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Abstract

ABSTRACT

Communities such as San Francisco, California are promoting decentralized wastewater
treatment coupled with on-site, non-potable reuse (NPR) as a strategy for alleviating water
scarcity. This research uses life cycle assessment (LCA) and life cycle cost assessment (LCCA)
to evaluate several urban building and district scale treatment technologies based on a suite of
environmental and cost indicators. The project evaluates aerobic membrane bioreactors
(AeMBRs), anaerobic membrane bioreactors (AnMBRs), and recirculating vertical flow
wetlands (RVFWs) treating both mixed wastewater and source separated graywater. Life cycle
inventory (LCI) data were compiled from published, peer reviewed literature and generated
using GPS-X™ wastewater modeling software. Several sensitivity analyses were conducted to
quantify the effects of system scale, reuse quantity, AnMBR sparging rate, and the addition of
thermal recovery on environmental and cost results. Results indicate that the volume of treated
graywater is sufficient to provide for on-site urban NPR applications, and that net impact is
lowest when the quantity of treated wastewater provides but does not considerably exceed NPR
demand. Of the treatment options analyzed, the AeMBR and RVFW both demonstrated similarly
low global warming potential (GWP) impact results, while the AeMBR had the lowest estimated
system net present value (NPV) over a 30-year operational period. The addition of thermal
recovery considerably reduced GWP impact for the AeMBR treatment process it was applied to,
and similar benefits should be available if thermal recovery were applied to other treatment
processes. The AnMBR treatment system demonstrated substantially higher GWP and
cumulative energy demand (CED) results compared to the other treatment systems, due primarily
to the need for several post-treatment processes required to prepare the effluent for disinfection.
When the quantity of treated wastewater closely matches NPR demand, the environmental
benefit of avoiding potable water production and distribution (for non-potable applications) leads
to net environmental benefits for the AeMBR and RVFW treatment systems. The same benefit is
possible for the AnMBR if intermittent membrane sparging can successfully prevent membrane
fouling.
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1—Study Goal and Scope

1. STUDY GOAL AND SCOPE

The occurrence of increased instances of severe drought in some regions across the U.S.
coupled with increased pressure on aging centralized water treatment infrastructure has created a
need to find novel wastewater treatment and reuse solutions. Some urban communities such as
San Francisco have adopted ordinances requiring all new commercial, mixed-use or multi-family
building projects treat on-site wastewater or graywater for non-potable reuse (NPR) (SFPUC
2018). This study examines the environmental and cost effects of implementing various mixed
wastewater or graywater treatment configurations for new mixed-use building scale or district
scale NPR projects. While such projects are inevitably moving forward to ensure community
resiliency, the findings of this study can be used to help optimize the environmental and cost
performance of on-site treatment and reuse.

1.1 Background and Study Goal

As one of the largest federal water research and development laboratories in the United
States, the Environmental Protection Agency (EPA) generates innovative solutions that protect
human health and the environment. The Office of Research and Development’s (ORD) Safe and
Sustainable Water Resources (SSWR) Program is the principle research lead seeking metrics and
tools to compare the tradeoffs between economic, human health and environmental aspects of
current and future municipal water and wastewater services. Changes in drinking water and
wastewater management have historically focused on developing and implementing additions to
the current treatment and delivery schemes. However, these additions are generally undertaken in
the absence of a system’s holistic view and result in transferring issues from one problem area to
another (Ma et al. 2015). Future alternatives need to address the whole water services physical
system to shift towards more sustainable water services such that water scarcity is alleviated.
Furthermore, these sustainable systems should be based on water resource recovery facility
(WRRF) concepts such as decentralized water treatment and recovery, energy recovery, and
nutrient recovery. Therefore, a range of integrated metrics and tools need to be used to evaluate
the multifaceted solutions and identify “next-generation” sustainable water systems.

The purpose of this study is to develop environmental life cycle assessments (LCAs) and
life cycle cost analyses (LCCA) associated with decentralized (also referred to as distributed)
water treatment and reuse systems. LCA and LCCA are tools used to quantify sustainability-related
metrics from a systems perspective. EPA previously developed a report entitled “Life Cycle
Assessment and Cost Analysis of Water and Wastewater Treatment Options for Sustainability:
Influence of Scale on Membrane Bioreactor Systems” (Cashman et al. 2016). In this study, EPA
conducted a theoretical evaluation of aerobic and anaerobic membrane bioreactors (MBR) as a
sewer mining transitional strategy and investigated the impacts of different scales (0.05-10
million gallons per day), population density (2,000-10,000 people per square mile) and climate
and operational factors (e.g., temperature and methane recovery). MBRs represent a promising
technology for decentralized wastewater treatment and can produce recycled water to displace
potable water or non-potable water. In the current report, EPA builds upon the previously
developed MBR models to develop LCAs and LCCAs of MBRs and other decentralized
wastewater technology options in the context of an urban case study, using San Francisco
California as the case study city. The study focuses on one key commercial treatment
technology, aecrobic MBRs (AeMBR). The AeMBR results are compared to alternative
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technologies including anaerobic membrane bioreactors (AnMBR), AeMBRs with thermal
energy recovery, and recirculating vertical flow wetlands (RVFW). While Cashman et al. (2016)
only investigated treatment of mixed wastewater, this current study considers treatment of both
mixed wastewater as well as source separated graywater.

This study assumes NPR projects are inevitably moving forward in certain water-stressed
regions due to drivers aimed at increasing community-level resiliency and reliability. Therefore,
we focus on comparative findings of different NPR configurations rather than comparing NPR to
conventional centralized collection and treatment systems. Previous studies have examined the
life cycle implications of urban NPR systems versus conventional collection and treatment
(Kavvada et al. 2016).

This study design follows the guidelines for LCA provided by ISO 14044 (ISO 2006).
The following subsections describe the scope of the study based on the treatment system
configurations selected and the functional unit used for comparison, as well as the system
boundaries, life cycle impact assessment (LCIA) methods, and datasets used in this study.

1.2 Functional Unit

A functional unit provides the basis for comparing results in an LCA. The key
consideration in selecting a functional unit is to ensure the treatment system configurations are
compared on a fair and transparent basis and provide an equivalent end service to the
community. The functional unit for this study is the treatment of one cubic meter of either
municipal wastewater or graywater with the influent wastewater characteristics shown in Section
1.5. Treatment configurations for graywater are only compared to other treatment systems for
graywater and are not directly compared to treatment systems for mixed wastewater in the
baseline results. In the baseline results, the centralized treatment of the separated blackwater for
the graywater systems is outside the study scope. The sensitivity analysis presented in Section
6.2 does directly compare mixed wastewater and graywater systems by displaying results on the
basis of treatment of a cubic meter of wastewater produced at the building and incorporating the
separated blackwater centralized treatment into the scope. All treatment configurations were
developed to ensure that guidelines for indoor NPR were met (Sharvelle et al. 2017).

1.3 Case Study Building and District Scenarios

Table 1-1 shows the total flow rate of wastewater produced by each source area, the
quantity of water treated, and the source water type. We developed configurations to be
representative of building or block size, building density, and water use in San Francisco’s South
of Market district based on comparisons with existing building statistics and satellite imagery of
the area. All scenarios are modeled as transitional solutions that are connected to the sewer for
centralized solids handling. For district scale mixed wastewater treatment, an unsewered scenario
is incorporated for local solids handling via off-site windrow composting.
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Table 1-1. Baseline Scenarios for Decentralized Wastewater Treatment

Mixed Wastewater Separated Graywater
o2 o2
=y =
=] = =
oz oz
£ 9 22
=S = =S 3
52 | % £
=S 2 S =
RS a a9 8
v v
Total Wastewater Flow Rate 0.025 MGD
0.05 MGD v v
0.016 MGD v
Flow Rate of Treated 0.025 MGD v
Wastewater or Graywater 0.031 MGD v
0.05 MGD v
v v v v
Sewer Connection Sewered
Unsewered v
Total Building Occupants® 1,100 2,300 1,100 2,300
Residential Occupants 520 99( 520 990
Office Workers 590 1,300 590 1,300
Building Footprint (Roof Area) | 20,000 | 160,000 20,000 160,000
Total Building Area (sq. ft.) | 380,000 | 760,000 380,000 760,000
Residential Building Area | 270,000 | 510,000 270,000 510,000
Commercial Building Area | 110,000 | 250,000 110,000 250,000

2 Sum of residential occupants and office workers.
Acronyms: MGD = million gallons per day

Details of the building and district configurations related to the split between residential
and office space were determined based on total wastewater flowrates, listed in Table 1-1, using
the per capita floor area requirements and indoor water use estimates discussed below.

We assumed that an average of 195 ft* of floor area was required per office worker
(Heschmeyer 2013). Residential floor requirements were based on an average household size of
2.42 persons (BOC 2016) and an apartment area of 1,000 ft>. Residential per capita indoor water
use was assumed to be 35.8 gallons per day (gpd). This value is approximately 69 percent of the
national average, 52 gpd per capita (DeOreo et al. 2016), and was selected to match the target
flowrate of 0.025 million gallons per day (MGD) while reflecting the focus on water
conservation in the San Francisco region. This can be compared to high-efficiency water use
household survey results from DeOreo et al. (2016) that indicate an indoor water use rate of 112
gpd per household, or 40.5 gpd per capita based on an average household size of 2.76 persons
across the survey region. Commercial indoor water use was set at 11.3 gpd per worker, which is
a value adapted by Schoen et al. (2018) to reflect the implementation of water conservation
efforts based on original values from DeOreo et al. (2016).
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The resulting mixed-use building is 19 stories tall with a floor area of 20,000 ft?,
corresponding to a total building area of 380,000 ft>. Seventy percent of building floor space was
allocated to private residences, with the remaining 30 percent of floor area designated as office
space. The hypothetical district configuration occupies a typical San Francisco block area of
approximately 230,000 ft? (5 acres). Sixty-nine percent of block area was assumed to be covered
by mixed use buildings, with the remainder of the space being reserved for sidewalks, parking,
and recreational or municipal open space. Forty and 29 percent of block area was assumed to be
developed as four and six story mixed-use commercial and residential building spaces. Floor
space in the four-story building was split equally between commercial and residential uses. The
bottom floor was reserved for commercial use in the six-story building.

Blackwater was assumed to comprise 28 percent of residential indoor wastewater
generation, while the remaining 72 percent consists of graywater (DeOreo et al. 2016). Office
workers use less water overall (gpd), but a greater fraction of this water contributes to blackwater
flows. For office wastewater generation, blackwater was assumed to comprise 63 percent of
indoor water generation, while the remaining 37 consists of graywater generation based on
survey results from four commercial office buildings (Dziegielewski et al. 2000). Faucets and
miscellaneous indoor uses are the two primary graywater sources in office buildings. Residential
and commercial indoor wastewater generation estimates do not include water for irrigation or
operation of centralized cooling systems, neither of which will contribute directly to wastewater
flows, either infiltrating to groundwater or evaporating. Further detail on wastewater generation
and on-site reuse potential is provided in Section 2.6.

14 Case Studv Water Reuse Scenarios

This study assumed that recycled water from mixed wastewater and graywater treatment
is used for toilet flushing, laundry, and on-site irrigation displacing drinking water treatment and
delivery. Low reuse and high reuse scenarios were analyzed to assess the sensitivity of LCA
results to reuse quantity and to reflect uncertainty regarding the quantity of wastewater that will
ultimately be reused. A sensitivity scenario that looks at LCA results when 100% of treated
wastewater is reused is presented in Section 6.2.

The end use fractions in Table 1-2 were used to estimate the share of treated residential
wastewater and graywater that can be reused on-site. The selected study values represent a wider
range of on-site reuse potential than do the corresponding values from DeOreo et al. (2016),
which are provided for comparison. The reuse potential of commercial buildings was estimated
based on toilets’ 63% share of indoor water use (Schoen et al. 2018).
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Table 1-2. Distribution of Indoor Water Use in Residential Buildings

Average Efficiency Users High Efficiency Users
\Z::Z;()Ur;e V,;];Itg Study (DeOreo et al. Study (DeOreo et al.
Values® 2016) Values® 2016)
Toilet Blackwater 28% 24% 15% 19%
Dishwashing 1.4% 1.2% 1.7% 2.0%
Bath 1.8% 2.6% 6.5% 5.9%
Laundry 23% 16% 11% 19%
Faucet Gl 16% 19% 17% 19%
Shower 18% 19% 31% 23%
Leakage 10% 13% 18% 10%
Other 2.2% 4.3% 0.8% 1.3%
Estimated Reuse Fraction 51% 41% 26% 38%

? (Tchobanoglous et al. 2014)
® (Sharvelle et al. 2013)
Note: DeOreo et al. (2016) values are only provided for reference and are not used in this analysis.

Table 1-3 shows the fraction of treated wastewater that was estimated for onsite reuse,
displacing treated drinking water. The low reuse scenario recognizes that reduced flow-toilets,
washing machines, and water efficient landscapes reduce on-site reuse potential. Values in Table
1-3 include indoor and irrigation water use. Further details on the assumptions that contribute to
calculation of reuse fractions are provided in Section 2.6. As an example of how to read Table
1-3, in the mixed wastewater-high reuse scenario, on-site NPR requires 72% of treated
wastewater, and only 35% in the low reuse scenario.

Table 1-3. Fraction of Treated Wastewater and Graywater Reused On-site
(Indoor and Outdoor) — Replacing Municipal Potable Water Use

Building
Wastewater Scenario Configuration High reuse® Low reuse”
Mi Buildi
' ixed Use Building 72% 3504
Mixed Wastewater District
72% 35%
Mixed Use Building 100% 550,
Separated Graywater District
100% 57%

2 Representative of buildings with average efficiency appliances.
b Representative of buildings with high efficiency appliances.

For the water reuse scenarios in this analysis, only the separated graywater systems for
buildings with average efficiency appliances could achieve recycling of 100 percent of the
treated water. In most scenarios, and especially for the mixed wastewater treatment systems,
more water is treated on-site than is demanded by the building or district. A sensitivity analysis
is presented in Section 6.2 modeling a theoretical scenario with 100 percent recycling of all
treated water. This may be achievable through sharing recycled water with adjacent buildings or
storing water for future uses (e.g., fire suppression). Alternatively, the building could opt to not
treat the full amount of wastewater or graywater produced. We did not investigate this scenario
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in the current study, but it could be a consideration when faced with surplus volumes of recycled
water.

1.5 Water Quality Characteristics

Table 1-4 presents water quality characteristics for mixed wastewater and separated
graywater entering the treatment facility. Separated graywater can consist of wastewater from
showers, baths, faucets in the kitchen and bath, laundry machines, and dishwashing machines. In
the U.S., graywater is usually defined as from bathroom faucets, showers, baths, and laundry
machines, and excludes water from kitchen sink and dishwasher (Sharvelle et al. 2013).
Graywater characteristics in Table 1-4 follow this definition.

Mixed wastewater characteristics were primarily based on values for medium strength
domestic wastewater from Tchobanoglous et al. (2014), highlighted in bold in Table 1-4. The
primary graywater characteristics, also in bold in Table 1-4, were calculated as the median of
values reported in literature reviews of graywater treatment and reuse studies (Eriksson et al.
2002; Li et al. 2009; Boyjoo et al. 2013; Ghaitidak and Yadav 2013). The GPS-X™ influent
characterization mass-balance feature was used to determine the other reported wastewater
characteristic values based on the primary input values in bold. The calculated values in Table
1-4 can be compared to corresponding values from Tchobanoglous et al. (2014) and the
graywater literature review in Appendix Table A-1.

Differences in mixed wastewater strength between residential and commercial sources
were not accounted for in the study. Mixed wastewater influent values are expected to be more
representative of residential generation, which accounts for 71% and 74% of water use in the
large building and district scenarios, respectively. Adjustment to reflect higher wastewater
strength for the commercial fraction is likely to increase the environmental impact of wastewater
treatment, but will have less of an effect on comparative results across systems.

Graywater and wastewater temperatures were assumed to be the same in winter and
summer as the wastewater travels a short distance between the source and treatment location. We
modeled the treatment system as housed in a climate-controlled building.

Table 1-4. Mixed Wastewater and Graywater Influent Characteristics

Influent Values Target Effluent Quality
Water Quality Characteristics Mixed Separated GW Both
WW
Medium
Strength | Low Pollutant | Effluent Quality for
Characteristic Unit (Building Load with Unrestricted Urban
& Laundry?® Use
District)*
Suspended Solids mg/L 220 94 <5
Volatile Solids % 80 47 -
c¢BODs mg/L 200 170 -
BODs mg/L 240 190 <10
Soluble BODs mg/L 140 120 -
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Table 1-4. Mixed Wastewater and Graywater Influent Characteristics

Influent Values Target Effluent Quality
Water Quality Characteristics Mixed Separated GW Both
WwW
Medium
Strength | Low Pollutant | Effluent Quality for
Characteristic Unit (Building Load with Unrestricted Urban
& Laundry?® Use
District)*
Soluble cBODs mg/L 120 100 -
COD mg/L 510 330 -
Soluble COD mg/L 200 150 -
TKN mg N/L 35 8.5 -
Soluble TKN mg N/L 21 6.9 -
Ammonia mg N/L 20 1.9 -
Total Phosphorus mg P/L 5.6 1.1 -
Nitrite mg N/L 0 0 -
Nitrate mg N/L 0 0.64 -
Average Summer deg C 23 30 -
Average Winter deg C 23 30 -
Chlorine Residual mg/L n/a n/a 0.5-2.5

2 Values in bold were used as inputs to the GPS-X™ influent advisor.

Acronyms: BOD — biological oxygen demand, C — Celsius, COD — chemical oxygen demand, GW — graywater, N —
nitrogen, n/a — not applicable, P — phosphorus, TKN — total kjeldahl nitrogen, WW — wastewater

1.6 System Definition and Boundaries

1.6.1 Aerobic Membrane Bioreactor

Figure 1-1 presents the system boundaries for the AeMBR analysis. The system boundary
starts at the collection of wastewater from sources such as toilet flushing, laundry, sinks,
dishwashers, showers, and baths. Additional infrastructure needs to be installed for the collection
of graywater from showers, baths, laundry, and bathroom sinks. The MBR was assumed to be in
the building basement. The collected mixed wastewater or graywater is first stored in an
equalization chamber, such that a consistent flow can be treated. After the equalization chamber,
the mixed wastewater or graywater goes through pre-treatment via fine screening and grit
removal prior to MBR operation. Ultraviolet (UV) treatment was modeled as the primary
disinfection step, with chlorine subsequently added to establish a residual. For all building scale
results, it was assumed that the solids from biological processes are sent to centralized treatment.
Under a district scale sensitivity analysis, the solids are dewatered and then undergo windrow
composting followed by land application to replace the need for commercial fertilizers. The
recycled water is pumped to the applicable NPR points. Section 2.2 provides more detail on the
AeMBR process.
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Figure 1-1. System boundaries for aerobic membrane bioreactor.
1.6.2 Aerobic Membrane Bioreactor with Thermal Energy Recovery

Figure 1-2 presents the system boundaries for the analysis of AeMBR with thermal
energy recovery. The boundary is the same as discussed in Section 1.6.1, except for the thermal
recovery step. A heat pump is installed prior to MBR treatment to recover thermal energy from
either the graywater or mixed wastewater. Thermal energy recovery was modeled as occurring
prior to MBR treatment to avoid potential heat loss from the mixed wastewater or graywater. The
recovered thermal energy is used for hot water heating, replacing the need for natural gas or
electricity. Section 2.2.1 provides more detail on heat pump energy recovery.
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Figure 1-2. System boundaries for aerobic membrane bioreactor with thermal energy
recovery.

1.6.3 Anaerobic Membrane Bioreactor

Figure 1-3 presents the system boundaries for the AnMBR analysis. Most of the system
boundaries are similar to those presented for the AeMBR with some key differences. Methane in
the headspace of the reactor is recovered for building water heating purposes, and it was assumed
that the recovered methane reduces the buildings’ overall natural gas demand. Methane in the
permeate is also recovered via a downflow hanging sponge (DHS), which simultaneously
recovers methane, thus avoiding greenhouse gas (GHG) emissions, performs chemical and
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biological oxygen demand (COD/BOD) removal, and provides partial nitrification. However,
additional post-treatment, using zeolite adsorption, is still required to remove ammonium in
order to establish a free chlorine residual. The resulting brine from the adsorption step is
transported off-site for underground injection. Section 2.3 provides more detail on the AnMBR
process.
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Figure 1-3. System boundaries for anaerobic membrane bioreactor analysis.

1.6.4 Recirculating Vertical Flow Wetland

Figure 1-4 presents the system boundaries for the RVFW analysis. For the RVFW, pre-
treatment steps include fine screening and grit removal, followed by slant plant clarification and
equalization. These pre-treatment steps ensure consistent inflow and reduce suspended solid
concentration, minimizing the potential for clogging of the media bed. After RVFW treatment,
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disinfection is required, which varies between the mixed wastewater and graywater systems. For
the mixed wastewater, ozone treatment is followed by UV disinfection and chlorination to
establish a residual. Ozone treatment is not required for the graywater systems. Section 2.4
provides more detail on the RVFW processes.
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Figure 1-4. System boundaries for recirculating vertical flow wetland analysis.

1.7 Background Life Cvcle Inventory Databases

Several background life cycle inventory (LCI) databases were used to provide
information on upstream processes such as electricity inputs, transportation, and manufacturing
of chemical and material inputs. Ecoinvent 2.2 serves as the basis for most of the upstream
infrastructure inputs and chemical and avoided fertilizer manufacturing (Frischknecht et al.
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2005). The U.S. Life Cycle Inventory (U.S. LCI) database was used to represent the manufacture
of some chemical and energy inputs in cases where applicable U.S. specific processes were
available in the database (NREL 2012).

All foreground (i.e., on-site) unit processes were modeled using the 2016 California
electrical grid mix (Table 1-5).

Table 1-5. California Electrical Grid Mix

Percent
Energy Source Contribution
Natural gas 42.7%
Hydropower 13.8%
Nuclear 10.7%
Wind 10.6%
Solar 9.5%
Geothermal 5.1%
Coal 4.8%
Biomass 2.6%
Cogeneration 0.2%
Oil 0.01%

Reference: (CEC 2017)

1.8 Metrics and Life Cycle Impact Assessment Scope

Table 1-6 summarizes the metrics calculated for each treatment system option, together
with the method and units used to characterize results. Most of the LCIA metrics are generated
using U.S. EPA’s LCIA method the Tool for the Reduction and Assessment of Chemical and
Environmental Impacts (TRACI), version 2.1 (Bare et al. 2002; Bare 2011). TRACI incorporates
a compilation of methods representing current best practice for estimating ecosystem and human
health impacts based on U.S. conditions and emissions information provided by LCI models.
Global warming potential (GWP) is estimated using the 100-year characterization factors
provided by the Intergovernmental Panel on Climate Change (IPCC) 4™ Assessment Report,
which are the GWPs currently used by the U.S. EPA for international reporting (Myhre et al.
2013). In addition to TRACI, the ReCiPe LCIA method is used to characterize water use and
fossil fuel depletion potential (Goedkoop et al. 2009). To provide another perspective on energy,
cumulative energy demand (CED), which includes the energy content of all non-renewable and
renewable energy resources extracted throughout the supply chains associated with each
treatment configuration, is estimated using a cumulative inventory method adapted from one
provided by Althaus et al. (2010). Table 1-7 provides a description of each impact category. The
LCCA is calculated using a net present value (NPV) method, discussed in Section 3.

Table 1-6. Environmental Impact and Cost Metrics

Metric Method Unit
Acidification Potential TRACI 2.1 kg SO eq.
Cost (Net Present Value) LCCA USD (2016)
Cumulative Energy Demand Ecoinvent Ml
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Table 1-6. Environmental Impact and Cost Metrics

Metric Method Unit
Eutrophication Potential TRACI 2.1 kg N eq.
Fossil Depletion Potential ReCiPe kg oil eq.
Global Warming Potential TRACI 2.1 kg CO; eq.
Particulate Matter Formation Potential | TRACI 2.1 kg PMs s eq.
Smog Formation Potential TRACI 2.1 kg O3 eq.
Water Use ReCiPe m?

Acronyms: LCCA - life cycle cost assessment, USD — United States Dollars

Table 1-7. Description of LCA Impact Categories

Impact/Inventory
Category

Description

Unit

Acidification
Potential

Acidification potential quantifies the acidifying effect of
substances on their environment. Acidification can damage
sensitive plant and animal populations and lead to harmful effects
on human infrastructure (i.e. acid rain) (Norris 2002). Important
emissions leading to acidification include SO, NOy, and NH3.
Results are characterized as kg SO; eq. according to the TRACI 2.1
impact assessment method.

kg SO; eq.

Cumulative Energy
Demand

The cumulative energy demand indicator accounts for the total
usage of non-renewable fuels (natural gas, petroleum, coal, and
nuclear) and renewable fuels (such as biomass and hydro). Energy
is tracked based on the heating value of the fuel utilized from point
of extraction, with all energy values reported on a MJ basis.

MJ

Eutrophication
Potential

Eutrophication potential assesses the impact from excessive
loading of macro-nutrients to the environment and eventual
deposition in waterbodies. Excessive macrophyte growth resulting
from increased nutrient availability can directly affect species
composition or lead to reductions in oxygen availability that harm
aquatic ecosystems. Pollutants covered in this category are
phosphorus and nitrogen based chemicals. The method used is
from TRACI 2.1, which is a general eutrophication method that
characterizes limiting nutrients in both freshwater and marine
environments, phosphorus and nitrogen respectively, and reports a
combined impact result.

kg N eq.

Fossil Fuel
Depletion

Fossil fuel depletion captures the consumption of fossil fuels,
primarily coal, natural gas, and crude oil. All fuels are normalized
to kg oil eq. based on the heating value of the fossil fuel and
according to the ReCiPe impact assessment method.

kg oil eq.
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Table 1-7. Description of LCA Impact Categories

Impact/Inventory
Category

Description

Unit

Global Warming
Potential

The global warming potential impact category represents the heat
trapping capacity of GHGs over a 100-year time horizon. All
GHGs are characterized as kg CO> eq. using the TRACI 2.1
method. TRACI GHG characterization factors align with the IPCC
4™ Assessment Report for a 100-year time horizon.

kg CO; eq.

Particulate Matter
Formation Potential

Particulate matter formation potential results in health impacts such
as effects on breathing and respiratory systems, damage to lung
tissue, cancer, and premature death. Primary pollutants (including
PM, 5) and secondary pollutants (e.g., SO, and NOy) leading to
particulate matter formation are characterized as kg PM> 5 eq. based
on the TRACI 2.1 impact assessment method.

kg PMa s
eq.

Smog Formation
Potential

Smog formation potential results determine the formation of
reactive substances that cause harm to human respiratory health
and can lead to reduced photosynthesis and vegetative growth
(Norris 2002). Results are characterized as kg of ozone (O3) eq.
according to the TRACI 2.1 impact assessment method. Some key
emissions leading to smog formation potential include CO, CHa,
NOx, NMVOCs, and SOx.

kg Os eq.

Water Use

Water use results are based on the volume of freshwater inputs to
the life cycle of products within the treatment configuration
supply-chain. Water use results include displaced potable water.
Water use is an inventory category, and does not characterize the
relative water stress related to water withdrawals. This category has
been adapted from the water depletion category in the ReCiPe
impact assessment method.

Acronyms: GHG — greenhouse gas, [IPCC — Intergovernmental Panel on Climate Change, TRACI - Tool for the
Reduction and Assessment of Chemical and Environmental Impacts
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2. LIFE CYCLE INVENTORY METHODS

This chapter describes the data sources, assumptions, and parameters used to establish the
LCI values in this study. Appendix Table C-1 provides a summary table of the baseline LCI
developed for each wastewater treatment system.

2.1 Pre-Treatment

Pre-treatment includes an equalization chamber and fine screening. The equalization
chamber was sized such that the treatment systems receive a consistent hourly flow of
wastewater despite the daily fluctuations in household water use depicted in Figure 2-1. Water
use peaks between the hours of seven and eight AM during which time a household typically
consumes 15 percent of daily, indoor water use (Omaghomi et al. 2016). We estimated
infrastructure requirements for the equalization tank using tank dimensions assuming reinforced
concrete construction. Floating aerators provide simultaneous mixing and aeration. We sized
floating aerators using the CAPDETWorks™ approach, which is based on an oxygen transfer
efficiency per unit of mixing power. We specified a minimum dissolved oxygen content of 2
mg/L in the model.

16%
14%

_.
)
X

10%
8%
6%
4%
2%
0%

Percent of Daily Flow

1 23 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24
Hour (1 = midnight)

Figure 2-1. Daily fluctuation in the use of potable water.

A 2mm fine screen was specified to remove solids from influent wastewater that could
cause fouling issues for the MBR. Typical BOD and total suspended solids (TSS) removal for a
fine screen is in the range of 5 to 20 and 5 to 30 percent, respectively (Tchobanoglous et al.
2014). A seven percent removal efficiency was used in the GPS-X™ model. Screening disposal
was estimated based on the average screenings generation rate, 0.9 ft*/million gallons, of eight
WRRFs (U.S. EPA 2003). Fine screen electricity consumption was estimated using Equation 1
(Harris et al. 1982).

Annual Electricity Use = 16,000 x (Qavg)®631

Equation 1
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Where:
Annual Electricity Use = Expressed in kWh/year
Qave = Average daily flowrate, in MGD

2.2 Aerobic Membrane Bioreactor

The AeMBR LCI model was primarily based on modeling simulations in
CAPDETWorks™ design and costing software and GPS-X™., Figure 2-2 depicts a simplified
process flow diagram for the AeMBR treatment system. Figure 2-3 identifies subprocesses
associated with AeMBR operation.

o

. —..-

4 uv
Fine Chlorination
Screen

Equalization

AeMBR

Figure 2-2. AeMBR simplified process flow diagram.

Permeate Pumping

Screened Influent

Aeration I
Blower |

Sludge. to Sewer

Figure 2-3. AeMBR subprocess configuration.

The AeMBR system combines a continually stirred tank reactor (CSTR) with a
submerged membrane filter. No internal recycle was required. Energy from the diffused aeration
system was assumed to be sufficient to keep mixed liquor suspended solids (MLSS) in
suspension. Wasted sludge is disposed of via the sanitary sewer. Aeration blowers provide both
biological and membrane scour air. The AeMBR treatment unit is organized as three parallel
trains, as shown in Figure 2-2, each designed to treat 50 percent of the average daily flowrate.
Two of the three units will typically be in operation, with the third unit reserved as a standby unit
for use during routine maintenance or in the case of system failure.
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Table 2-1 presents design and operational parameters of the AeMBR process. A solids
retention time (SRT) of 15 days was specified in the GPS-X™ model. Design SRT of MBR unit
processes can vary between 10 and 50 in practice. An SRT of 20 days is typical for municipal
MBR systems (Yoon 2016). A representative hydraulic retention time (HRT) of 5 hours was
selected for the combined biological and filtration process. HRT typically ranges between 2 and
6 hours for combined aeration and filtration MBR processes (Yoon 2016). We calculated tank
dimensions based on HRT and GPS-X™ default depth-to-volume and length-to-width ratios. We
specified a permeate flux of 20 liters per m? per hour (LMH) in the GPS-X™ model.

Table 2-1. AeMBR Design Parameters

. Mixed
Parameter le(e('i WA WW, Grflyv.vater, G.r ayyvater Units
Building i Building District
District
SRT? 15 days
HRT®* 5.0 hours
Biological SOTE? 0.07 perm
submergence
Scour SOTE® 0.02 S
submergence
Biological SOTE® 0.16 0.20 0.15 0.18 | total
Cross-flow SOTE® 0.06 0.08 0.06 0.07 | total
Dissolved Oxygen
Setpoint 20 iy
Membrane flux 20 LMH
Backflush flux¢ 40 LMH
Membrane area, 200 390 130 240 | m’
operation
Membrane area, total 300 590 190 370 | m?
Biological airflow 66 85 17 30 | m'/hr
Scour airflow 44 89 28 55 | m*hr
Tank depth, 2.7 34 2.7 3.0 | m
operational
Tank length 33 4.0 2.1 34 | m
Tank width® 1.1 1.5 1.1 1.2 | m
Tank Yolume, 20 39 13 24 | m3
operational
Scour air demand 0.23 Nm?/m?/hr
MLSS 12,000 12,000 11,000 11,000 | mg/L
Physwa} cleaning 10 minutes
interval
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Table 2-1. AeMBR Design Parameters

Mixed
Mixed WW, Graywater, | Graywater .
Parameter Building WW’. Building District Units
District
Phy51'ca1fclean1ng 45 seconds
duration
Chemical cleaning
interval® 84 hours
2 (Yoon 2016)

®SOTE - Standard Oxygen Transfer Efficiency (Tarallo et al. 2015)

¢ SOTE — Standard Oxygen Transfer Efficiency (Sanitaire 2014)

4 Backflush flowrate is twice the permeate flux (Yoon 2016).

¢ Refers to individual process train. Three trains per system.

f(Best 2015)

Acronyms: HRT — hydraulic retention time, LMH - liters per m? per hour, MLSS — mixed liquor suspended solids,
SOTE - standard oxygen transfer efficiency, SRT — solids retention time, WW - wastewater

We estimated operational and total membrane area based on system flowrate and
membrane flux. The hollow fiber membrane is made of polyvinylidene fluoride (PVDF) (Cote et
al. 2012). The quantity of PVDF used in the membrane was calculated based on
CAPDETWorks™ results for the total surface area of membrane required for each size system
and manufacturer specifications for the inner and outer diameter of a hollow fiber (Suez 2017b).
An ecoinvent dataset for polyvinyl fluoride was used to model PVDF (Frischknecht et al. 2005).
Manufacture of MBR cassettes was not included in the model as data were not available, and
infrastructure typically is a small impact contributor in LCAs when amortized over the
equipment lifetime and compared to daily operational requirements. Membrane lifetime was
estimated to be 10 years (Cote et al. 2012).

Aeration requirements were estimated based on standard oxygen transfer efficiencies
(SOTE) for fine and course bubble aeration per unit depth. Fine bubble aeration systems have a
SOTE of 0.07 per meter (0.02 per foot) of submergence (Tarallo et al. 2015). Coarse bubble
aeration was specified for cross membrane airflow, and has an SOTE of 0.02 per meter (0.0075
per foot) of submergence (Sanitaire 2014). Diffusers are located 0.3 meters (1 foot) above the
floor of the treatment unit. Because of the process configuration, airflow intended for membrane
cleaning serves to reduce total biological air requirements within the unit process, but is subject
to a lower transfer efficiency. Table 2-1 lists the total SOTE of biological and cross-flow (scour)
air input into GPS-X™. The GPS-X™ model was used to estimate aeration electricity
requirements using the approach described in Section A.1.4.

Cross-flow aeration was determined based on a scour air demand of 0.225 m*/m*hour.
This value is the average of the default CAPDETWorks™ scour air demand estimate, of 0.3
m>/m?/hour and the General Electric (GE) eco-aeration scour rate of 0.15 m*/m*/hour. The GPS-
X™ model was used to estimate MLSS concentration as a function of the specified SRT. The
GPS-X™ model was set to operate simulating a 45 second backflush at 10 minute intervals. We
determined the backflush flowrate assuming a flux twice the normal permeate flux, or 40 LMH
(Yoon 2016).

2-4
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We estimated permeate pumping energy requirements using Appendix Equation A-1 and
Equation A-2 assuming a differential head of 14 meters (45 ft) (Suez 2017a). An additional
electricity consumption factor of 25 percent was applied to the sum of aeration, permeate
pumping, and sludge pumping energy use to represent additional miscellaneous energy
requirements providing better alignment with energy consumption estimates specified in
literature summary that follows. Using this factor, total electricity consumption for the AeMBR
process, treating mixed wastewater, is 0.62 kWh/m? of treated wastewater, which aligns closely
with the average energy consumption range reported in other studies (Krzeminski et al. 2012).
Other studies often report specific energy consumption for the full treatment system (i.e.
including pre- and post-treatment), with values for AeMBR based systems ranging from 0.4 to 4
kwh/m? (Cornel and Krause 2004; Martin et al. 2011; Krzeminski et al. 2012). Typical values are
in the range of 0.8 to 1.75 kWh/m>. Total electricity consumption for the mixed wastewater,
AeMBR treatment system is 0.87 kWh/m? in this analysis.

We assumed that sodium hypochlorite (NaOCI) is used for periodic membrane cleaning
every 84 hours. The LCI quantity was estimated assuming that 950 L of 12.5 percent NaOCl is
required per year per 1,650 m? (17,760 ft*) of membrane surface area (Suez 2017a).

Process emissions of methane (CHa4) and nitrous oxide (N2O) are estimated for the
AeMBR treatment systems using Appendix Equation A-7 and Equation A-8, as presented in the
IPCC Guidelines for National Inventories (Doorn et al. 2006). We used GPS-X™ to estimate
BOD and total kjeldahl nitrogen (TKN) loads entering the AeMBR as inputs to these equations.

2.2.1 Thermal Energy Recovery for the AeMBR

We modeled a scenario where low-grade heat from the mixed wastewater and graywater
is recovered using a water-to-water heat pump prior to AeMBR treatment. Figure 2-4 presents a
system diagram of the heat pump used for thermal recovery.

Thermal recovery was assumed to directly follow wastewater screening to eliminate heat
loss that would occur during the wastewater treatment process. Additionally, the lag in thermal
recovery that would occur due to system HRT would challenge the system’s ability to supply
heat at times of peak demand.

Filtered graywater and wastewater is pumped into a heat exchanger called the evaporator.
The evaporator contains a refrigerant, R-134a, which absorbs heat from the effluent causing the
refrigerant to evaporate. Gaseous refrigerant is compressed in the heat pump causing its
temperature to rise. Compressed refrigerant then enters a second heat exchanger called the
condenser where heat is transferred from the refrigerant to the hot water supply. An expansion
valve is used following the condenser to reduce the pressure and temperature of the refrigerant
before the cycle begins again.
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Figure 2-4. System diagram for the water-to-water heat pump thermal recovery system.

Table 2-2 lists the design and operational parameters used to model thermal recovery for
the wastewater and graywater AeMBR treatment systems. Wastewater and graywater
temperatures entering the evaporator are 23 and 30°C (W Win,n), respectively. Temperature
differences realized on the evaporator and condenser sides of the heat pump were based on
Kahraman and Celebi (2009). The Kahraman and Celebi study reports the temperature difference
between the inlet and outlet of the condenser side heat exchanger (AT.) for three refrigerant
recirculation flowrates and influent wastewater temperatures of 10, 20 and 30°C. The lowest
refrigerant recirculation rate demonstrated the best performance, and the 20 and 30°C
experimental runs were used for the mixed wastewater and graywater, respectively.

The average coefficient of performance (COP) for the appropriate influent wastewater
temperature and the lowest refrigerant recirculation rate were used to estimate condenser and
pump energy requirements, using Equation 2 (Kahraman and Celebi 2009). Electricity
consumption was estimated assuming an electrical efficiency of 78% which is representative of
screw and reciprocating type compressors commonly used in heat pumps. A separate COP
specific to the compressor alone was used to estimate compressor power (Weomp) (Studer 2007).

Compressor COP was scaled to reflect the effect of influent wastewater temperature (Kahraman
and Celebi 2009).

QWW
(Wcomp + Wpump)

COP =

Equation 2
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Where:

Qww = Obtainable thermal power in wastewater or graywater
COP = Combined coefficient of performance, unitless

Weomp = Compressor power

Wpump = Pump power

Total thermal energy transferred to the building hot water system is the sum of Qww and
compressor power (Weomp) imparted to the working fluid minus internal losses (Cipolla and
Maglionico 2014). Obtainable wastewater thermal energy was calculated based on the
temperature difference between water entering and exiting the evaporator side heat exchanger
(ATe) by working backwards from AT, (Kahraman and Celebi 2009) using the reported COPs
(Equation 3). The reported AT, values include system losses, so there is no need to consider them
explicitly.

Quww = mwapATe

Equation 3
Where:
Qww = Obtainable thermal power in wastewater or graywater, watts
mww = Mass flowrate of wastewater or graywater, kg/sec
Cp = Specific heat of water, 4180 J/kg-°C
AT. = Inlet and outlet wastewater or graywater temperature difference, evaporator
side, °C

Environmental benefits of the thermal recovery system were estimated by avoiding either
natural gas combustion or electricity use for water heating. Unlike the biogas recovery system
for the AnMBR where biogas combustion leads to a similar emission profile to that of natural
gas (see Section 2.3.2), the thermal recovery system avoids all natural gas combustion emissions.

Storage water heater (i.e. not on demand) options were compared based on delivered
energy (Ep) (Equation 4) exclusive of pipe network losses, which are expected to be equivalent
between the three systems. Energy factors of 0.69 and 0.925 were used to model the natural gas
and electric hot water heaters (Hoeschele et al. 2012). Energy factors provide an estimate of the
energy efficiency of a water heating system that includes thermal efficiency and standby losses.
Standby losses are greater in natural gas storage tanks due to the presence of a central flue.
Standby losses for the heat pump system were assumed to be equivalent to those of the electric
hot water heater, which were calculated to be six percent assuming a 98 percent thermal
efficiency. Avoided energy (fuel) consumption was calculated by dividing Ep by the appropriate
energy factor. Natural gas quantity was calculated assuming a higher heating value (HHV) of
40.6 MJ/m* (U.S. DOE 2017).
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Delivered Energy (Ep) = (QWW + Wcomp) x(1-5,)

Equation 4
Where:
Ep= Energy delivered by the thermal recovery system, kWh
Qww = Obtainable thermal power in wastewater or graywater
Weomp = Compressor power
St = Standby losses, fraction

Heat pump infrastructure estimates and GHG emissions were based on the inventory for
water-to-water heat pumps presented in Greening and Azapagic (2012). Fugitive emission of R-
134a were assumed to be three and six percent during manufacture and annual operation,
respectively.

Table 2-2. Thermal Recovery System Design and Performance Parameters

2.3

Mixed
Parameter Wastewater | Graywater Units
Mass Flowrate (mww) 1.1 0.70 kg/sec
Temperature, in evaporator (W Winh) 23 30 °C
Temperature, out evaporator (WWoucc) 19 26 °C
AT, evaporator (ATe) 4.2 4.3 °C
Water specific heat (cp) 4180 J/kg-°C
Obtainable thermal power (Qww) 19 13 kW
Compressor coefficient of performance 3.0 3.1
Combined coefficient of performance® 2.5 2.6
Compressor power 10 6 kW
Compressor efficiency 0.78
Heat pump electricity consumption 150,000 91,000 kWh/year
AT, condenser (AT.) 6.2 6.3 °C
Total thermal energy to hot water system 250,000 160,000 kWh/year
Natural gas, HHV 40.6 MJ/m?
Water heater thermal efficiency 0.9
Avoided natural gas® 31,000 20,000 m®/year
Avoided electricity® 260,000 170,000 kWh/year

2 Includes compressor and fluid recirculation pump.
b Corresponds to scenario for the natural gas fired water heater.
¢ Corresponds to scenario for the electric water heater.

Acronyms: HHV — higher heating value

Anaerobic Membrane Bioreactor

The AnMBR unit process was analyzed as an alternative treatment system for the
building scale water reuse scenario. A simplified process flow diagram for the modeled AnMBR
configuration is shown in Figure 2-5, with the required post-treatment processes described in
Section 2.3.3. The AnMBR is a psychrophilic process intended to operate at ambient
temperatures (approximately 23°C). Operating at ambient temperature has the benefit of

2-8
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eliminating influent heating energy demand required for mesophilic or thermophilic operation.
Psychrophilic reactors are possible with MBR reactors due to their ability to decouple HRT and
SRT, facilitating accumulation of slower growing psychrophilic organisms (Smith et al. 2013).
The anaerobic reactor was modeled as a CSTR, the most frequently used AnMBR configuration
(Song et al. 2018), based on the design of a continuously-stirred anaerobic digester. The unit
consists of a cylindrical concrete tank and floating cover with mechanical mixing. The system
utilizes a series of three external, submerged membrane tanks each of which are designed to
handle 50 percent of the average daily flowrate, making it a two-stage AnMBR. Two stage
designs are the most commonly studied pilot-scale AnMBR systems (Song et al. 2018). Only two
of the three tanks are intended to be in continuous operation. Membrane tank dimensions are
based on the Z-MOD L Package Plants (Suez 2017a). Table 2-3 provides a comparison of basic
design and operational parameters for the mixed wastewater and graywater AnMBR treatment
systems.
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Figure 2-5. AnMBR simplified process flow diagram.
Table 2-3. AnMBR Design and Operational Parameters

System Mixed :
Component Parameter Wastewater Graywater | Units

SRT 60 days

HRT 8.0 hours

MLSS concentration 12 g/L

COD/BOD removal 90% of influent

concentration

Anaerobic Reactor | Tank diameter 4.0 3.5 m

Tank height 4.8 4.0 m

Mixing power 0.84 0.53 HP

Biogas production 14 6.3 m?/day

Biogas recirculation® 120 76 m>/hour
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Table 2-3. AnMBR Design and Operational Parameters

fjil)s;f;?)nen " Parameter %ilxsigwa ter Graywater | Units
Sludge production 0.69 0.44 m?/day
Electricity consumption® 0.81 0.82 kWh/m?
Flux 7.5 LMH
Membrane area, operational 530 340 m?
Membrane area, total 790 500 m?
Membrane Tank Tank depth, per train 3.7 m
Tank length, per train® 0.73 0.47 m
Tank width, per train® 2.7 m
NaOCl, membrane cleaning 440 280 kg 15% solution
COD 47 31 mg/L
BOD 14 9.3 mg/L
Effluent
TSS 2.0 2.0 mg/L
Ammonia 35 8.5 mg/L

2 For membrane cleaning.

b Includes energy use for tank mixing, permeate pumping, membrane cleaning and sludge pumping.

¢ The system has three parallel membrane tanks.

Acronyms: BOD — biological oxygen demand, COD — chemical oxygen demand, HRT — hydraulic retention time,
MLSS — mixed liquor suspended solids, SRT — solids retention time, TSS — total suspended solids

Anaerobic digestion of wastewater leads to the formation of biogas. Typical biogas has a
methane content of 60 to 70 percent (Wiser P.E. et al. 2010). The higher end of this range, 70
percent (by volume), was assumed in this analysis as several studies cite high methane content
for biogas from psychrophilic reactors (Hu and Stuckey 2006; David Martinez-Sosa et al. 2011).
Biogas and associated methane production were estimated as a function of COD loading and
removal within the anaerobic reactor using the following assumptions. Methane production rates
of 0.25 and 0.26 kg CHa/kg COD removed were estimated for the 23°C and 30°C reactors, by
linearly scaling based on values reported in David Martinez-Sosa et al. (2011). This value is
further supported by literature documenting operational parameters of AnMBRs treating
domestic wastewater as reported in Table 2-4. A COD removal rate of 90 percent was used to
estimate methane production (Ho and Sung 2009; Ho and Sung 2010; Chang 2014). Effluent
BODs concentration was calculated assuming a BOD/COD ratio of 0.3, based on the higher end
of the reported range of 0.1 to 0.3 (Tchobanoglous et al. 2014). Nitrogen and phosphorus have
negligible removal rates in anaerobic reactors (Mai et al. 2018). All influent TKN was assumed
to be released in the form of ammonia. The AnMBR was assumed to achieve an effluent TSS
concentration of less than 2 mg/L (Christian et al. 2010).
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Table 2-4. Operational Parameters of AnMBRs Treating Domestic Wastewater

Influent & Biogas
COD® COD Reactor HRT" Reactor production
Source Removal | Temperature Volume 3
Strength (%) ©C) (day) (m) (m> CH4/kg
(mg/L) ¢ COD)

(Baek et al. 2010) - 64 - 0.5-2 0.01 -
(Bérubg et al. i i i i i i
2006) 70-90 11-32
(Chang 2014) 342-600 90 20-30 1-25 0.06-0.35 0.25-0.35
(Chu et al. 2005) 383-849 - - 6.0 - -
(Gao et al. 2010) 500 - - 2.1 - -
(Giménez et al. 0.25-
2011) 445 +95 87+3.4 33+0.2 0.88 1.3 0.29 +0.04
(Ho and Sung 0.25-
2009) 500 >90 25 0.50 0.004 0.21-0.22
(Ho and Sung
2010) 500 85-95 15-25 3.8-15 0.004 -
glgggnd Se.Ty 460420 >90 35 2.0 0.003 0.22-0.33
(Huang et al. 2011) 550 >97 25-30 0.33-0.5 0.006 0.14-0.25
(Kim et al. 2011) 513 99 35 %1285- 0.003 i
(Lew et al. 2009) 540 88 25 0.25 0.18 -
(Lin et al. 2011) 425 90 3043 0.42 0.08 0.24
(Martin et al. i i i i i
2011) 400-500 35 0.33-.58 0.29-0.33
(D. Martinez-Sosa | - 5. 9 90 3541 0.80-2.0 | 0.35-0.80 | 0.20-0.36
etal. 2011)
(David Martinez- i i i
Sosa et al. 2011) 603+82 80-90 20-35 0.8 0.35 0.23-0.27
(Saddoud et al. i i i
2007) 685 88 37 0.63-2.5
(Salazar-Pelaez et 0.16-
al. 2011) 350 80 i 0.50 i i
(Smith et al. 2011) 440 92 15 0.67 -
(Smith et al. 2014) 430 85-90 15-25 0.33 - 0.35
(Wen etal- 1999) 1 100.2600 97 1225 v i .

Acronyms: COD - chemical oxygen demand, HRT - hydraulic retention time; SRT - solids retention time
Note: table reproduced from Cashman et al. (2016).

An 8§ hour (0.33 day) HRT at the average daily flowrate was used to size the anaerobic
reactor. Song et al. (2018) cites several studies that consider similar HRTs for AnMBR treatment
systems. SRT for AnMBRs is typically between 40-80 days, with a MLSS concentration
between 10 and 14 g/liter. This study assumes an SRT of 60 days and a MLSS concentration of

12 g/L.
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Membrane surface area was determined by dividing the average daily flow by the
average net flux of 7.5 LMH reported in a literature review by Chang (2014) for AnMBR
systems and confirmed through personal communication with a GE AnMBR product manager
(Nelson Fonseca, GE Power and Water Lead Product Manager for Anaerobic MBR, August 18,
2015). Other authors have noted that increases in membrane flux are a possibility, and may
provide benefits associated with reduced energy consumption for membrane fouling systems and
lower membrane capital cost (Smith et al. 2014).

Mechanical mixing is required to ensure adequate digestion. Mixing horsepower
requirements were estimated assuming 0.5 HP per 28.3 m® (1000 ft*) of reactor volume. A motor
efficiency of 88 percent was modeled (Harris et al. 1982).

2.3.1 Membrane Fouling and Sludge Output

Requirements for preventing membrane fouling, as indicated by previous work, were
assumed to be independent of wastewater strength (Smith et al. 2014). Biogas sparging and
periodic backflushing were modeled for membrane fouling control. A biogas recirculation rate of
0.23 Nm?*/m?/hr was specified (Smith et al. 2014). Continuous biogas sparging was used to
generate baseline results, as it is expected to yield better system performance. Intermittent
sparging is examined as a sensitivity analysis, assuming 15 minutes of sparging every 2 hours
(Feickert et al. 2012). Backflushing is carried out for 45 seconds every ten minutes. The
backflush flowrate was estimated assuming a flux twice that of the AeMBR permeate flux, 40
LMH (Yoon 2016). NaOCl is used for periodic membrane cleaning and was estimated assuming
950 L of 12.5 percent NaOClI per year per 1650 m? (17,760 ft*) of membrane surface area (Suez
2017a). Table 2-3 lists membrane surface area and annual NaOCIl requirement for each AnMBR
system.

The amount of sludge returned to the municipal sewer system to be treated downstream at
the centralized WRRF was calculated using Equation 5 from Tchobanoglous et al. (2014).
Solving for Qw obtains the volume of sludge wasted per day.

XV + XV,
SRT:(AA MM)

QwXn
Equation 5
Where:

Va = volume of anaerobic reactor (m?)

Vm = volume of membrane separation tank (m?)

Xa = solids concentration in the anaerobic reactor (mg/L)

XM = solids concentration in the membrane separation tank (mg/L)
Qw = waste sludge flow rate (m>/day)
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2.3.2 Biogas Utilization

The recovered methane from the headspace was assumed to be converted to thermal
energy to supplement natural gas demand for building hot water use. Biogas cleaning and
compression was not included in this model due to lack of available data. A methane destruction
efficiency of 99% was modeled for biogas combusted in an energy/thermal device (e.g., dual fuel
biogas/natural gas boiler or flare) (IPCC 2006), with five percent of produced biogas escaping as
fugitive emission (UNFCCC 2012). Avoided natural gas production and fossil carbon dioxide
emissions are calculated based on fuel heat content using Equation 6. Other emissions resulting
from biogas combustion are assumed to be equivalent to those of the replaced natural gas given
equivalent combustion technology and appropriate biogas cleaning (Darrow et al. 2017).

EPcys = (PReya X HHVeyy) X By

Equation 6
Where:
EPcha = Thermal energy from recovered headspace methane in kW
PRcu4 = Methane production rate (grams CHas/second)
HHVcus = Higher heating value methane (modeled as 55.5 kl/g)
B, = Boiler thermal efficiency, 80 percent (using HHV) (Harris et al. 1982)

2.3.3 Post-Treatment

2.3.3.1 Permeate Methane

A portion of produced methane is dissolved in solution and leaves the system in the
permeate (Smith et al. 2012). While supersaturation of dissolved methane occurs in some types
of anaerobic reactors, this has not been found in AnMBR systems (Cookney et al. 2016). Thus,
the amount of methane per liter of permeate was calculated based on Henry’s Law and the van’t
Hoff-Arrhenius relationship along with coefficients for methane used to calculate Henry’s
constant for methane.

Van’t Hoff Arrhenius Relationship, solved for Henry’s Constant (Tchobanoglous et al.
2014) is shown in Equation 7 and Equation 8:

-A
Heps = 10(T+B)

Equation 7
Where:
Hcus = Henry’s constant for methane at a given reactor temperature
A =675.75
B =6.880

T = reactor temperature in Kelvin
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Henry’s Law (adapted from Smith et al. (2014)):

Pcy,

CH4,dissolved = ( > (M) (MWCH4)

Hep,
Equation 8
Where:

CHa, dissolved =concentration of dissolved methane in solution (g/liter)
Pcua = 0.65 atm, the partial pressure of methane in biogas

Hcusa = Henry’s constant, as calculated for a given reactor temperature
M = 55.5 mol/liter, the molarity of water

MWch4 = 16.04 g/mol, the molecular weight of methane

The concentration of methane dissolved in permeate varies depending on the temperature
of the reactor. Based on these calculations, approximately 21 and 27 percent of produced
methane is dissolved in permeate for the mixed wastewater and graywater systems, respectively.
Other authors have reported that between 24 and 58 percent of produced methane is dissolved in
permeate (Song et al. 2018).

Recent publications have noted that permeate methane recovery is a relatively young
technology that is not yet proven to be commercially or energetically viable (Smith et al. 2014).
However, several technologies haven proven effective at the lab or pilot scale (Hatamoto et al.
2011; Cookney et al. 2012; Matsuura et al. 2015). A downflow hanging sponge system was
modeled for permeate methane recovery in this analysis as described in Section 2.3.3.2.

2.3.3.2 Downflow-Hanging Sponge

A two-stage DHS was selected as the methane recovery method to simultaneously
recover or oxidize permeate methane, perform further COD/BOD removal and provide partial
nitrification. Basic design and operational parameters for the modeled DHS system are included
in Table 2-5, and are based on the work of Matsuura et al. (2015). The interior of the DHS
reactor is lined with triangular blocks of polyurethane sponge that house the biofilm. The sponge
itself occupies 44 percent of reactor volume (includes void space), having a void space of
approximately 98 percent (Onodera et al. 2016). Each of the two DHS stages has an HRT of 2
hours, calculated based on total sponge volume. A standard tank height of 2 meters was
specified. Tank diameter was adjusted to achieve the target volume. The DHS configuration of
Matsuura et al. (2015) is a closed/flooded reactor, relying on active aeration for methane
stripping and oxidation.

The first-stage reactor is a counter flow unit where AnMBR permeate enters at the top of
the reactor with airflow entering at the bottom. The flows move opposite of one another, with
recovered biogas being collected at the top of the reactor. Seventy-three percent of permeate
methane is recovered in the first-stage DHS (Matsuura et al. 2015). Stage one has a relatively
low air flowrate of 313 liters/m? reactor volume/day to avoid reducing the methane concentration
in the recovered biogas below the 30 percent threshold required for successful combustion.
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Biogas recovered from the first-stage reactor is combined with biogas from the main anaerobic
reactor and used to provide thermal energy for building hot water systems.

Wastewater effluent and air both enter at the top of the second-stage DHS reactor. The
second-stage reactor is not intended for methane recovery, and instead oxidizes the permeate
methane to reduce methane off-gassing within the building’s plumbing system. A methane
destruction rate of 99 percent was assumed (Matsuura et al. 2015). Calculation of dissolved
permeate methane entering the DHS reactor is described in Section 2.3.3.1. Airflow entering the
second-stage reactor is 2,500 liters/m® reactor volume/day. The pumping energy requirement was
estimated using Appendix Equation A-1, assuming a head loss of 6 meters (1.5 times reactor
height). Blower power requirement was estimated using Appendix Equation A-3, assuming
diffuser submergence of 2 meters.

Overall the DHS process achieves a 55 and 73 percent reduction in influent COD and
BOD concentration, respectively. A 22 percent reduction in influent ammonia concentration
results from partial nitrification.

Table 2-5. Downflow Hanging Sponge Design and Operational Parameters

Parameter Mixed Wastewater Graywater Units
Reactor HRT® 2.0 hours
Reactor volume 18 11 m?
Sponge volume 7.9 5 m?
Reactor height 2.0 m
Reactor diameter 34 | 2.7 m
Methane recovery, first-stage 73% of dissolved CH4
Airflow rate, first-stage 313 L/m*/day
Methane destruction, second-stage 99% of dissolved CH4
Airflow rate, second-stage 2500 L/m>/day
Total airflow 2.1 | 1.3 m>/hr
COD removal 55% of influent concentration
BOD removal 73% of influent concentration
Ammonia removal 22% of influent concentration
Effluent COD 21 14 mg/L
Effluent BOD 3.8 2.5 mg/L
Effluent ammonia 27 6.6 mg/L
Fugitive methane emissions 5.0 2.9 kg/yr
Avoided natural gas 500 280 m?/yr

2 DHS HRT was calculated using sponge volume, and not total reactor volume.
Acronyms: BOD — biological oxygen demand, COD — chemical oxygen demand, HRT — hydraulic retention time

2.3.3.3  Ammonium Adsorption — Zeolite

A zeolite ammonium adsorption (ion-exchange) system is used following the DHS
reactors to remove the majority of effluent ammonium, thereby reducing the quantity of NaOCl
required to establish a free chlorine residual. The ammonium adsorption system consists of an
upflow, packed bed zeolite reactor. A sodium chloride (NaCl) solution is circulated through the
packed bed to regenerate the zeolite once effluent ammonium concentrations exceed five percent

2-15



2—Life Cycle Inventory Methods

of the influent concentration. The point at which the effluent ammonium concentration exceeds
the designated threshold, five percent, is termed “breakthrough.” Design and operational
parameters of the ammonium adsorption system, listed in Table 2-6, are based on the work of
Deng et al. (2014).

Table 2-6. Zeolite Ammonium Adsorption Sytem Design and Performance Parameters

Parameter Wi\;ltl;;: ter Graywater Units
Ammonium removal rate 95% of influent
Zeolite adsorption capacity 3.1 mg NHy/g zeolite/cycle
Influent ammonium concentration 27 6.6 mg NHy/liter
Effluent ammonium concentration 1.4 0.33 mg NHy/liter
Ammonium load 2.6 0.40 kg NH./day
Zeolite requirement® 800 125 kg per reactor
Design flowrate 6 Bed volumes
Additiorlljal zeolite to meet design 340 600 3 e Feasion
flowrate
Total reactor zeolite 1100 730 kg
Zeolite bed volume 0.66 0.42 m’
Number of regeneration cycles 9 count
Daily zeolite replacement 34 6.8 kg
Annual zeolite requirement 12400 2500 kg
NaCl solution strength 10 g/liter
NaCl consumption 7800 1200 kg/year
NaOH consumption 6900 4400 kg/year

2 Minimum zeolite required to adsorb 95 percent of influent ammonium load.
b The zeolite requirement based on adsorption capacity was not sufficient to attain a flowrate of 6 BV per hour.
Additional zeolite was specified to increase the volume of the zeolite bed.

As wastewater flows over the packed bed, the positively charged ammonium ions are
adsorbed to the surface of the zeolite. The adsorption capacity of the zeolite bed depends on
several factors including the type of zeolite, ammonium ion concentration, the presence of
competing ions, and use history (age) of the zeolite medium. As the reactor functions, potential
adsorption-sites become occupied and the removal efficiency of the system will decrease. The
continuous column, pilot scale reactor was able to achieve 95 percent removal efficiency over
the course of nine regeneration cycles when operating at a flowrate of between four and eight
bed volumes (BV) per hour. This analysis assumed a flowrate of six BV per hour.

The initial adsorption (exchange) capacity of the natural zeolite medium was 3.1 mg
NH4-N/g of zeolite. At the end of nine regeneration cycles, the exchange capacity had dropped
by 39 percent to 1.9 mg NH4-N/g zeolite. The elapsed time to reach breakthrough decreased
from 42 hours initially, to 12 hours at the conclusion of nine regeneration cycles. The average
adsorption capacity of 2.4 mg NHs-N/g (3.1 mg NH4/g) zeolite, over the nine regeneration
cycles, was used to estimate the required zeolite quantity. An additional quantity of zeolite was
specified to reach the target flowrate of six BVs. One tenth of the required zeolite quantity is
replaced at the conclusion of each regeneration cycle (the oldest medium) such that the average
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adsorption capacity is maintained over time. The average breakthrough time over nine cycles is
21 hours.

It was assumed that regeneration occurs once daily for a two hour period. Installation of
two zeolite columns was specified and the units are expected to be used in alternating fashion. A
10 g/l NaCl solution with a pH of 12 is used as the regenerating fluid. The high concentration of
sodium ions displaces the ammonium, thereby regenerating the zeolite for continued use. The
brine solution was assumed to be disposed of by deepwater injection. We assumed a transport
distance of 100 km to the injection well. Brine injection requires 1.8 kWh of electricity
consumption per m® of fluid injected. Sodium hydroxide (NaOH) is used to raise the pH of the
NaCl solution, which was shown to considerably decrease the required NaCl concentration. The
NaCl requirement is 3.5 g of Na* per gram of adsorbed NH4. The NaOH dose used in the
analysis was 0.2 kg per m® of treated wastewater (Deng et al. 2014). An effluent ammonium
concentration of less than 1.5 mg/L is expected for the mixed wastewater and graywater systems.

2.4 Recirculating Vertical Flow Wetland

The RVFW system is analyzed for the building scale scenario and was modeled
according to Figure 2-6. The wetland basins are preceded by a fine screen, slant plate clarifier
and equalization basin to ensure consistent inflow and reduce suspended solid concentration,
minimizing the potential for clogging of the media bed. Suspended solids removal exceeds 95
percent in slant plate clarifiers, and requires minimal floor area. The mixed wastewater and
graywater RVFW systems require two and three 40 gallon per minute (gpm) clarifiers to ensure
adequate flow capacity during peak water use hours. Clarifier infrastructure requirement was
approximated based on a unit mass of 1,600 kg assuming all steel construction. Sludge is
pumped from the slate plate clarifier and disposed of in the sanitary sewer. Sludge flowrate was
estimated based on influent TSS concentration, design removal rate, and an assumed sludge
solids content of 1.2 percent. We calculated the sludge wastage rate to be 0.37 and 1.6 m*/day for
the graywater and wastewater systems, respectively. Appendix Equation A-1 was used to
estimate pump power requirements and associated electricity consumption.

L
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Figure 2-6. Diagram depicting the process flow of the recirculating vertical flow wetland.

The equalization tank has an 18 hour retention time to allow the RVFWs to be operated
in batch mode (safety factor of 1.5). Clarified wastewater fills the equalization tank during the 12
hour wetland treatment cycle. Section 2.1 describes the approach used to estimate infrastructure
and energy consumption associated with the equalization basin and fine screens.

The RVFW was designed as a modular adaptation of a pilot-scale wetland with bed
dimensions of 30 m by 2 m. RVFW wetlands utilize a pumped re-circulation of treated graywater
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or wastewater to meet treatment goals, while minimizing space requirements. Basic design
parameters are from the work of Sklarz et al. (2010).

Figure 2-7 depicts a cross-section of the modeled wetland configuration, excluding the
cement structure. The wetland consists of an upper bed that is filled with limestone, gravel and a
top layer of soil that is planted with emergent, wetland vegetation. We estimated primary
infrastructure material requirements for the wetland treatment system based on unit dimensions
assuming reinforced concrete construction, and a wall thickness of 0.23 m (9 in). Unit weights
were used to estimate the steel requirement for rebar, steel grating, and pumps. Piping was
assumed to be made of high-density polyethylene (HDPE).

Clarified wastewater and recirculation flow is distributed evenly over the surface of the
gravel layer via a manifold and distribution pipes. Water travels vertically, downwards through
the media layers for treatment. It is assumed that the units are planted, but plant material is not
reflected in the LCI as the plants do not notably contribute to treatment and are expected to be
present in landscaping regardless of the decision to use constructed wetlands for wastewater
treatment. Depth of the planted media basin is 0.6 meters.

The upper bed is supported by stainless steel grating and is suspended above a 1 meter
deep collection and pumping basin. A minimum distance of 0.5 meters is maintained between the
lower edge of the planted bed and the water surface below. Water falls freely from the planted
bed into the lower basin, facilitating aeration. Determination of the flow rate per unit area was
based on Gross et al. (2007a), which suggests that 8-12 hours of recirculation is sufficient to reach
steady-state TSS and BOD removal when recirculating 300 L of water over 1 m? of wetland area.
This corresponds to a treatment rate of 0.6 m? of wastewater per m? of wetland area per day,
which was used to calculate required wetland area.

06 m
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Figure 2-7. Diagram depicting the cross-section of the recirculating vertical flow wetland.
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We used a recirculation rate equal to 1.5 meters (depth) per hour, which corresponds to
the optimal recirculation rate identified by Sklarz et al. (2010). The recirculation rate is equal to
60 times the influent flowrate. Following treatment in the wetland, water is pumped back into the
building into a series of storage tanks prior to disinfection.

Large variability in influent graywater quality was shown not to have a significant effect
on resulting effluent quality from RVFW systems Alfiya et al. (2013), when expressed as percent
removal. The average removal rate from the studies reported in Table 2-7 were taken as the
modeled removal rate.

Table 2-7. Wetland Treatment Performance

Stud Flow Rate | Recycle Rate TSS (mg/l) BOD (mg/l)

Y (m’/d) (m’/h) In | Out | Rem (%) | In | Out | Rem (%)
(Alfiya et al. 2013) 0.16 0.30 166 | 1.6 | 99%
(Alfiya et al. 2013) 0.11 0.30 n/a 136 | 46 | 97%
(Alfiya et al. 2013) 0.16 0.30 229 | 27 99%
g%}(r)c;?) stal. 0.45 0.39 158 | 3.0 | 98% | 466 | 0.7 | 100%
Gross et al.

(2007b) 0.01 0.06 46 | 3.0 | 93% n/a

(Gross et al. 2008) 0.30 2.50 97 | 95 | 90% | 122 ] 50 | 96%

(Gross et al. 2008) 0.40 2.50 158 | 3.0 | 98% | 105 | 1.0 | 99%

(Sklarz et al. 2009) 0.30 4.50 90 | 10 89% | 120 | 5.0 | 96%

(Sklarz et al. 2010) 0.30 2.50 103 | 68 | 93% | 178 | 62 97%

(Sklarz et al. 2010) 0.30 2.50 103 | 33| 97% | 178 | 52 97%
Average Removal 94% 98%

Acronyms: BOD — biological oxygen demand, Rem — removal, TSS — total suspended solids

Pump power and electricity requirements are calculated using Appendix Equation A-1
and Equation A-2, respectively. A high-flow, low head pump is required for this application. The
pumps run continuously. A combined pump and motor efficiency of 60 percent was assumed
(Tarallo et al. 2015). Pipe head loss was estimated using the Hazen-Williams equation (Equation
A-6). Piping was sized based on fluid flowrate and target pipe velocity. The smallest available
diameter of HDPE pipe was selected for the vertical pipe and manifold such that the associated
fluid velocity is less than 1.5 m/sec (5 ft/sec). We assumed a maximum flow velocity of 0.61
m/sec (2 ft/sec) for horizontal distribution piping to limit energy demands associated with
friction head loss. HDPE pipe with a 5.8 inch inner diameter was modeled for all wetland piping
based on these requirements. Table 2-8 presents basic design parameters of the mixed
wastewater and graywater wetland systems.
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Table 2-8. Mixed Wastewater and Graywater Wetland Design Parameters

Parameter Mixed Wastewater | Graywater | Units
System flowrate, English 0.025 0.016 | MGD
System flowrate, metric 95 61 | m*/day
Wetland area, minimum required 160 100 | m?
Minimum beds required 3 2 | Count
Wetland area, modeled 180 120 | m?
Pump size, per bed 0.43 HP
Recirculation flowrate, per bed 90 m®/hour

Acronyms: HP — horsepower, MGD — million gallons per day

Process GHG emissions of N>O and biogenic carbon dioxide (CO»-biogenic) were
estimated for the RVFW system (Teiter and Mander 2005). We used Appendix Equation A-7 to
estimate CH4 emissions using the IPCC method (Ebie et al. 2013). The average methane
correction factor for vertical subsurface flow constructed wetlands of 0.01 was applied. Table
2-9 presents emission factors used in the analysis.

Table 2-9. Wetland Greenhouse Gas Emissions

Parameter Value* Units

Methane 0.006 | kg CHy/kg BOD®
CO»-biogenic 3.4 | kg COy/m?/yr
Nitrous oxide 6.0E-3 | kg NoO/m*/yr

2 Calculated as average of values presented in Teiter and Mander (2005)
b Refers to kg of BOD entering the treatment wetland
Acronyms: BOD — biological oxygen demand

2.5 Disinfection

We selected disinfection processes for each treatment system to meet or exceed log
reduction targets (LRTs) identified for indoor NPR (Sharvelle et al. 2017). Table 2-10 presents
LRTs for domestic wastewater and graywater to achieve risk level of 1 in 10,000 infections per
person per year. Separate LRTs are specified for each of three general pathogen types: viruses,
protozoa, and bacteria.

Table 2-10. Log Reduction Targets for 10 Infection Risk Target, Non-Potable
Reuse: Wastewater and Graywater?

Enteric | Parasitic Enteric
Viruses | Protozoa Bacteria
Domestic Wastewater 8.5 7.0 6.0
Indoor Use
Graywater 6.0 4.5 3.5
Unrestricted Domestic Wastewater 8.0 7.0 6.0
Irrigation Graywater 5.5 4.5 3.5

2 Table reproduced from Table 3-3 in Sharvelle et al. (2017).
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Log reduction values (LRVs) listed in Table 2-11 were used to select disinfection

technologies and dosage rates required to meet LRTs in Table 2-10. Effective dosage rates are a

function of disinfection method and physical and chemical characteristics of the treated

wastewater as described in Sections 2.5.1 through 2.5.3. General wastewater characteristics such

as temperature and pH were not treated explicitly in the calculation of dosage rates, and were
assumed to be within the range required for effective disinfection. In all cases, we developed
process configurations that meet the LRTs and provide multiple disinfection barriers.

Table 2-11. Log Reduction Values by Unit Process and Disinfection Technology for
Viruses, Protozoa and Bacteria

Enteric Parasitic Enteric
Viruses Protozoa Bacteria Units
Membrane Bioreactor? . 5 5 5 log
Wetland | |02 Reduction 3 1.0 0.8 log
1 Logio | n/a 2000-2600 0.4-0.6 mg-min/L
. 2 Logio | 1.5-1.8 n/a 0.8-1.2 mg-min/L
Free Chl
ree SAronne 3Log | 2226 | na 12-1.8 mg-min/L
4 Logio | 3-3.5 n/a 1.6-2.4 mg-min/L
1 Logio | n/a 4-4.5 0.005-0.01 | mg-min/L
Ozone 2 Logio | 0.25-0.3 8-8.5 0.01-0.02 mg-min/L
3 Logio | 0.35-0.45 | 12-13 0.02-0.03 mg-min/L
4 Logio | 0.5-0.6 n/a 0.03-0.04 mg-min/L
1 Logio | 50-60 2-3 10-15 mJ/cm?
. L 2 Logio | 90-110 5-6 20-30 mJ/cm?
UV Radiat
ACHATON 3 Logio | 140-150 | 11-12 30-45 mJ/cm’
4 Logio | 180-200 20-25 40-60 mJ/cm?

2 An LRV of five was used as a conservative estimate. Sharvelle et al. (2017) lists MBR LRV as >6.

Acronyms: UV — ultraviolet

Note: table compiled from Tables 4-3, 4-4, and 4-5 in Sharvelle et al. (2017).

Table 2-12 through Table 2-15 present the disinfection scenarios developed for each
treatment system and wastewater type, listing disinfection technologies, dosage rates, and
associated LRVs. LRVs are independent of treatment process scale and are applicable to both
building and district scenarios. Disinfection processes and design dosages are identical for

AeMBR and AnMBR treatment processes. The RVFW requires additional disinfection processes

and higher dosage rates to meet LRTs for indoor and outdoor NPR. Pathogen log reductions
within the wetland are considerably lower than those associated with the MBR process
technologies. A minimum UV dose of 30 mJ/cm? was used (BGLUMR 2014). A free chloride
residual of 1 mg/L was specified for all systems, based on California residual chlorine
requirements for NPR (Sharvelle et al. 2017). A standard chlorine contact time of 30 minutes
was used for dose calculations (BGLUMR 2014).
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Table 2-12. Disinfection System Specification for Aerobic and
Anaerobic MBRs: Mixed Wastewater

Organism Virus | Protozoa | Bacteria

LRT 8.5 7.0 6.0

Technology LRV LRV LRV Dose | Dose Units
Membrane bioreactor 5.0 5.0 5.0 n/a | n/a

Ozone - - - - -

Uuv - 4.0 2.0 30 mJ/cm?
Chlorination 4.0 - 4.0 32 mg-min/L
Total LRV 9.0 9.0 11

Acronyms: LRV — log reduction value, UV - ultraviolet

Table 2-13. Disinfection System Specification for Aerobic and
Anaerobic MBRs: Graywater

Organism Virus | Protozoa | Bacteria

LRT 6.0 4.5 3.5

Technology LRV LRV LRV Dose | Dose Units
Membrane bioreactor 5.0 5.0 5.0 n/a | n/a

Ozone - - - - -

uv - 4.0 2.0 30 | mJ/em?
Chlorination 4.0 - 4.0 32 mg-min/L
Total LRV 9.0 9.0 11

Acronyms: LRV — log reduction value, UV — ultraviolet

Table 2-14. Disinfection System Specification for Recirculating
Vertical Flow Wetland: Mixed Wastewater

Organism Virus | Protozoa | Bacteria

LRT 8.5 7.0 6.0

Technology LRV LRV LRV Dose Dose Units
RVFW 0.50 1.0 0.80 n/a n/a

Ozone 4.0 2.0 4.0 8.3 mg-min/L
UV 1.0 4.0 4.0 55 mJ/cm?
Chlorination 4.0 - 4.0 32 mg-min/L
Total LRV 9.5 7.0 13

Acronyms: LRV — log reduction value, UV - ultraviolet
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Table 2-15. Disinfection System Specification for Recirculating
Vertical Flow Wetland: Graywater

Organism Virus Protozoa | Bacteria

LRT 6.0 4.5 3.5

Technology LRV LRV LRV Dose | Dose Units
RVFW 0.50 1.0 0.80 n/a n/a

Ozone - - - - mg-min/L
UV 2.0 4.0 4.0 95 mJ/cm?
Chlorination 4.0 - 4.0 32 mg-min/L
Total LRV 6.5 5.0 8.8

Acronyms: LRV — log reduction value, UV - ultraviolet

2.5.1 Ozone

Ozone disinfection was only required for the RVFW system treating mixed wastewater.
A three zone contact basin was modeled for disinfection, providing a total contact time of eight
minutes (Tchobanoglous et al. 2014). Total reactor volume is 530 liters, based on the 0.025
MGD flowrate. The first basin has a contact time of two minutes, which is used to satisfy
instantaneous ozone demand associated with COD. Table 2-16 presents ozone demand estimates
for select wastewater constituents (Eagleton 1999). The primary constituents expected to
contribute to ozone demand for the RVFW are COD or total organic carbon (TOC). Due to the
overlap between the two constituents and availability of data on wastewater COD, only ozone
demand of COD was estimated. Nitrogen is expected to be primarily in the form of nitrate, which
has no associated ozone demand.

Table 2-16. Rapid Ozone Demand of Wastewater

Constituents
Constituent 0; Demal.ld (mg 0.3 - Constituent Units
per constituent unit)
TOC 4.0 mg C/L
COD? 2.0 mg/L
Iron 0.43 mg Fe/LL
Manganese 0.88 mg Mn/L
Sulfide 6.0 mg S/L
Nitrite 2.0 mg NO,/L
2 (Absolute Ozone 2018)

Acronyms: COD — chemical oxygen demand, TOC — total organic carbon

The second and third contact zones each have a contact time of three minutes. Equation 9
estimates ozone decay. Lambda was calculated based on an ozone half-life of 20 minutes at 20°C
(Lenntech 2018).
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Equation 9

Where:

[O]o = Ozone concentration at time zero, mg O3z/L
[O]: = Ozone concentration at time t, mg O3/L

A = 0Ozone decay constant, 0.035, unitless

t = Elapsed time, minutes

The ozone dose that affects disinfection in the wastewater was calculated as the product
of average ozone concentration in the second and third contact zones times the duration of
contact (Equation 10). No disinfection was assumed to occur in zone one due to instantaneous
demand. The required ozone dose was divided by an 85 percent transfer efficiency to calculate
the quantity of ozone that must be generated on-site (Summerfelt 2003).

([Oin] ‘;[Oout]) X t

mg * min)

Required Ozone Dose ( I

Equation 10
Where:

[Oin] = Ozone concentration entering second contact zone, mg Oz/L
[Oout] = Ozone concentration exiting the contact basin, mg Os/L
t = Duration of contact in second and third contact zones, minutes

We modeled on-site ozone generation requirements for electricity consumption and liquid
oxygen based on manufacturer specifications for the Primozone® GM-series of ozone generators
(Primozone® 2014). The outcome of the calculations described above indicates a facility ozone
demand of approximately two kg/day or 83 grams/hour. Two Primozone® GMI1 units were
specified, each having a maximum ozone generation rate of 60 grams/hour. Energy consumption
at 100 percent capacity is 0.6 kW per unit. Product literature shows that energy use is roughly
proportional to capacity utilization (Primozone® 2013). The average ozone requirement
constitutes 69 percent of generation capacity, corresponding to 0.8 kW of power consumption,
and 7,200 kWh of annual electricity consumption. Approximately 0.4 normalized m*/hr of
oxygen are required to produce 83 grams/hour of ozone, corresponding to an annual oxygen
requirement of 4,600 kg.

We assumed 75 percent steel and 25 percent aluminum construction for each 40 kg unit
and an expected lifespan of 20 years. The ozone contact basin was modeled assuming reinforced
concrete construction and a 0.1 m (4 in) wall thickness.
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2.5.2 Ultraviolet

UV disinfection was specified for all treatment scenarios. A minimum UV dose of 30
mJ/cm? was used (BGLUMR 2014). UV dose is a function of delivered UV intensity and contact
time. Nominal UV intensity (In) is a measure of bulb output, and is typically reported as a
function of wastewater transmittance. Delivered intensity (Ip) is augmented according to
intensity reduction factors as applied in Equation 11. Only a fraction of bulb output is in the UV
spectrum, and can range for 30 to 100 percent of bulb output (Tchobanoglous et al. 2014). A
lamp UV output factor (UVou) of 0.85 was used in the analysis. A quartz sleeve transmittance
(Ts) of 0.85 was used (Pirnie et al. 2006). Lamp UV output decreases over time with bulb age. A
lamp aging factor (A) of 0.7 was selected, and represents UV output after 7000 hours of use
(Hiltunen et al. 2002). The UV dose, in mJ/cm?, received by the wastewater was calculated using
Equation 12, as a function of delivered UV intensity (Ip) and contact time (CT). Contact time is
measured in seconds.

ID: IN X TS X UVOut XA
Equation 11

Dose = Ip X CT
Equation 12

Where:

Ip = Intensity delivered, mW/cm?

In = Nominal intensity, mW/cm?

Ts = Quartz sleeve transmittance, 0.85 (unitless)
UVout = Lamp UV output, 0.85 (unitless)

A = Lamp aging factor, 0.7 (unitless)

CT = Contact time, seconds

Electricity consumption estimates for UV system operation were based on power use
figures for the commercially available Sanitron® UV purifiers produced by Atlantic Ultraviolet
Corporation. Two Sanitron® S50C units were modeled for building scale MBR systems,
delivering the prescribed 30 mJ/cm? dose at their rated flowrate of 20 gpm. Only one unit is
required to be online under typical operational conditions. Each unit has a rated power
consumption of 54 watts, which corresponds to 470 kWh of annual electricity consumption. The
RVFW systems treating mixed wastewater and graywater require higher design dosages of 55
and 95 mJ/cm?, respectively. The RVFW treating mixed wastewater requires two 40 gpm
Sanitron® UV systems, of which one is expected to be in continuous operation. Power
consumption for the 40 gpm unit is 0.14 kW, or approximately 1200 kWh of annual electricity
consumption. Two of the 83 gpm Sanitron® S5,000C UV units were required for the RVFW
system treating graywater. Power consumption for the 83 gpm unit is 0.28 kW, or approximately
2400 kWh of electricity consumption per year. Infrastructure requirements for each UV system
were based on manufacturer reported unit mass, assuming all steel construction and a 30 year
unit lifespan.
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2.5.3 Chlorination

Chlorination was modeled for all treatment systems to provide a one mg/L free chlorine
residual. A standard chlorine contact time of 30 minutes (BGLUMR 2014) and system flowrate
was used to size the chlorine contact vessel. A liquid NaOCl solution, containing 15 percent
available chlorine, was used as the disinfectant. Instantaneous chlorine demand needs to be
satisfied before a free residual can be established. The instantaneous demand of wastewater TOC
content was estimated using an approach outline in the GPS-X™ technical reference
(Hydromantis 2017). Instantaneous demand of ammonia, required to reach the breakpoint, was
estimated using the influent ammonia concentration and a chlorine demand factor of 7.6 mg
Clo/mg NHy4-N (Tchobanoglous et al. 2014). We used a first-order rate equation to estimate
chlorine decay, assuming a decay constant of 0.42. Total chlorine dose is the sum of
instantaneous demand, decay, and the specified one mg/L Cl residual. The calculated free
chlorine requirement was converted into the corresponding quantity of NaOCIl. Table 2-17 lists
the calculated breakpoint and chlorine dose requirements for each treatment system. The
building scale AnMBR treating mixed wastewater has considerably greater influent ammonia
concentrations than other treatment systems, leading to elevated breakpoint demand.

Table 2-17. Calculated Breakpoint and Chlorine Dose Requirements

System Breakpoint Chlorine Chlorine Dose
Requirement (mg Cl,/L) | (mg Cl/L)
AeMBR, Building, Graywater 1.90 3.05
AeMBR, Building, Mixed Wastewater 2.28 3.43
AnMBR, Building, Graywater 2.87 4.21
AnMBR, Building Mixed Wastewater 10.70 11.85
RVFW, Building, Graywater 0.30 1.45
RVFW, Building, Mixed Wastewater 0.35 1.50
AeMBR, District, Graywater 1.93 3.08
AeMBR, District, Mixed Wastewater 2.33 3.48

We estimated electricity consumption required for NaOCI injection assuming continuous
operation of a 0.2 kW peristaltic pump, which corresponds to 1,800 kWh of annual electricity
use. Infrastructure was estimated assuming reinforced concrete construction of the chlorine
contact basin based on a wall thickness of 0.1 m (4 in).

2.6 Water Reuse Scenarios

The analysis investigated reuse of treated mixed wastewater and graywater for on-site
landscape irrigation and indoor NPR. In all scenarios, reuse water was assumed to replace
potable drinking water, reducing water use at the point of extraction for the local water utility,
and avoiding environmental burdens of potable water treatment. We analyzed two reuse
scenarios that vary assumptions related to the fraction of treated wastewater that can be reused
on-site, termed the high reuse and low reuse scenarios.
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2.6.1 Wastewater Generation and On-site Reuse Potential

The high and low wastewater reuse scenarios assess the sensitivity of LCA impacts to
reuse quantity, and reflect uncertainty regarding the quantity of wastewater that can ultimately be
reused. The high reuse scenario represents NPR associated with current, average water demand.
The low reuse scenario represents NPR in a region or development employing high efficiency
fixtures. Table 2-18 indicates the quantity of wastewater generated and treated on-site and on-site
reuse potential. On-site reuse potential is expressed as a percentage of available, treated
wastewater or graywater. On-site wastewater generation considers a mixture of residential and
commercial building occupants and associated wastewater generation rates for the mixed-use
building and district configurations described in Section 1.3.

The fraction of treated wastewater that can be reused was modeled as the sum of toilet
flushing, laundry water, and irrigation water associated with the building or district. We assumed
that for the high reuse scenario toilet and laundry water constitute 28 and 23 percent of total
indoor water use, respectively (Tchobanoglous et al. 2014). For the low reuse scenario, toilet and
laundry water constitute 15 and 11 percent of total indoor water use (Sharvelle et al. 2013). We
estimated annual irrigation water use for the high reuse scenario assuming 3.4 gallons/ft? of
residential floor area and 6.0 gallons/ft> of commercial floor area (Refocus 2015). Building floor
areas devoted to these two use categories are listed in Table 1-1, and were calculated based on
reported estimates of indoor water use per occupant. The low reuse estimate for district irrigation
water was developed based on landscape water demand calculations assuming that 26 percent of
the district block area is landscaped using version 1.01 of California’s Water Budget Workbook
(CDWR 2010). Section A.1.2 provides additional parameter values input into the irrigation water
budget workbook. Building scale irrigation water use for the low reuse scenario was estimated
by scaling the high reuse irrigation water estimate by the ratio between district irrigation water
use in the low and high reuse scenarios.

Table 2-18. On-site Wastewater Generation and Reuse Potential

Wastewater Scenario Bulldlng. High Reuse Low Reuse
Configuration
Mixed WW . o 9.1
On-site Wastewater Mixed Use Building
. e Graywater 5.7
Generation (million gallons Mixed T
per year) Ixe District
Graywater 11
. . Ind'oor.Non-potable Mixed Use Building 4.9 2.5
On-site Reuse Potential Irrigation 1.6 0.6
(million gallons per year) Indoor Non-potable L. 9.9 5.1
—— District
Irrigation 3.2 1.3
X . . Mixed Use Building 72% 35%
Fraction of Mixed WW Reused On-site District 2% 35%
Mixed Use Buildi 100% 55%
Fraction of Graywater Reused On-site Dils)ireict = 100 ‘Vz 57 O/Z

Acronyms: WW - wastewater

2-27



2—Life Cycle Inventory Methods

2.6.2 Recycled Water Distribution Piping

A typical commercial or residential building will contain separate plumbing networks for
hot and cold potable water distribution as well as wastewater disposal. Distribution of recycled
wastewater requires its own pipe system. Graywater reuse systems require a second additional
plumbing network for graywater collection. A simple pipe network was modeled for the large
mixed-use building, and the four and six-story district buildings to approximate the additional
on-site infrastructure requirement.

Hot and cold potable water, wastewater, and irrigation plumbing networks are present
regardless of whether water reuse is practiced, and were therefore excluded from the analysis.
While it may be possible to reduce pipe size in these networks with the adoption of wastewater
recycling, this potential was not considered. We assumed that all domestic hot water was
provided using the potable water supply, regardless of scenario. Given these considerations, the
material requirement of the two additional plumbing networks were quantified based on the pipe
network depicted in Figure 2-8 (side view) and Figure 2-9 (top view).

Large Multi-Use Building (side-view) _

Fl1¢ — l:lUtilit}-' Shaft: elevators, common area, utility closets
Fig —_— [0]0) Duplex booster Pumps
F17

L Zome3 I Vertical Water Riser
Fl6

——— Water supply common area zone piping network

F15 '
Fl4 — o m
F13 7
F12
Fil

L Zomel
F10
F9
F8
F7 3

6 Story Building (side view)

Fé —— Fé —— |
s —_— s
F4 — Fone 1 F4 I

— Zone 1
F2 F2
Fi | Fi

Basement - Basement
[
On-zite On-site
G Q0 WWTE 00

Figure 2-8. Side view of the modeled building piping networks.
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Piping:

Common area distribution pipe Reuse Water

|:| Elewators and utility zpace Graywater

Residential Unit

Commercial Unit

Figure 2-9. Top view of the modeled building piping networks.

The large mixed-use building was divided into three pressure zones to satisfy the
maximum and minimum zone pressures listed in Table 2-19. Maximum zone pressure defines
the highest pressure that will be seen by a plumbing fixture, and should be kept at or below 70
pounds per square inch (psi) to maintain reasonable flow velocities and to avoid damaging
fixtures (Steele 2003). A minimum amount of pressure is required for proper fixture functioning.
Static differential pressure describes the pressure required to move water from the building
basement up to the highest floors. Section 2.6.3 describes pressure calculations used to determine
required pumping energy.

The pipe networks include a main vertical riser, zone risers, floor mainlines, unit
mainlines, and in-unit distribution pipes. The main vertical riser connects the treatment systems
to zone risers, which distribute recycled water to each floor. Floor mainlines distribute water
between commercial and residential units. In-unit mainlines run along two walls of each unit,
and are connected to distribution pipe that connects directly to necessary fixtures. Specific
fixture requirements were not considered in the analysis.
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Table 2-19. Building Pipe Network Characteristics

Large Mixed- Six-story | Four-story .
LTI Use Building Building | Building s
Building Height* 290 110 82 | ft
Potable Water Pressure® 85 85 85 | psi
Pressure Loss® 17 13 12 | psi
Static Differential Pressure! 120 47 36 | psi
Distribution Zones 3 1 1
Maximum Distribution 70 70 70 | psi
Pressure
Minimum Distribution 30 30 50 || s
Pressure

 Assumes average height per floor of 13.7 ft and a basement depth of 27 ft.

b Pressure of distribution network at street.

¢ Includes losses due to pipe friction, water meter, valves and backflow prevention.
4Measure of the pressure required to pump to the top of the building. Excluding losses.

We modeled two inch polyvinyl chloride (PVC) pipe for both the main vertical and zone
risers. One inch PVC pipe was modeled for floor mains. One inch and 0.5 inch crosslinked
polyethylene (PEX) pipe was specified for in-unit main and distribution piping, respectively.
Mainline pipe was sized based on the expected peak flowrate and a maximum flow velocity of
1.5 m/sec (5 ft/sec). Greater flow velocities increase friction losses and can lead to undesirable
pipe noise (Steele 2003). Peak flowrate for all water and wastewater categories, in gpm, was
estimated assuming that 15 percent of building water use occurs during a one hour period when
people are waking up and getting ready for the day (Omaghomi et al. 2016). In-unit pipe size
was based on standard pipe dimensions used in domestic high-rise buildings (Beveridge 2007).
Table 2-20 presents unit weights used to estimate material requirements for the LCI.

Table 2-20. Pipe Unit Weights

Pipe Type Unit Weight (kg/m)
PVC, 2 inch 1.1
PVC, 1 inch 0.50
PEX, 1 inch 0.25
PEX, 0.5 inch 0.08

Acronyms: PEX — crosslinked polyethylene, PVC — polyvinyl chloride
2.6.3 Recycled Water Distribution Pumping Energy

Distribution of reuse water requires additional on-site pumping energy beyond what
would be necessary if potable water were used to make up for the distribution pressure of the
potable water supply. This analysis assumes a potable water distribution pressure, at the street, of
85 psi (Beveridge 2007). Following on-site treatment, water is placed in temporary storage to
await reuse at ambient pressure. Pumping scenarios assess the differential pumping energy that is
required to distribute the two potential water sources.
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Four water use categories were considered to meet the buildings’ total water demand
including: potable water, domestic hot water, indoor NPR water, and irrigation water. Building
and district scale reuse scenarios calculate potable water requirements by subtracting reuse
quantities presented in Table 2-18 from total indoor water use. Domestic hot water use
constitutes 33 percent of total potable water demand. We derived this estimate by dividing a
residential hot water demand of 17 gpd (Parker et al. 2015) by average residential indoor water
use (51 gpd). Required pumping energy was calculated for each source category using Equation
13 (Beveridge 2007). The supply pressure factors, Psupply and Fseet, do not apply to recycled
water.

Ppump = (Pstatic + Fdist + Pmin) - (Psupply * _Fstreet)

Equation 13

Where:

Ppump = Required pumping pressure, in psi

Pstatic = Static differential pressure, based on building height, in psi
Fuaist = Friction loss, in psi

Pmin = Minimum distribution pressure at the end of each zone, in psi
Psupply = Supply pressure of the potable water system, in psi

Fitreet = Friction loss from the water main to the building, in psi

Pump energy was estimated assuming continual pump operation at the daily average
flowrate. A pump efficiency of 60 percent was assumed (Tarallo et al. 2015). Table 2-21 through
Table 2-26 list pumping energy requirements per cubic meter of water use and supporting
parameter values for each reuse scenario according to water use category. The highest energy
requirement is 0.51 kWh/m? for indoor reuse water in the large mixed-use building. For the large
mixed-use building, potable water pumping requires 0.27 kWh/m* due to the supply pressure of
the water distribution system. The four-story building does not require any pumping energy to
distribute potable water.

The net difference in pumping energy between the status-quo scenario (i.e. 100 percent
reliance on potable water use) and the building and district reuse scenarios was calculated using
the weighted average pump energy demand per cubic meter of water use. Weighting was based
on the fraction of water use in each category. The net increase in pumping energy required for
recycled water distribution is included in the LCI. The avoided centralized treatment and
distribution processes were used to assess the avoided pumping energy from the centralized
treatment facility to the building or district.
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Table 2-21. Reuse Water Pumping Calculations, Large Mixed-Use Building

Indoor - Indoor - Potable Domestic Hot Il;;;f?:;o_n
Recycled Water Water Water
Recycled
Scenario Parameter Low High Low High Low High Low High
Reuse | Reuse | Reuse | Reuse | Reuse | Reuse | Reuse | Reuse
Peak Flowrate (gpm) 17 34 30 19 15 10 64 160
Daily average flowrate (gpm) 4.8 9.4 8.4 53 4.2 2.7 1.2 3.0
g)esci‘)‘“red pumping pressure 160 160 86 86 86 86 42 42
BTN 555 CHATE S 1.2 1.7 1.6 1.2 1.1 0.9 2.3 3.6
inner (in)
gf\;,n;’mg energy requirement 0.56 1.1 052 033 026| 017 1.9 4.8
Pumping duration (hr/yr) 8,760 8,760 8,760 8,760 8,760 8,760 170 170
Electricity use (kWh/yr) 4,900 9,600 4,600 2,900 2,300 1,400 330 800
Electricity use (kWh/m?) 0.51 0.51 0.27 0.27 0.27 0.27 0.13 0.13
Fraction of building water use 26% 46% 45% 26% 22% 13% 7% 15%

Table 2-22. Reuse Water Pumping Calculations, Six-Story District Building

Indoor — Indoor - Domestic Hot | Irrigation Water —
Recycled Water | Potable Water Water Recycled?®
Scenario Parameter Low High Low | High Low | High Low High
Reuse | Reuse | Reuse | Reuse | Reuse | Reuse Reuse Reuse
Peak Flowrate (gpm) 5.7 11 9.8 6.2 4.9 1.6 130 320
Daily average flowrate (gpm) 1.6 3.1 2.7 1.7 1.4 0.86 42 42
g)esci‘)‘“red PUpINg presstre 80 80| 48| 48| 48| 48 33 5.1
?ﬁ;‘lmum pipe diameter, inner | cq 095| 089| 0.71| 063| 036 33 5.1
Pumping energy requirement 9.6E- 4.8E- | 3.0E-
(W) 0.09 0.18 3 6.0E-3 3 3 3.9 9.6
Pumping duration (hr/yr) 8,760 8,760 | 8,760 | 8,760 | 8,760 | 8,760 170 170
Electricity use (kWh/yr) 800 1,600 84 53 42 26 660 1,600
Electricity use (kWh/m?) 0.25 0.25 0.02 0.02 0.02 0.02 0.13 0.13
Fraction of building water use 28% 54% 48% 30% 24% 15% n/a* n/a*

2 Irrigation water use applies to the whole district

Table 2-23. Reuse Water Pumping Calculations, Four-Story District Building

Indoor - Recycled Indoor - Potable Domestic Hot
Water Water Water
Scenario Parameter Low High Low High Low High
Reuse Reuse Reuse Reuse Reuse Reuse
Peak flowrate (gpm) 3.6 7.0 6.2 3.9 3.1 0.98
Daily average flowrate (gpm) 0.99 1.9 1.7 1.1 0.86 0.54
Required pumping pressure (psi) 67 67 - - - -
Minimum pipe diameter, inner (in) 0.54 0.76 0.71 0.56 0.50 0.28
Pumping energy requirement (kW) 0.05 0.09 - - - -

2-32




2—Life Cycle Inventory Methods

Table 2-23. Reuse Water Pumping Calculations, Four-Story District Building

Indoor - Recycled Indoor - Potable Domestic Hot
Water Water Water
Scenario Parameter Low High Low High Low High
Reuse Reuse Reuse Reuse Reuse Reuse
Pumping duration (hr/yr) 8,760 8,760 8,760 8,760 8,760 8,760
Electricity use (kWh/yr) 430 830 - - - -
Electricity use (kWh/m?) 0.22 0.22 - - - -
Fraction of building water use 28% 54% 48% 30% 24% 15%

Table 2-24. Potable Water Pumping Calculations, Large Mixed-Use Building

Indoor - Indoor - . Irrigation
Recycled Potable Don‘l:,s?c et Water -
Water Water ater Recycled

Scenario Parameter Low and High Reuse
Peak flowrate (gpm) 42 21 64
Daily average flowrate (gpm) 12 5.8 1.2
Required pumping pressure (psi) 86 86 -33
Minimum pipe diameter, inner (in) 1.8 1.3 2.3
Pumping energy requirement (kW) None 0.65 0.22 -0.93
Pumping duration (hr/yr) 8,760 8,760 170
Electricity use (kWh/yr) 9,500 3,200 -
Electricity use (kWh/m?) 0.27 0.27 -
Fraction of building water use - Low Reuse 62% 31% 7%
Fraction of building water use - High Reuse 57% 28% 15%

Table 2-25. Potable Water Pumping Calculations, Six-Story District Building

Indoor - Indoor - Domestic Irrigation
Recycled Potable Hot Water Water -
Water Water Recycled

Scenario Parameter Low and High Reuse
Peak flowrate (gpm) 45 22 n/a*
Daily average flowrate (gpm) 12 6.2 n/a*
Required pumping pressure (psi) 4.8 4.8 -
Minimum pipe diameter, inner (in) 1.9 1.3 n/a®
Pumping energy requirement (kW) None 0.03 0.01 -
Pumping duration (hr/yr) 8,760 8,760 170
Electricity use (kWh/yr) 380 190 -
Electricity use (kWh/m?) 0.02 0.02 -
Fraction of district water use - Low Reuse® 33% 17% 7%
Fraction of district water use - High Reuse® 30% 15% 15%

2 Quantity of irrigation water varies for the low and high reuse scenarios, but no pumping energy is
required due to sufficient supply pressure from the water delivery system.
b Values total 100% when added to four-story water use fractions in Table 2-26.

2-33



2—Life Cycle Inventory Methods

Table 2-26. Potable Water Pumping Calculations, Four-Story District

Building®
Indoor - Indoor - Domestic
Recycled Potable Hot Water
Water Water

Scenario Parameter Low and High Reuse
Peak flowrate (gpm) 19 3.0
Daily average flowrate (gpm) 5.4 5.8
Required pumping pressure (psi) - -
Minimum pipe diameter, inner (in) 1.3 0.49
Pumping energy requirements (kW) e - -
Pumping duration (hr/yr) 8,760 8,760
Electricity use (kWh/yr) - -
Electricity use (kWh/m?) - -
Fraction of water use - Low Reuse® 29% 14%
Fraction of water use - High Reuse® 26% 13%

2 Irrigation water is accounted for in Table 2-25.
b Values total 100% when added to six-story water use fractions in Table 2-25.

2.6.4 Displaced Potable Water

The impacts of drinking water production, which are displaced in this study for non-
potable uses, were derived from LCI data provided in Cashman et al. (2014a) since there was not
an existing LCI specific to the San Francisco drinking water treatment and delivery system
available for use in the model. The displaced potable water LCI model was adapted to operations
and conditions in San Francisco to the extent possible. The water treatment system is originally
based on the Greater Cincinnati Water Works (GCWW) Richard Miller Treatment Plant. The
data in the GCWW model was adjusted to reflect the potable water treatment system in San
Francisco (Presidio Trust 2016). The Hetch Hetchy Reservoir provides high quality source water
to the city of San Francisco that is delivered to the treatment facility through a gravity system.
The model includes source water acquisition, flocculation, sedimentation, conditioning,
conventional UV primary disinfection, fluoridation, and addition of sodium hypochlorite to
establish a residual. The system boundaries for drinking water include water losses during
distribution to the consumer and the distribution pipe network infrastructure. There is an
estimated 18.7 percent loss of potable water to the consumer during delivery and an additional
0.3 percent loss of fresh water during the treatment process (Cashman et al. 2014a). No water
loss was modeled for distribution of the recycled water at the building scale. Electricity
requirements for distribution of the displaced potable water are based on the median value of
literature sources (EPRI 1996; IAMU 2002; Lundie et al. 2004; Hutson et al. 2005; Carlson and
Walburger 2007; Lassaux et al. 2007; DeMonsabert et al. 2008; Maas 2009; Amores et al. 2013).
Water treatment and finished water distribution electricity demands were modeled using the
2016 California electrical grid mix (Table 1-5).
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2.6.5 Centralized Collection and WRRF Treatment

In all scenarios connected to the sewer, the solids/sludge from fine screening and
biological processes are sent to centralized WRRF treatment via a gravity collection system.
Blackwater treatment, via the centralized sewer, was considered to be outside of the system
boundary in the baseline graywater treatment scenarios. The impact of blackwater treatment is
incorporated in the system boundary in the Section 6.2 “Full Utilization of Treated Water”
sensitivity analysis and in the Section 6.4 “Annual Results” to allow direct comparison between
graywater and mixed wastewater treatment systems. The collection system infrastructure is based
on Cashman et al. (2014b). Centralized WWRF operations were modeled using the conventional
plug-flow activated sludge treatment process LCI from U.S. EPA (2018). This is similar to the
wastewater treatment process operations at San Francisco’s two main WRRFs (SFWPS 2017a;
SFWPS 2018). Biogas produced from anaerobic digestion of wastewater solids is combusted in a
combined heat and power (CHP) system for energy recovery. The CHP system provides on-site
energy and heat to the WRRFs. The resulting sludge may be sent to landfill or used for beneficial
purposes such as composting or land application. Our model used the simplifying assumption
that all produced sludge is sent to landfill after dewatering. Treated effluent is discharged
directly into the Pacific Ocean. Because the effluent is released into a marine environment and
not an at-risk freshwater system, advanced nutrient removal technologies, which may increase
WRREF energy and chemical inputs, are not required. WRREF electricity demands were modeled
using the 2016 California electrical grid mix (Table 1-5).

2.7 District-Unsewered Scenario

Sensitivity results are generated for a scenario in which the district scale AeMBR
discharges no waste to the municipal WRRF. The main treatment processes and performance are
the same as those described elsewhere in Section 2. Solids removed from the AeMBR are
dewatered in a screw press, stored on-site and trucked to a windrow composting facility
approximately 130 km northeast of San Francisco. Finished compost was assumed to be
transported 100 km, and land applied to agricultural fields as a soil amendment, replacing
chemical fertilizer.

2.7.1 Dewatering — Screw Press

A screw press was selected as a low energy and low maintenance technology for
producing a dewatered cake ready for transport to composting. The unit processes 2.6 m® of
waste activated sludge per day, with an influent solids’ concentration of 13,200 mg/L. The screw
press produces a dewatered cake with 18 percent (w/w) solid concentration (Huber Technology
2018). The unit reduces sludge transport volume by approximately 94 percent. Liquid removed
from the sludge stream is returned to the AeMBR for reprocessing. Infrastructure estimates for
the screw press are based on a unit mass of 1,080 kg assuming all steel construction. Electricity
consumption for screw press operation is 20 kWh per dry short ton of solids processed (Huber
Technology 2018). Influent and effluent nitrogen and phosphorus concentrations in the sludge
stream are estimated using GPS-X™, and are linked to the composting unit process to estimate
emissions and avoided fertilizer quantities. A solids capture rate of 90 percent was assumed.
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2.7.2 Composting

Dewatered biosolids are trucked 130 km to a windrow composting facility in a
neighboring community. The composting process is intended to achieve an initial pile moisture
content of 55 percent and a C:N ratio of approximately 30:1. Nitrogen and phosphorus content of
the dried cake was estimated using GPS-X™, We assumed that carbon comprises 73 percent of
cake dry solids based on values reported for raw sludge (Maulini-Duran et al. 2013). Woodchips
and dry leaves are used as a supplemental organic material to increase the C:N ratio and decrease
moisture content. No shredding of dewatered biosolids cake is required prior to composting.

Windrows are turned regularly using a self-propelled compost turner. To be classified as
Class A biosolids it is necessary to maintain compost pile temperatures at 55°C for a minimum
period of 15 days with 5 turnings during this time (U.S. EPA 2002). It was assumed that compost
is left on-site for a total period of 14 to 16 weeks for curing with an additional two turnings
during this time. Finished compost is screened to ensure a uniform product. The inventory
assumes that 1.4 liters of diesel fuel are consumed for screening and compost turning per ton of
dry material composted. Miscellaneous electricity use was assessed assuming 0.13 kWh per dry
ton (ROU 2007).

Measured and estimated emissions of CH4 and N>O during the composting process range
widely within the published literature. Some authors indicate that no methane is released (U.S.
EPA 2006; ROU 2007), while others indicate that up to 2.5 percent of incoming carbon content
in the composting feedstock can be lost as methane during the composting process (SYLVIS
2011). The 2006 IPCC Guidelines for National GHG Inventories suggest that less than one
percent to over four percent of incoming carbon content can be released as methane. The
potential emission range for N>O indicates that between 0.5 and 5 percent of initial nitrogen
content will be released as N>O-N (IPCC 2006).

Other LCA work by the authors of this report has demonstrated that climate change
impact potential of WRRFs employing composting as a biosolids stabilization strategy is
sensitive to selection of compost emission factors (Morelli and Cashman 2017). This study uses
the average value reported across several studies, assuming that 0.78 and 2.1 percent of C and N
entering the compost facility are lost as CH4 and N2O, respectively (Hellmann et al. 1997;
Hellebrand 1998; Fukumoto et al. 2003; SYLVIS 2011; Maulini-Duran et al. 2013). The range of
results reported in the cited studies is similar to that suggested in [IPCC guidelines. Ammonia
(NH3), non-methane volatile organic compounds (NMVOC), CO, and carbon monoxide (CO)
emissions are also included in the inventory. Emission of CO; does not contribute to climate
change potential as the carbon is biogenic in origin.

2.7.3 Compost Land Application

The LCI includes 100 km of transportation from the compost facility to farm fields where
it applied as a fertilizer and soil amendment. Table 2-27 lists specifications of the finished
compost. Nitrogen and phosphorus content of the compost was calculated by subtracting
emissions during composting from GPS-X™ output values for biosolid nutrient content. The
model estimates that approximately nine percent of initial cake nitrogen is lost as N>O and NH3
during composting.
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Table 2-27. Finished Compost Specifications

Parameter Value Unit
Total N 2.7 % of dry matter
Total P 0.69 % of dry matter
Total K* 0.20 % of dry matter

2 Potassium values is from (ROU 2007)

We assumed that 1.06 liters of diesel fuel are required to spread one ton of finished
compost (ROU 2007). Field emissions were based on a compost application that provides 110 kg
N/ha (98 1Ib N/acre) and 44 kg P>Os/ha (40 1b PoOs/acre) of plant available nutrient assuming a
fertilizer replacement value of 55 percent (Smith and Durham 2002; Rigby et al. 2016). The
fertilizer replacement value is based on the total quantity of mineralized nitrogen available over a
three-year period. Negligible additional mineralization typically occurs after three years when
biosolids are applied at typical agronomic rates (Rigby et al. 2016). The same fertilizer
replacement value was used for P,Os as a proxy. Compost was assumed to replace urea, rock
phosphate, and potassium chloride avoiding the production of these fertilizers.

Field emissions of N>O, NH3, NO3, and P were estimated assuming that increased
quantities of N and P are applied to agricultural fields to achieve equivalent plant available
nutrients. The fertilizer replacement value was used to calculate the additional N and P
requirement if compost is used to replace chemical fertilizers. The methods used to estimate field
emissions are based on total nutrient application rates, and therefore lead to higher estimated
agricultural emissions as nutrient applications increase.

Table 2-28 lists the agricultural LCI emission factors calculated. N,O, NH3s, and NOs
emissions were calculated using approaches adapted from the IPCC method (De Klein et al.
2006). Emissions of N>O include direct emissions due to fertilizer application and indirect
emissions from volatized and leached nitrogen. Indirect emissions associated with land
occupation for agricultural activities are equivalent regardless of fertilizer type and application
quantity, and are excluded from the analysis. Phosphorus and NOx emissions were based on
approaches outlined in an ecoinvent agricultural LCI report (Nemecek and Kégi 2007). Carbon
sequestration was estimated based on the BEAM model (The Biosolids Emissions Assessment
Model (BEAM) 2011), which indicates that 0.25 metric tons of CO> are sequestered per dry
metric ton of compost land applied. The carbon sequestration credit was applied to the full
quantity of compost produced, as chemical fertilizers do not contain carbon.

2-37



2—Life Cycle Inventory Methods

Table 2-28. Agricultural Emissions per Cubic Meter of Wastewater

Treated.
Emissions Species Value Units

Nitrous oxide 1.0E-4 kg N,O/m?
Nitrogen oxides 4.5E-5 kg NOy/m?
Ammonia 1.1E-3 kg NH3/m?
Nitrate 6.1E-3 kg NOs/m?
Phosphorus, surface water 1.0E-4 kg P/m’
Phosphate, groundwater 3.4E-6 kg P/m’
Carbon, sequestration -0.05 kg CO, eq/m*

2.8 LCI Limitations, Data Quality & Appropriate Use

LCI information that falls outside of the system boundary was introduced and discussed
in Section 1.6. More general LCI limitations that readers should understand when interpreting
the data and findings are as follows:

Transferability of Results. While this study is intended to inform decision-making
for treatment configurations of similar size and design, the data presented here relates
to the specific scenarios described, and should be considered carefully when applying
results and conclusions to work in other contexts that include:

(@)

System scale: System scale can considerably affect impact and cost per unit
volume of wastewater treated. Results will not accurately reflect impact at
different scales.

Building and district configuration: Several aspects of building and district
configuration impact LCI quantities and resulting LCA impacts. The split
between residential and office workers directly affects the split between
blackwater and graywater generation, subsequent treatment requirements, and
corresponding LCA impacts