid waste and plans to separate and divert the OFMSW to a nearby anaerobic digester in the next few
years [160]. It currently accepts commercial, residential, and construction waste as well as recyclable
materials. Anaerobic digestion of municipal wastewater was not considered as there is no processing

facility in the community.

224 Community PV Penetration Scenarios and PtG Technology Sizing
In order to determine the excess solar energy, both the community load and solar PV system
must be known. Concurrent work using the URBANopt [161]community energy simulation tool based on
the OpenStudio [162] and EnergyPlus [163] building energy simulation tools was used to generate a

community scale energy use profile for the Oak View community. The models predicted that the
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community will use over 25.8 GWh per year, yielding an average electrical demand of 2.95 MW, and a
peak demand of 4.81 MW.

Solar PV capacity was predicted by using the solar PV design tool Helioscope to determine the
maximum solar potential for all 310 buildings within the design area [164]. Based on this work, it is
projected that up to 14.6 MW of solar PV generation can be installed across the Oak View community.
After conversations with solar project developers, a second scenario in which only relatively large-scale
installations are pursued (> 100 kW) was considered, reducing solar PV capacity to 6.5 MW. This second
scenario is considered the “Utility” scenario due to the selection criteria for any solar PV system yielding
system sizes that are more favorable to utility ownership within the community.

Net solar electricity generation was calculated by summing the positive differences of total
community solar electricity production and total community electricity demand for each hour over the
year. The unmet load was calculated similarly as the absolute value of the sum of all negative
differences of total community solar electricity production and total community electricity demand for
each hour over the year. It was assumed that electricity generated within Oak View could be consumed

at any load location in Oak View without incurring grid transportation losses.

2.2.5 Community Biogas Potential from Anaerobic Digestion of OFMSW

A waste collection and distribution facility located in Oak View was the only source of large-scale
biomass resources within Oak View. This facility collects municipal solid waste and plans to separate and
divert OFMSW to a nearby anaerobic digester in the next few years [160]. Anaerobic digestion of
municipal wastewater was not considered as there is no processing facility in the community.

During a meeting with OVWTS officials in May 2017, it was stated that the Oak View transfer
station processed approximately 200,000 tons of waste annually in 2016 [160]. About 39% of total waste
processed was organic, and 25% of the total waste processed was food waste [160]. Table 8 shows the

assumed composition of waste processed at the facility annually.
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Table 8. Quantity of waste processed annually in 2016 at the Oak View waste transfer station categorized by type.

MSW Processed by

Waste Material Percentage of Total

OVWTS (tpy)
Non-Organic MSW 122,000 61%
Organic MSW 78,000 39%
Food Waste 50,000 25%
Yarfl Waste & Other 28,000 14%
Organics
Total 200,000 100%

Publicly available data on municipal waste generated in Huntington Beach were compiled and
used to calculate the percentage of waste processed by the OVWTS that can be attributed to the
residents of Oak View [165], [166]. The average biogas yield of food and yard waste for full-scale wet
OFMSW digesters cited in a 2008 report by the California Integrated Waste Management Board was
3.59 ft3 per ton (0.112 m?® per kg) feedstock [167]. The amount of biogas produced from OFMSW
generated by Oak View residents was calculated assuming a biogas density of 1.15 kg/m3 and
composition of 60% CH4 and 40% CO.,. Biogas upgrading facilities were assumed to have an efficiency of

90% [37].

2.2.6 Waste Transfer

Four types of heavy-duty vehicles are considered for the transport of all 78,000 tons of organic
MSW processed by the OVWTS in 2017: class 7 single unit short-haul (SUSH), class 7 single unit long haul
(SULH), class 8 combination short-haul (CSH), and class 8 combination long-haul (CLH). These categories
are defined using gross vehicle weight rating (GVWR). Class 7 vehicle GVWRs range from 26,001 to
33,000 Ibs. and have a maximum payload capacity of 18,500 |bs. [168]. Class 8 vehicle GVWRs range
from 33,001 to 80,000 lbs. and have a maximum payload capacity of 54,000 Ibs. [168]. All trucks are
assumed to be 2017 diesel-powered models. Payload capacity, annual miles traveled per vehicle, miles
per gallon diesel (MPGgiesel), and annual criteria pollutant emissions modeled using AFLEET for the four

truck types are compared in Table 9 [86].
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Table 9. Properties of and annual criteria pollutant emissions from the annual operation of one vehicle in each truck category

[86], [168].

Truck Class 7 8

L. Single Unit Single Unit Combination Combination
LS e e LA b Short-Haul Long-Haul Short-Haul Long-Haul
Maximum Payload (lbs.) 18,500 18,500 54,000 54,000
Annual Miles Per Vehicle 16,500 23,000 65,000 170,000
MPGdieseI 7.4 6.6 7.4 7.3
MPGGE 6.4 5.7 6.4 6.3
Annual Fuel Consumption (GGE/year) 2,573.0 4,044.0 10,137.8 26,877.4
Annual CO; Emissions Per Vehicle (US Tons) 31.7 49.8 124.8 330.9

Once the vehicle has arrived at the established AD, it is assumed that a tipping fee is required to
dump the organic waste. The tipping fee is the cost per ton of feedstock deposited, or “tipped”, by a
transport truck at an existing anaerobic digester. The tipping fee is the price the anaerobic digestion
facility must charge for accepting feedstock in order to recover the costs associated with the AD facility.
The current work does not determine current tipping fees but looks to establish a ceiling on the
maximum allowable tipping fee when considering the costs, incentives for, and value of renewable
natural gas.

If the AD derived RNG is used to replace diesel fuel, then RNG sales can be supported using Low
Carbon Fuel Standard (LCFS) and Renewable Identification Number (RIN) credits. The LCFS credit price is
found for compressed RNG being used as a substitute for diesel fuel using the assumption that RNG has
carbon intensity score of 11.26 g CO,e/MJ [169], the LFCFS credit trading price is $154 [170], the EER
value is 1 for compressed natural gas used in a heavy-duty compression ignition engine [171], and the
compliance year is 2020. The resulting LCFS credit price is $13.09/MMBTU [171]. For RNG that is not
used as vehicle fuel, P, cps is zero. The RIN waiver credit for cellulosic RNG (D3) is $18.39/MMBTU [172].
Considering that a high RNG price can be offset by these credits, the maximum allowable tipping fee
such that the eventual RNG cost does not surpass the cost of conventional natural gas is shown in

Equation (2).
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Piip = Png — Pruet + Prers + Prin (2)
where Py, is the tipping cost in $/ton OFMSW, Py is the market price of natural gas, P, is the price
of diesel fuel used to truck OFMSW from Huntington Beach to Perris per MMBTU, P, cfs is the Low
Carbon Fuel Standard (LCFS) credit price for low carbon transportation fuel, and Pg;y is the Renewable

Identification Number (RIN) credit price.
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CHAPTER 3: RESULTS

3.1 BlueGEN Experimental Results and Initial SOFC Model Verification using Natural Gas
Fuel

Due to a calibration error during the BlueGEN installation process, natural gas consumption rate
of the experimental system was not recorded accurately during dynamic operation. Thus, efficiency
could not be calculated accurately. As such, the experimental data presented in this thesis was recorded
and reported by SOLIDpower using the BlueGEN’s built-in sensors. The uncertainty of these
measurements was not reported by SOLIDpower and so is not presented in this Thesis.

The initial model characterization results comparing BlueGEN experimental data recorded and
reported by SOLIDpower and data from the initial Simulink SOFC Axial Compressor (SOFC-AC) model
during dynamic operation on natural gas fuel are described in this section. The simulated natural gas
composition is 95% CHa, 1% CO, 3% N3, and 1% CO,, in accordance with reported utility concentrations
in California [173], [174].

Experimental and model values are compared for six benchmark quantities: stack power, stack
current, stack voltage, air volume flow rate, cathode exit temperature (CET), and anode tail gas oxidizer
(ATO) temperature. Modeling results are also shown for load power, efficiency, and stack temperature
difference. The experimental data from June 19, 2017, is the most complete of all dynamic run days and
is used for comparison with all model outputs except for air flow rate. Experimental air flow data was
most complete on June 27, 2017 and is used for comparison to model air flow output.

Figure 15 shows the experimental and model stack power profiles over the 24-hour test period.
The experimental stack power is approximately 0.15 kW larger than the model stack power over the entire
profile. The model stack power is not significantly different from the power demand, which indicates that
the Simulink model is not accurately simulating losses due to blower and other component internal power

consumption that would increase stack power above system power in a real system.

43



1757

® Experimental Stack Power

———Model Stack Power - AC
D i i i i i i i i i i i i

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Figure 15. BlueGEN experimental and SOFC-AC model dynamic stack power profiles and system power demand.

The model load power, the amount of power available to meet demand, does not converge to
the input demand values as shown in Figure 16. The model converges stack power to power demand
and calculates load power by subtracting the blower power consumed from the stack power. This results
in a power output lower than the power demand. The model load power during steady-state 1.5 kW

operation is 1.48 kW, and the load power during 0.5 steady-state operation is 0.49 kW.
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Figure 16. SOFC-AC model dynamic load profile plotted against system power demand.

Figure 17 compares the BlueGEN experimental and SOFC-AC model stack current 24-hour
dynamic operation profiles. The average experimental stack current for steady-state operation at 1.5 kW
is 40.2 A, and the average experimental stack current while operating at 0.5 kW is 13.0 A. The Simulink
model average stack current at 1.5 kW SOFC steady-state operation is 38.4 A, and average stack current
at 0.5 kW is 12.3 A. The model stack current is within 5% of the experimental value over the entire 24-

hour dynamic profile.
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Figure 17. BlueGEN experimental and SOFC-AC model dynamic stack current profiles plotted against system power
demand.

Figure 18 shows the BlueGEN stack voltage 24-hour profile during dynamic operation. Again, the
model and experimental data exhibit similar trends. Experimental stack voltage ranges from 39.2 to 45.3
V. The experimental stack voltage is lowest at 1.5 kW power generation and highest at 0.5 kW power
generation. The model stack voltage follows the same trend and is within 5% of the experimental value

over the entire 24-hour dynamic profile.
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Figure 18. BlueGEN experimental and SOFC-AC model dynamic stack voltage profiles plotted against system power
demand.

Figure 19 compares the experimentally recorded BlueGEN airflow and the model simulated
airflow. The experimental air volume flow rate is nearly constant with an average of 130 LPM for all
electricity generation values tested. The axial compressor model adjusts air flow to maintain stack
temperature as the load varies during dynamic operation of the SOFC. Air flow values for the axial
compressor model are 114 - 406 LPM. Model air flow is highest when power production is highest and

lowest when power production is lowest. Thus, the axial compressor model does not accurately model

air flow in the BlueGEN during dynamic operation.
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Figure 19. BlueGEN experimental and SOFC-AC model dynamic air flow rate profiles plotted against system power
demand.

Figure 20 plots the experimental and model cathode exit temperatures over the 24-hour
dynamic period. In this figure, the two data sets exhibit similar trends. Both show temperature increases
during the ramp up to 1.5 kW electrical output and decrease during the ramp down to 0.5 kW. This
verifies the model’s general dynamics as a high and low CETs correspond to times of high and low air
flow, respectively. The difference between experimental and model values increases over the 24-hour
period suggesting that the model fuel cell system is accruing an error over time. However, the model

CET is always within 10% of the experimental CET.
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Figure 20. BlueGEN experimental and SOFC-AC model dynamic cathode exit temperature profiles plotted against
system power demand.

Figure 21 compares the model and experimental anode tail gas oxidizer temperatures during
SOFC system dynamic operation. The experimental and model ATO temperatures show inverse trends —
the model ATGO temperature decreases while the experimental value increases and vice versa. The
maximum percent difference between experimental and model values is nearly 21%. The model ATO

temperature is larger than the experimental ATO temperature at all times.
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Figure 21. BlueGEN experimental and SOFC-AC model dynamic anode tail gas oxidizer temperature profiles plotted
against system power demand.

Figure 22 shows the SOFC-AC model dynamic efficiency profile plotted with the system power
demand profile. Due to a calibration error during the BlueGEN installation process, natural gas
consumption of the system was not recorded accurately during dynamic operation. Thus, experimental
efficiency cannot be calculated accurately. During steady-state operation the BlueGEN efficiency was
approximately 40% during 0.5kW electricity generation and approximately 60% during 1.5 kW electricity
generation. Initial 1.5 kW steady-state system efficiency was 63% but degraded over the first few
months of operation to a steadier 60% efficiency value. Model efficiencies during dynamic operation are
67-74%, significantly higher than those experimentally observed. The model efficiency is lowest during
1.5 kW steady-state operation and highest during 0.5 kW steady-state operation; the system efficiency
is high when the blower produces less air flow and consumes less power. This is the inverse trend that is
expected for a system using a steady-state blower. The constant air flow produced by a steady-state
blower results in a cooler stack during periods of low power generation when the stack produces less

heat. System efficiency correlates strongly with temperature in SOFCs and the efficiency is expected to
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increase when operating at higher partial load conditions (as voltage increases for lower stack currents)

and decrease at lower partial load conditions (as parasitic loads consume an increasing share of the
stack power to counterbalance the increased stack efficiency). The high model efficiency improvements

observed at lower power levels are likely due to this counterbalancing of effects over time together with

the impact of system thermal mass, which impacts air flow requirements and the main blower parasitic

load.
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Figure 22. SOFC-AC model dynamic efficiency profile plotted against system power demand.

The initial results show good correlation between the model and experimental results. Values

that do not correlate well, including air flow rate, ATO temperature, and efficiency are investigated

further in section 4.2.
3.2 SOFC Model with Steady-State Centrifugal Blower using Natural Gas Fuel

Because the air flow rates and blower power and some related temperatures were not well

predicted by the previous model, it was deemed necessary to create a more accurate model of the
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system blower. Note that the original SOFC system model contained an axial compressor for producing
cathode air flow, which is not expected to well simulate a centrifugal fan like that of the experiment.

To inform the replacement of the axial compressor (AC) model with a centrifugal blower (CB)
model, the axial compressor model performance was first characterized. The initial SOFC Simulink model
uses compressor parameters that a pressure difference of 1270 Pa while consuming 17 W of power. The
compressor has an isentropic efficiency of 65% with an air flow rate of 397 LPM during steady-state 1.5

kW operation. Centrifugal blower efficiency is calculated according to the equation below:

n=5-dp-q
where 7 is the unitless efficiency, P is the power in Watts, dp is the total pressure increase in the blower
in Pascals, and q is the air flow volume delivered by the blower in cubic meters per second [175]. As
shown by Figure 19 the recorded air flow of the BlueGEN during dynamic operation is nearly constant.
The centrifugal blower operating point is characterized by a power consumption of 56 W, a frequency of
8,000 rpm, a volume flow rate of 130 LPM, and a pressure increase of 2350 Pa based on experimental
data and fitting of the NRG 118 characteristic curves [143]. Substituting these values into the efficiency
equation, the NRG 118 efficiency is calculated to be 9.1%.

The Simulink axial compressor model was replaced with a steady-state centrifugal blower model
exhibiting the performance parameters of the NRG 118 discussed above. The steady-state 1.5 kW
operation results comparing AC and CB models are summarized in Table 10. The CB model produces a
1.56 kW stack power, much closer to the 1.65 kW recorded experimentally than the 1.50 kW AC model
result. The CB model steady-state stack current is 43.8 A, an 8% error from the experimental value, and
the CB steady-state stack voltage is 35.6 V, a 13% error from the experimental value. Errors for the AC
stack current and voltage are 6% and 3%, respectively. The CB model air flow rate is 130 LPM, the same
as the experimentally recorded value, while the AC air flow rate is over three times larger than the

experimentally recorded value. Both the cathode exit temperature and the ATO temperature in the CB
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model are very high compared to experimental and AC model results. The CB model CET is 1040°C while
the experimental CET is 756°C. The CB model ATO temperature is 906°C compared to the experimental

value of 817°C.

Table 10. Comparison of the steady-state 1.5 kW power output experimental results and the SOFC-AC and SOFC-CB model
results for the six benchmark quantities.

Parameter BlueGEN Experiment SOFC-AC Model SOFC-CB Model
Stack Power (kW) 1.65 1.50 1.56

Stack Current (A) 40.6 38.1 43.8

Stack Voltage (V) 40.7 39.3 35.6

Air Flow Rate (LPM) 130 397 130

CET (°C) 756 777 1040

ATO Temp. (°C) 817 748 906

Dynamic SOFC-CB model results are shown in Figure 23 which compares the 24-hour dynamic
(a) stack power, (b) system load power, (c) stack current, (d) stack voltage, (e) air flow rate, (f) CET, (g)
ATO temperature, (h) temperature difference across the stack, and (i) efficiency profiles of the initial
SOFC-AC model and the SOFC-CB model. Both SOFC system models are operating on natural gas fuel.

The CB model results in an increased blower power and, therefore, stack power compared to
that of the AC model as shown in Figure 23(a). The stack power increase is constant for all load powers.
The CB model stack power is 0.02 kW less than the experimental stack power at 0.5 kW power
generation but is just over 0.1 kW lower than the experimental stack power at 1.5 kW power
generation. This implies that there is additional equipment within the SOFC system not considered by
the model that consumes and that consumes more power at high load power than at low load power.

Figure 23(b) shows the SOFC-AC model output power to be less than the system’s power
demand. The initial model converges stack power to power demand and calculated load power by
subtracting blower power from stack power. Thus, producing a load power that does not meet power
demand. The SOFC-CB model is updated to converge stack power to the sum of power demand and
blower power so that load power equals the system power demand.

Figure 23(c) displays stack current profiles of the two blower models and the experimental

setup. The AC model stack current is less than the experimental value at each steady-state load power
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tested. The CB model shows increased stack current that matches experimental stack current at 0.5 kW
load power and during the morning power production peak. During the afternoon peak, the CB model
stack current is larger than the experimental stack current and increases over time at steady-state
conditions while the experimental value remains constant.

Figure 23(d) compares stack voltage profiles of the two blower models and the experimental
setup. The CB model stack voltage is less accurate than the AC model stack voltage compared to the
experimental values. However, both model stack voltages match the experimental values well. The
maximum percent error of the CB model stack voltage is 10%.

Air flow rate profiles are compared in Figure 23(e). The CB model air flow rate is constant and
matches the experimental air flow rate.

Figure 23(f) shows CET for both blower models. The AC model CET matches the experimental
CET well. The CB model CET is significantly higher than the experimental CET and shows exaggerated
increases during periods of increased power production. This is likely due to the lower air flow in the
SOFC-CB model compared to that in the SOFC-AC model. As air flow is often used to regulate stack
temperature, decreased air flow would result in high anode and cathode exit temperatures as there is
less (relatively) cool air for other species to exchange heat with.

The CB model ATO temperature profile exhibits the same inversed trend as the AC model
compared the experimental values as shown in Figure 23(g). However, the CB model shows an increase
in average ATO temperature that more closely matches experimental results.

Figure 23(h) graphs the dynamic stack temperature difference profiles of the two models. Real
dynamic SOFCs are expected to have a stack temperature difference of 50-150°C. The initial SOFC-AC
model showed relatively little variation in stack temperature difference ranging from 31-75°C. The SOFC-
AC model was programmed to manipulate blower power and therefore, air flow, to ensure stack

temperature differences in this range. The initial SOFC-CB model showed extremely large variations in

54



stack temperature difference ranging from 86-311°C. These results are for the initial SOFC-CB model
results before optimization. Stack temperature difference values of greater than 150°C would be too
large for physical SOFC materials to accommodate and would not be acceptable in a real system. This is
addressed and corrected in section 3.3.
Figure 23(i) compares efficiency profiles of the two blower models during dynamic operation.
The CB model and AC model efficiencies exhibit the same dynamic trend. The CB model efficiency is
lower than the AC model efficiency and closer to observed values of the BlueGEN system. Both model

efficiencies show less range during dynamic operation than does the experimental system.
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Figure 23. Dynamic (a) stack power, (b) system load power, (c) stack current, (d) stack voltage, (e) air flow rate, (f) CET, (g) ATO
temperature, (h) stack temperature difference, and (i) efficiency profile comparison for 1.5 kW SOFC-AC and SOFC-CB models
operating on natural gas fuel and plotted against system power demand.
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3.3 Optimized BlueGEN Model with Steady-State Centrifugal Blower using Natural Gas
Fuel

Several other model parameters are systematically tested to lower the CET and ATO
temperature to more closely match the experimental data. The most successful SOFC-CB model run uses
a power density of 235 mW/cm?, a stack temperature difference of 10°C, and increased component
specific heats as inputs. The stack temperature difference input parameter does not set a constant
value. Instead, the model uses this parameter to calculate the stack’s initial average operating
temperature.

The system’s thermal mass was increased by raising specific heat input values of system
components including the cell electrolyte, the fuel separator plates, external reformers, plenum fuel
recirculation chambers, and heat exchangers. The input values used to run the optimized SOFC-CB
model are shown in Table 11. Increased thermal mass resulted in a lower cathode exit temperature, ATO
temperature, and stack temperature difference for the optimized SOFC-CB model compared to the

initial SOFC-CB model that are closer to experimental results.

Table 11. Specific heat values for various SOFC system components used in the optimized SOFC-CB model.

Model Component Specific Heat Input (kI;—IK)
electrolyte 0.80
fuel separator plates 0.80
External reformer 0.30
Plenum fuel recirculation chambers 0.70
Heat exchangers 0.68

The 1.5 kW steady-state operation performance for the six benchmark parameters for this
BlueGEN CB Model are shown in Table 12. CET shows the largest percent difference between model and
experimental values at 6.2%. All steady-state parameters match experimental values within an

acceptable tolerance.
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Table 12. 1.5 kW steady-state operation results of the optimized BlueGEN SOFC-CB model compared to experimental values.

Parameter BlueGEN Experiment  Opt. SOFC-CB Model % Difference
Stack Power (kW) 1.65 1.57 4.8%
Stack Current (A) 40.6 39.5 2.7%
Stack Voltage (V) 40.7 39.7 2.5%
Air Flow Rate (LPM) 130 130 <1%
CET (°C) 756 803 6.2%
ATO Temp. (°C) 817 826 1.1%

The optimized SOFC-CB model dynamic operation shows an increased blower power and,
therefore, stack power compared to the AC model results as shown in Figure 24(a). The optimized
BlueGEN SOFC-CB model has the same blower power as the initial SOFC-CB model but an increased
internal power consumption. The initial SOFC-AC model had a total internal power consumption of 56
kW — the same as the blower power. The final SOFC-CB model has an internal power consumption of 70
W, more than the 56 W blower power. Total internal power consumption was added to the model as a
user input and is constant for all load power outputs. Experimental measurements show that this is not
the case for the BlueGEN which has an average internal power consumption of 0.16 kW at 1.5 kW load
power and 0.08 kW at 0.5 kW load power. The variable nature of internal power consumption of the
BlueGEN is not accurately represented in the SOFC-CB model. However, a constant internal power
consumption gives a good approximation of observed behavior.

Figure 24(b) again shows the AC model output power to be less than the system power demand.
The optimized and initial SOFC-CB models converge to the same load power that is equal to the system
power demand.

Figure 24(c) displays stack current profiles of the optimized SOFC-CB model, the initial SOFC-AC
model, and the BlueGEN dynamic operation experiment. The optimized BlueGEN SOFC-CB model shows
a slightly lower stack current that more accurately matches the experimental data compared to the
initial SOFC-CB model. Both SOFC-CB models have larger stack current profiles than the SOFC-AC model

mostly due to their increased blower power and stack power.
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Figure 24(d) compares stack voltage profiles of the optimized SOFC-CB model, the initial SOFC-
AC model, and the experimental BlueGEN measurements. Both models show very similar stack voltage
values that are slightly lower than the experimental values. The optimized SOFC-CB model stack voltage
is always within 5% of the experimental value.

Air volume flow rate profiles are compared in Figure 24(e). The SOFC-AC model shows a highly
variable air flow rate ranging from 114 - 406 LPM. The final SOFC-CB model air flow rate is constant at
130 LPM and matches the experimental air flow rate.

Figure 24(f) shows CET profiles for both blower models and the experimental system. The
optimized SOFC-CB CET is much smaller and closer to experimental values compared to the initial SOFC-
CB model results. The SOFC-AC CET values are closer to experimental results, but both SOFC-AC and final
SOFC-CB model CET profiles are acceptable approximations of the experimental measurements.

The CB model ATO temperature profile exhibits the same inversed trend as that of the AC model
compared the experimental values as shown in Figure 24(g). However, the final SOFC-CB model shows
an increased average ATO that closely matches that of the experimental results.

Figure 24(h) shows the stack temperature difference of the initial SOFC-AC model and the final
SOFC-CB model. The optimized SOFC-CB model stack temperature difference profile shows dynamic
behavior with low stack temperature differences of about 67°C at 0.5 kW load power and high stack
temperature differences of about 128°C at 1.5 kW load power as expected in a real system with a
centrifugal blower. The maximum stack temperature difference in the optimized SOFC-CB model was
141°C.

Figure 24(i) compares dynamic efficiency profiles of the relevant models. The final SOFC-CB
model shows lower system efficiencies than does the initial SOFC-AC model. The optimized SOFC-CB
model maximum efficiency is 64%, very near the experimental BlueGEN maximum efficiency of 63%.

However, the model showed only small variations in efficiency during dynamic operation with 62% being
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the lowest efficiency value. This contrasts observations of efficiency for the experimental setup, which
had dynamic efficiency values of 40-63%. The model prediction of a slightly too high efficiency is likely
due to the model’s lower internal power consumption at 1.5 kW load power. The stack temperature
difference profiles show that the SOFC-CB model decreases heating in proportion to load power. The
dynamic efficiency behavior of the real BlueGEN system may be caused by constant fuel heat addition at
all power outputs or by oversized system components. This may account for lack of decreased model

efficiency at fractional load powers compared to observed steady-state values.
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Figure 24. Dynamic (a) stack power, (b) system load power, (c) stack current, (d) stack voltage, (e) air flow rate, (f) CET, (g) ATO
temperature, (h) stack temperature difference, and (i) efficiency profile comparison for the optimized 1.5 kW SOFC-CB model,
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the original SOFC-AC model, and the experimental BlueGEN data.
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3.4 Initial SOFC-AC Model Operation on Biogas

The optimized BlueGEN SOFC-CB model failed when run on simulated biogas fuel. There was
insufficient time to resolve this challenge, so the initial SOFC-AC model is used to characterize SOFC
dynamic performance operating on biogas fuel for this thesis. Figure 25 compares the initial Simulink
model 24-hour dynamic (a) stack power, (b) stack current, (v) stack voltage, (d) air flow rate, (e) CET, (f)
ATO temperature, and (g) efficiency profiles for a 1.5 kW SOFC operating on biogas and natural gas
fuels. Simulated dynamic operation on both biogas and natural gas produced nearly identical stack
power, CET, ATO temperature, and efficiency profiles.

The initial modeling results show no difference in stack power (Figure 25(a)) between the
natural gas and biogas cases. The use of biogas, a fuel with a lower LHV than natural gas, should
decrease the maximum voltage produced by the chemical potential across the electrolyte. Thus,
lowering the Nernst potential. In order to meet the same power output with both fuels, the biogas-
fueled system must use a larger current. As expected the biogas-fueled simulated SOFC system stack
current (Figure 25(b)) is slightly higher than that of the natural gas-fueled simulation while its stack
voltage (Figure 25(c)) is slightly lower. The maximum air flow in the biogas-fueled model is 424 LPM. This
is a 4.4% increase maximum air flow compared to the natural gas-fueld case. Both CET and ATO
temperatures are slightly lower in the biogas-fueled system as biogas’s larger volume of inert gases
requires more gas to pass through the SOFC system for the same power output. This means that the
same amount of energy is heating a larger volume of gas in the biogas-fueled system, and so the gas
temperature is lower. Additionally, the larger volume flow rate increases the pumping requirements in

the biogas-fueled system which decreases efficiency slightly as shown in Figure 25(g).
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Figure 25. Dynamic (a) stack power, (b) stack current, (v) stack voltage, (d) air volume flow rate, (e) CET, (f) ATO temperature,
and (g) efficiency profile comparison for a 1.5 kW SOFC operating on biogas and natural gas fuels plotted against system power
demand.

Current-voltage curves for SOFC-AC model operation on natural gas and biogas fuels are shown
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Figure 26. As expected, biogas-fueled model voltage is lower than natural gas-fueled model
voltage. The presence of CO,, a non-reacting species, in biogas lowers the Nernst potential of the
electrochemical reaction. The difference between natural-gas model and biogas model stack voltage is

nearly constant with an average value of 0.0029 V.
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Figure 26. Current density versus voltage curve for SOFC-AC model operation on natural gas and biogas fuels.

3.5 Solar PV Scenarios

The Max and Utility scenarios are characterized by 14.6 MW and 6.5 MW solar PV installations,
respectively, as shown in Table 13. The PV installation in the Maximum scenario meets 52% of the Oak
View electrical demand, and the PV installation in Utility scenario meets 40% of the modeled Oak View
electrical demand. The Maximum scenario uses a 10 MW AEC electrolyzer, while the utility scenario
requires a 3.26 MW AEC electrolyzer.

Table 13. Total community excess solar electricity and (b) electrolyzer and battery sizes for both solar PV size scenarios.

Community Load

Scenario Solar PV Electrolyzer Excess PV Electricity Community Load Unmet by Solar PV
Capacity (MW)  Capacity (MW,) (MWh/year) Met by Solar PV (MWh/year)

Maximum 14.6 10 11,600 52% 8,300

Utility 6.5 3.26 1,450 40% 10,300
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According to California’s Department of Resources Recycling and Recovery, residential sources
in Huntington Beach produced 22,184 tons of organic municipal waste, comprised of mostly food and
yard waste, annually in 2016 [165]. Table 14 shows the residential waste produced by Huntington Beach

residents in 2016 categorized by material type.

Table 14. All residential waste generated by the City of Huntington Beach in 2016 separated by material category according to
California’s Department of Resources Recycling and Recovery [165].

Material Category Total Residential Tons  Percent Residential Total
All Paper 9,258 18.7%
All Glass 1,067 2.2%
All Metal 1,448 2.9%
All Electronics 569 1.1%
All Plastic 4,723 9.5%
All Food 9,836 19.9%
All Yard Waste 6,312 12.7%
All Manure 0 0.0%
All Other Organic 6,036 12.2%
All Inerts and Other 6,322 12.8%
All Household Hazardous Waste 247 0.5%
All Special Waste 1,719 3.5%
Mixed Residue 2,010 4.1%
Total 49,547 100%

To develop a design to achieve sustainable ZNE that is replicable for similar communities that
may or may not have a waste handling facility, the per capita biogas potential of community resident
generated OFMSW is calculated. The population of Huntington Beach in 2016 was 194,322 people [166].
Oak View’s 10,000 residents comprise 5.1% of Huntington Beach residents. Thus, the residential organic
waste generation of Huntington Beach per capita was 0.11 tons annually, and Oak View residents
generated 1,100 tons of organic waste per year, 1.2% of the OFMSW processed at the OVWTS 2017.
City-wide and per capita biogas and RNG production potentials are summarized in Table 15Table 15.
Digestion of all OMSW processed by the OVWTS would generate 200,000 MMBTU/y of renewable

natural gas.
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Table 15. Biogas and RNG production potential by source and corresponding OFMSW mass digested.

OFMSW Source OFMSW (tpy) Biogas (mil. ft3/y) RNG (MMBTU/y)
All Processed at the OVWTS 78,000 340 200,000

All Huntington Beach Residents 22,000 38 51,000

All Oak View Residents 1,100 0.055 2,400

Per Capita in Oak View 0.11 0.0000055 0.24

The 78,000 tons/y includes Oak View waste. This value was used to determine renewable gas
potential for the Oak View waste transfer station. However, results specific to the Oak View community
in Section 3.6 and community specific results in Section 3.8 only allow for waste associated with the

community.

3.6 Path Results

The renewable fuel or electricity production of all paths is shown in Table 16. Path 1 describes
natural gas pipeline injection of hydrogen fuel generated via electrolysis from excess solar PV electricity.
Electrolysis generates 28,500 MMBTU/y of hydrogen fuel in the Maximum scenario and 3,600 MMBTU/y
of hydrogen in the Utility scenario.

In path 2, hydrogen produced via electrolysis of excess solar electricity is used to operate an
SOFC. Under the maximum solar PV scenario with nearly 15 MW of solar PV capacity, a 570 kW steady
state SOFC can be supported. Reducing PV capacity to the utility scenario reduces SOFC capacity to 72
kW.

Path 3 describes the injection of RNG produced via anaerobic digestion into the natural gas
pipeline. Both scenarios produce 2,400 MMBTU/y of RNG in this path. In path 4, waste associated with
the community would produce enough RNG to support a 47 kW SOFC operated at steady state.

Path 5 describes the pipeline injection of the mixture of hydrogen fuel from electrolysis and RNG
from anaerobic digestion. The injected fuel in the Utility scenario is comprised of 95% RNG and 5%
hydrogen, well below the concentration limit accepted by many European countries and has a total

energy content of 5,900 MMBTU annually. The injected fuel in the Maximum scenario is comprised of
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8% RNG and 92% hydrogen on an energy basis, a concentration above the limit accepted by natural gas
pipelines in any country and has a total energy content of 28,500 MMBTU annually. Further
investigation into the natural gas pipeline capacity and flow rate at the proposed injection site are
required to assess the final hydrogen concentration percentage after pipeline injection and the viability
of this pathway.

Path 6 describes the steady-state electrical output of an SOFC fueled by the mixture of hydrogen
from electrolysis and RNG from anaerobic digestion. Total electric power production is 119 kW in the

Utility scenario and is 570 kW in the Max scenario.

Table 16. Fuel quantities injected into the natural gas pipeline in paths 1, 3, and 5, and steady state SOFC power output for
paths 2, 4, and 6 for both solar PV size scenarios.

Fuel Injected into NG Pipeline

Steady-State SOFC Power Output (kW
Path Fuel Fuel Type (MMBTU/y) v put (kW)

Source Utility Scenario Max Scenario Utility Scenario Max Scenario
Path1 EC H> 3,600 28,500 - -
Path2 EC H, - - 60. 570
Path3 AD RNG 2,400 2,400 - -
Path4 AD RNG - - 47 47
AD RNG 3,600 28,500 - -
Path5 EC Ha 2,400 2,400 -
All RNG & H, 5,900 30,900 - -
AD RNG - - 47 47
Path6 EC H, - - 72 570
All RNG & H; - - 119 617

3.7 OFMSW Trucking Results

The total number of required vehicle roundtrips was found by rounding up the quotient of the
annual weight of OFMSW by vehicle weight capacity. The number of vehicles required for transport was
calculated by dividing the number of roundtrips by typical annual miles traveled per vehicle according to
the AFLEET tool. Fractional numbers of vehicles were rounded up to the nearest whole. However,
calculations assumed only the minimum number of total miles required to transport all OMSW and
result in conservative estimates of criteria pollutant emission and fuel consumption.

Both class 7 vehicle types have the same maximum payload and would need to travel over 1.36
million miles over more than 10 thousand roundtrips between Oak View and Perris, CA. Based on annual
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miles per vehicle, the class 7 SUSH fleet would consist of at least 83 vehicles, and SULH 60 vehicles. Class
8 vehicles would travel over 3.5 thousand roundtrips, requiring 8 total CSH or 3 CLH vehicles. The class 8
CLH fleet would consume the least amount of diesel fuel and produce the least amount of all criteria
pollutants of all examined vehicles. The percent fuel energy consumed as diesel fuel during
transportation compared to the fuel energy that could be produced from the OFMSW via anaerobic
digestion ranges from 4.2% for the class 8 CLH fleet, to 14.0% for the class 7 SULH fleet. Fuel
consumption for each fleet is shown in Table 16. Accounting for the energy loss attributed to trucking
OFMSW with combination long-haul trucks, the total annual RNG energy potential from anaerobic

digestion is 191,600 MMBTU/y. Only 2,400 MMBTU/y can be attributed to Oak View waste.

Table 17. Properties of vehicle fleets required to transport OMSW for four heavy-duty vehicle types.

Truck Class 7 8
. Single Unit Single Unit Combination Combination

U S A AL Short-Haul Long-Haul Short-Haul Long-Haul
Total Vehicle Roundtrips Per Year 10,247 10,247 3,511 3,511
Total Annual Miles Travelled by Fleet 1,364,900 1,364,900 467,665 467,665
Number of Vehicles in Fleet 82.7 59.3 7.2 2.8

Fleet Fuel Consumption 212,787 239,809 72,992 75,257

(GGE/year)
Fleet Annual Fuel Energy content of Diesel

ee ual Fue d 24,279 27,363 8,329 8,587

Consumption Consumed (MMBTU)

RNG (via AD) Energy Consumed in 12.4% 14.0% 43% 4.2%

Transport of OFMSW

3.8 Cost Analysis

The cost analysis in this section considered the full organic throughput at the Oak View waste
transfer station. When only the Oak View waste contribution is considered, costs are economically
infeasible. By considering all OFMSW throughput at the studied location, better economies of scale are
realized. The capital and annual O&M cost of each included technology in all six energy paths is listed in
Table 19. For all Maximum scenario paths, 47% of PV installations were assumed to be located in the
residential area of Oak View, while all else was assumed to be in commercial and industrial areas. For all
Utility scenario paths, PV installations were assumed to be all commercial rooftop. For all pathways,
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initial capital cost was assumed to be covered through debt with a life of 10 years and an annual interest
rate of 8% and is shown in Table 19. Note that only solar PV capital cost associated with solar energy
used for fuel production was included in this analysis. Solar energy used for fuel production was 56%

and 17.4% for the maximum and utility solar scenarios, respectively.

Table 18. Capital and O&M cost of each technology included in Maximum and Utility scenario paths.

Utility Scenario Max Scenario

Tech. Capital Cost (S) O&M Cost (S/y) Capital Cost ($) 0&M Cost ($/y)
PV 3,547,298 3 15,957,200 28

path 1 AEC 3,915,467 187,294 11,976,000 572,866
H, Pl 422,154 20,753 1,011,281 42,979
Total 7,884,918 208,051 28,944,481 615,873
PV 3,547,298 3 15,957,200 28

path 2 AEC 3,915,467 187,294 11,976,000 572,866
SOFC 357,667 45,066 2,862,956 360,732
Total 7,820,431 232,364 30,796,156 933,626
AD 35,500,000 3,910,261 35,481,204 3,910,261

path 3 BG U 8,280,000 1,371,334 8,280,445 1,371,334
RNG Pl 2,270,000 84,337 2,270,838 84,337
Total 46,000,000 5,365,931 46,032,487 5,365,931
AD 35,481,204 3,910,261 35,481,204 3,910,261

Path 4 BG U 8,280,445 1,371,334 8,280,445 1,371,334
SOFC 19,646,136 2,475,413 19,646,136 2,475,413
Total 63,407,785 7,757,007 63,407,785 7,757,007
PV 3,547,298 3 15,957,200 28
AEC 1,140,000 187,294 11,976,000 572,866

path 5 AD 35,500,000 3,910,261 35,481,204 3,910,261
BG U 8,280,000 1,371,334 8,280,445 1,371,334
RNG Pl 2,290,000 84,871 2,404,363 88,450
Total 67,600,000 5,553,763 74,099,212 5,942,937
PV 3,547,298 3 15,957,200 28
AEC 3,915,467 187,294 11,976,000 572,866

path 6 AD 35,481,204 3,910,261 35,481,204 3,910,261
BG U 8,280,445 1,371,334 8,280,445 1,371,334
SOFC 20,003,802 2,520,479 22,509,092 2,836,146
Total 71,228,217 7,989,371 94,203,941 8,690,633

BG U is biogas upgrading.
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Table 19. Total cost of loan for path capital costs.

Total Loan Cost (mil. $)

Utility Scenario  Max Scenario

Path 1: PV-PI 8 31
Path 2: PV-SOFC 8 33
Path 3: AD-PI 49 49
Path 4: AD-SOFC 68 68
Path 5: PV&AD-PI 57 79
Path 6: PV&AD-SOFC 76 100

All values are rounded to two significant figures.

LCOE values were calculated for each path on a per kWh or per MMBTU basis. Values in Table
20include the total loan cost, all 0&M costs, and the cost of diesel fuel required to truck all OFMSW
from Huntington Beach to Perris and assume 30-year lifetimes for the energy generation systems. LCOEs
for paths 2, 4, and 6 assume a 0.5% electricity production degradation per year. LCOEs for paths 1, 3,
and 5 do not include any degradation of the renewable fuel production rate over time. Table 20shows
the levelized cost of renewable fuel energy for paths 1, 3, and 5 and LCOE of electrical energy produced
via SOFC from renewable fuels for paths 2, 4, and 6.

The average residential and commercial cost of natural gas in California in 2017 was $12.04 and
$8.45 per MMBTU, respectively [43]. The average price of residential and commercial electricity in 2017
from Southern California Edison, the local provider in Huntington Beach, was $0.1660/kWh and
$0.1441/kWh, respectively [44].

The lowest levelized cost of renewable fuel is $36.79/MMBTU in path 3, the anaerobic digestion
only case, of both scenarios. The highest levelized cost of renewable fuel is $136.94/MMBTU in path 1, a
small-scale power-to-gas system, of the Utility scenario. At the larger Max scenario-scale system, LCOE
of renewable fuel is still high at $57.62/MMBTU. In path 5, the renewable fuel LCOE is $38.40/MMBTU
in the Utility scenario and $39.12/MMBTU in the Max scenario. LCOE for renewably generated gas in

Oak View is 3-11 times larger than the 2017 average residential natural gas price in California.
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The lowest levelized cost of electricity is $0.32/kWh, which occurs in path 4, the anaerobic
digestion only case, of both scenarios. The LCOE in path 6, the PV and AD case, of both scenarios is
$0.33\kWh, and the LCOE in Path 2 of the Max scenario is $0.43/kWh. The highest levelized cost of
electricity is $0.88/kWh in path 2 of the Utility scenario. Levelized costs of electricity generated in Oak

View are 2-5 times larger than the 2017 SCE average residential electricity price.

Table 20. Levelized cost of renewable fuel energy for paths 1, 3, and 5 and electrical energy produced via SOFC from renewable
fuels for paths 2, 4, and 6. Anaerobic digestion facilities are sized to use all OFMSW processed at the OVWTS as feedstock.

Utility Scenario Max Scenario
Fuel Energy Cost  Electrical Energy  Fuel Energy Cost  Electrical Energy
($/MMBTU) Cost ($/kWhe) ($/MMBTU) Cost ($/kWhe)
Path 1: PV-PI $136.94 - $57.62 -
Path 2: PV-SOFC - $0.88 - $0.43
Path 3: AD-PI $36.79 - $36.79 -
Path 4: AD-SOFC - $0.32 - $0.32
Path 5: PV&AD-PI $38.40 - $39.12 -
Path 6: PV&AD-SOFC - $0.33 - $0.33

Using a diesel sale price of $3.18/gal [176], the minimum cost of diesel fuel required to truck
OFMSW from Oak View to Perris is $1.04/MMBTU of RNG produced. Py was set to the average
residential cost of natural gas in California in 2017, $12.04/MMBTU [43]. The resulting tipping cost for
OFMSW to produce RNG for vehicle fuel is $41.61/ton and for other end uses is $28.79/ton. Assuming a
fully loaded class 8 CLH full truckload, RNG cost parity is achieved when the total tipping fee is $1,123. If
the RNG is not used for vehicle fuel, the tipping fee must decrease to $777 per truckload. Thus, tipping
fees much less than these would be required for profitability.

The payback period in years of each path of the Maximum scenario was calculated according to

the formula:

total loan cost

Payback Period in years =
Y N average annual net cash flow

total loan cost

average annual generated income — average annual 0&M costs’

Payback period calculations do not consider the electricity production degradation, inflation, or changes
in electricity and natural gas prices, and the solar electricity capital and O&M costs in all paths is again
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scaled to only include the costs of excess electricity production. All six paths of the Maximum scenario
have negative net annual cash flows if the natural gas sale price is set to $12.04/MMBTU, the average
residential cost of natural gas in California in 2017 [43], and the electricity sale price is set to
$0.1660/kWh, the average price of residential and commercial electricity in 2017 from Southern
California Edison [44]. All six paths operate at a loss annually and so can never pay pack the initial loan
investment at these prices. Vishwanathan, et al. approximated a payback period of 7.0 years for a high-
efficiency CHP natural gas generator in Los Angeles based on 2016 average electricity prices [177]. In
order to compare RNG and renewable electricity prices to current natural gas and electricity prices,
Table 21(a) shows the required renewable fuel and electricity sales prices to obtain payback periods of
7, 10, 20, and 30 years. To yield a payback period of 7 years, the RNG sale price would need to be 5.2-15
times larger than the 2017 California residential average and the electricity sale price would need to be

3.0-6.8 times larger than the 2017 SCE average residential price as shown in Table 21(b).

Table 21. (a) Renewable fuel and electricity sale prices required for pathway payback periods of 10, 20, and 30 years. (b) The
number of times larger the fuel/electricity sale price would need to be compared to the 2017 average residential prices in order
to produce payback periods of 10, 20, and 30 years.

(@) payback Period (years): 7 years 10 years 20 years 30 years
Pathl ($/MMBTU) 176 130 76 58
Path2  ($/kWh) 11 0.84 0.51 0.40
Fuel/Electricity Path3  ($/MMBTU) 63 52 40 36
Cost Path4  ($/kWh) 0.51 0.42 0.32 0.29
Path 5 (S/MMBTU) 77 62 44 38
Path 6 (S/kwh) 0.58 0.48 0.35 0.31
(b)  payback Period (years): 7 years 10 years 20 years 30 years
Path 1 15 11 6.3 4.8
Path 2 6.8 5.1 3.1 2.4
Times larger than 2017 Path 3 59 4.4 33 3.0
average residential sale
price Path 4 3.0 2.5 1.9 1.8
Path 5 6.4 5.1 3.7 3.2
Path 6 3.5 2.9 2.1 1.9
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3.9 Net Energy Analysis

The subsequent energy analysis only considers results for the scenario where OMFSW would be
trucked out of the Oak View community. This scenario was selected as most likely to occur considering
the current decision to move waste to this location combined with local desires to not install an
anaerobic digester in Oak View. Table 22Table 22 shows the percent net electrical demand in Oak View
after accounting for the minimum 4.2% RNG energy loss as diesel fuel consumption during trucking.
Only electricity-producing paths 2, 4, and 6 are considered for this analysis and are directly compared to
Oak View’s modeled electrical demand to calculate percent demand met by renewable electricity
production.

The results shown in Table 22(a) consider only RNG produced from OFMSW attributed to Oak
View residents. An SOFC operating on net RNG fuel energy would meet 2.3% of community electrical
demand. The power produced from hydrogen fuel made via electrolysis of excess solar electricity would
meet 3.3% of electrical demand in the Utility scenario, and 26% in the Max scenario. The percent total
community electrical demand that would be met by the power produced from all renewable fuels (path
6) and solar PV is 46% in the Utility scenario and 80% in the Max scenario. The largest amount of energy
produced exclusively from renewable fuels is 29% in the Max scenario path 6.

The results for cases that consider renewable fuels generated from all OFMSW processed at the
OVWTS are shown in Table 22(b). An SOFC operating on this RNG would meet 190% of community
electrical demand. The percent total community electrical demand that would be met by power
produced from all renewable fuels (path 6) and solar PV is 240% in the Utility scenario and 270% in the

Max scenario.
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Table 22. Percent modeled community electrical demand met by renewable electricity and fuel generation for two anaerobic
digestion feedstock cases: (a) Oak View residential OFMSW and (b) all OFMSW currently processed at the Oak View waste

transfer station.
(a) Electrical End Use Paths Using Oak View OFMSW
Utility Scenario Max Scenario
Community Electrical Total Demand met by Community Electrical ~ Total Demand met by

Demand Met by SOFC renewables (SOFC + PV) Demand Met by SOFC  renewables (SOFC + PV)
Path 2 3.65% 43.7% 29.2% 80.9%
Path4  231% 42.4% 2.31% 54.0%
Path 6 5.96% 46.0% 31.5% 83.2%

(b) Electrical End Use Paths Using Total OFMSW

Utility Scenario

Max Scenario

Community Electrical Total Demand met by Community Electrical ~ Total Demand met by
Demand Met by SOFC  renewables (SOFC + PV) Demand Met by SOFC  renewables (SOFC + PV)
Path2  365% 43.7% 29.2% 80.9%
Pathd  192% 232% 192% 244%
Path6  195% 236% 221% 273%
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CHAPTER 4: SUMMARY AND CONCLUSIONS

A model for assessing the efficiency and economic viability of community-scale renewable gas
generation, conversion, and use to complement residential PV was developed and used to evaluate
renewable fuel and electricity production potential in a 10,000 resident example community in
Huntington Beach, California. The model shows that the use of environmentally friendly technologies
such as community-scale distributed fuel generation and power systems is not economically competitive
with current natural gas and natural gas-based electricity prices. However, technological advances in the
next decades may make electrolysis and SOFC technologies significantly more competitive. The
continued development of intermittent renewable generation systems (i.e. solar and wind) at
increasingly high levels of market penetration may also make community-level use of these technologies
more competitive as the utility grid network is required to store increasingly larger amounts of excess
renewable energy for long periods of time. Additionally, government incentives may be enough to make
these technologies more competitive. Current analyses suggest that this could occur in the present day
for anaerobic digestion, especially in larger scales.

Transient SOFC performance on natural gas and clean biogas were explored in the effort to
model renewable fuel and electricity generation in the community. These efforts included operating an
SOFC both at steady-state and dynamically on natural gas, using experimental data to verify and adjust
an SOFC model, and simulating SOFC dynamic operation on clean biogas. The optimized SOFC-
centrifugal blower model shows good correlation to experimental results for stack power, stack current,
stack voltage, and air volume flow rate. Model cathode exit temperatures are consistently higher than
but within 6.2% of the experimental values, while model and experimental anode tail gas oxidizer
profiles exhibit inverse trends. The modeled efficiency profile is similar to experimental efficiency
measurements for steady-state operation but does not accurately match dynamic experimental

efficiency measurements. Overall, the dynamic simulation satisfactorily captures the BlueGEN steady-
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state and transient performance. Because of the limited commercial availability of dynamic and biogas-
friendly SOFC systems, ultimately only pathways for utilizing renewable fuel energy potential that
involved steady-state SOFC operation on hydrogen and renewable natural gas fuels were selected for
efficiency and financial analysis.

This analysis is unable to achieve zero-net-energy for the studied community. The largest
percent total community electrical demand is met by the Maximum scenario path 6, which includes PV
electricity production, RNG production from anaerobic digestion, and hydrogen fuel production from
electrolysis and meets over 80% of the modeled total community electrical demand. In this case 52% of
the community’s total electrical demand is met by solar PV, 26% by SOFC operation on renewable
hydrogen produced using excess solar, and 3% by SOFC operation on RNG produced from anaerobic
digestion of OFMSW. When solar capacity is maximized, yearly hydrogen production for the entire
community is 2.85 MMBTU/y of hydrogen fuel via electrolysis and 0.24 MMBTU/y of RNG via anaerobic
digestion of residential OFMSW.

The levelized cost of energy for renewable fuel production for analyzed pathways is $37-
137/MMBTU. These prices are driven primarily by the high capital costs associated with the relatively
small anaerobic digestion system operating on community-sourced OFMSW. The LCOE for renewable
electricity production is $0.32-0.43/kWh. The lowest levelized cost of electricity of the cases analyzed
occurs in path 4 (AD-SOFC case) of both scenarios, while the LCOE of path 6 (PV&AD-SOFC case) in both
scenarios is only $0.01 higher. The lowest LCOE of RNG for each scenario occurs in path 3 (AD-PI case).
Path 1 (PV-EC case) and path 2 (PV-SOFC case), in which only hydrogen fuel production is considered,
yield the highest cost of fuel and electricity. LCOE cost trends correlate well with those exhibited by the
required sale prices of electricity and renewable fuel when system payback period is set to match that of

current high-efficiency natural gas power generation plants.
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To yield a payback period of 7 years, the sale price of renewable gaseous fuel generated in the
community would need to be $176/MMBTU of hydrogen in path 1 (PV-EC case), $63/MMBTU of RNG in
path 3 (AD-PI case), and $77/MMBTU of RNG in path 5 (PV&AD-PI case). These prices correspond to 15,
5.2, and 6.4 times the 2017 average California residential natural gas price. These results suggest that
neither renewable gaseous fuel production from the small-scale electrolysis of solar energy or from the
anaerobic digestion of OFMSW can be economically competitive with natural gas without extensive
subsidies or incentives. However, by supplementing more energy dense feedstocks like fat, oil, grease,
and manure with OFMSW existing digesters could increase RNG production in a way that is currently
economically feasible.

The sale price of renewable electricity generated in the community would need to be
$1.12/kWh in path 2 (PV-SOFC case), $0.51/kWh in path 4 (AD-SOFC case), and $0.58/kWh in path 6
(PV&AD-SOFC case) to yield a power generation plant payback period of 7 years. These prices
correspond to 6.8, 3.0, and 3.5 times the 2017 SCE residential electricity price making renewable
electricity production about twice as economically competitive as renewable gaseous fuel production in
all pathways analyzed. The biogas-fueled SOFC system in path 4 and the biogas- and hydrogen-fueled
SOFC system in path 6 were the most economically competitive of all scenarios analyzed. Biogas-fueled
SOFC power generation plants using fuel from the anaerobic digestion of more energy dense feedstocks
would be even more economically competitive with current electricity prices.

These results suggest that zero-net-energy communities are not possible using currently
available commercial renewable fuel and electricity generation technologies. However, excess solar
electricity and organic wastes from residential communities can provide significant energy for larger
utility-scale systems that amass resources from multiple communities. The results encourage the
present trend of installing residential solar PV and building industrial-scale power plants. Further

research could validate SOFC transient performance with biogas fuel operation to allow for allow

86



sustainable load-following electricity production or to could consider additional sources of renewable
power and organic waste, including wind and wastewater, to more accurately assess the potential of

designing a zero-net-energy residential community.
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