Controlling CH, Emissions from Waste

Total waste sector emissions:

2.9 % of 49 Gt total [CO, eq.] anthropogenic GHG emissions for 2010
(IPCC AR5 WG3 Table 10.3)

89% of sectoral total = CH, from landfills & wastewater




Control CH, emissions from landfills:

Engineered landfills with recovery & use of biogas.

Horizontal gas collectors installed concurrent with filling

Installation of thicker soil covers or “biocovers” to
optimize soil oxidation of CH,.

Diversion of biodegradable waste from landfills.

Control CH, emissions from wastewater:
Engineered wastewater collection & treatment.
Reduce anaerobic retention times.

Fix systemic leaks.
Add biofilters.




Time However...

millenium  cyrrent IPCC (1996, 2006) National GHG Inventory Methods

...do not reflect current scientific understanding.
century exclude major drivers for emissions.

... do not match field measurements at various spatial &
decade temporal scales.

Field measurements indicate wide range of values:

year
Landfill emissions: <0.001 to >1000 g CH, m2d! [chambers]
<10 to >100 mol CH, sec™
day Iwhole site aircraft mass balance]

Wastewater emissions: primary tanks 0.72* to 96** g CH, m2d?

minute digesters negligible *** to 2400**** g CH, m2 d!

*mechanized scraper flights ** Imhoff tanks
***membrane capped ****floating cover
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Session will include:

J. Bogner: “No More California Dreaming: Applying Science-Based
Modeling Tools to CH, Emissions from Waste”

0 Overview & shortcomings of current IPCC methodologies/
models [IPCC, 2006] compared to California field data.

0 New field-validated method [CALMIM] for site-specific
landfill CH, emissions inclusive of spatial & temporal
variability in soils & climate at any global location.

0 Some CALMIM applications.

O Landfill CH, case studies:
= J. Fernandez [Latin America]

= J. Parkin [South Africa]
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Note:

0 Current NGGIP landfill & wastewater methodologies:

[IPCC, 1996, 2006]: industrial mass balance approach w/
primary dependencies on CH, generation from landfilled
waste or wastewater BOD w/ fraction emitted.

Will Include:

0 Focus on landfill methods/focus on California:

Overview & shortcomings of current IPCC methodologies/
models [IPCC, 2006] compared to California data.

o “Science-based” modeling approach [CALMIM]:

Site-specific landfill CH, emissions inclusive of spatial &
temporal variability in soils & climate at any global location.

Validation. Applications.




ALL landfill CH, pathways and CH, mass balance

a=b + c +d + e + Af
(a)Methane generated in anaerobic waste (methanogens) = the sum of

(b) Methane recovered by engineered systems
+

(c) Methane oxidized to O,

in cover soils
[methanotrophs]

+
(d) Methane emitted (d) CH, (C)TCH4 - CO, cover soil

to atmosphere through
cover soils

+
(e) Methane migrating
laterally to external soils;

+

(f) Change in CH,
storage

co,

units = mass/time



** Current IPCC (2006) GHG inventory methodology
uses a simplified mass balance where...

Modeled CH, emissions = [modeled CH , generation —
estimated or measured CH ,recovery] * 0.9

= Estimate total annual LFG generation from waste-in-place using

15t order kinetic model

Determine the % CH, (often assumed to be 50%),

Subtract or estimate CH, recovered (if engineered system exists),

Subtract an additional 10% for oxidation in cover soils at well-managed sites,

Assume the remainder = CH, emissions.

** IPCC, 2006 [multicomponent model for decomposition of organic carbon in
various waste fractions].



Example for modeled generation using current IPCC (2006)
multicomponent first order kinetic “FOD” Model:

e Here using 2 components only...

e Kinetic constant (k) values ranging from 0.02 to 0.4, assumed to be related to
climate...

For each component, the degradable organic carbon [DOC] converted to

biogas at time t = decomposable DOC,_, ® (e k(1) — g7kt )

year of
60,000,000 closure
From Putresibles
Total 50,000,000
modeled From Paper
biogas 40,000,000
generation 30,000,000 TOTAL
(Nm3 y)
20,000,000
10,000,000
0 A
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year



Source of kinetic model?: one of many
applied to 1t commercial landfill

biogas utilization projects in California:
v' Goal was to predict future recovery
from past performance.
v" Now IPCC (1996, 2006) applied to every
landfill.
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What’s wrong with these models for predicting
landfill CH, emissions?

¢ Models never field-validated for CH, emissions. [“Validation” consisted
of comparing measured recovery to modeled generation at limited # sites]

* Model results do not match a growing database of field measurements
for CH, emissions.

» Assumption of 10% oxidation is based on a single study: Firststudy in
the literature addressing annual oxidation at a small NH landfill (Czepiel et
al., 1996). Oxidation is a variable, not a constant, with unique seasonal
trends in each cover soil at each site.

% Models exclude the 3 major drivers for emissions:

L)

1) area, composition, and thickness of cover soils.

2) climate trends unique to both the global location (lat./ long.) & individual
cover soils w/ seasonally variable gaseous transport & CH, oxidation rates.

3) physical effect of LFG recovery system on soil gas CH, concentrations.




What else is wrong with the application of
IPCC (2006) to site-specific landfill CH, emissions?

+¢* Results in a primary dependency of emissions on WIP.

% Example: 2011 California landfill CH, inventory values using IPCC (2006) “FOD”

model w/assumed 75% biogas “collection efficiency”, where applicable. 371 sites.
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What is the result?

v" Impossible for sites to reduce emissions below a certain threshold...
v Discourages proven engineering solutions to reduce emissions
[no concurrent “credit”... Australian carbon tax example...]
v' Tends to reward “non-optimized” gas recovery [assigned collection efficiency...]

y =0.000220x
r:=0.80

Estimated Emissions 2011

220 Mg CH, emitted
: in 2011 per
0 Lot million Mg waste
0.E+00 2.E+07 4.E+07 6.E+07

2011 Waste in Place (Mg waste)

2011 estimated California landfill emissions* using IPCC (2006) vs.
2011 Waste-in-Place. 371 sites excluding Puente Hills [ARB data, 2012].



Linear dependence of 2010 avg. annual biogas recovery rate

California biogas
on 2010 mass of landfilled waste [128 landfills] 5

recovery sites:

o Empirical relationship
14000 w/ constant rate
12000 y = 0.000245x of biogas recovery

r2=0.82 per unit mass
of waste...independent
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Linear dependence of 2010 avg. annual biogas recovery rate
on 2010 mass of landfilled waste [128 landfills]
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CAlifornia Landfill Methane Inventory Model
(CALMIM, v 5.4)

Summary of major processes & dependencies:

Climate effects on soil moisture & temperature in individual cover soils.
Heat, water, and gaseous transport [1-D diffusional soil gas CH, and O,
transport in individual cover soils].

Soil moisture & temperature effects on temporal oxidation rates.
Subtraction for O, uptake by normal soil respiration.

Effect of engineered gas recovery on soil gas CH, at base of cover. climate

atmospheric [CH,] [0,]

diffusional soil gas transport & CH, oxidation

/ (b) soil gas [CH,] [O,]

gas recovery effect on

(Spokas, Bogner, & Chanton, 2011)



CAlifornia Landfill Methane Inventory Model

(CALMIM, v 5.4): JAVA model freely available at ars.usda.gov.

@ [INPUTs: Site latitude & longitude; surface area, thickness, and texture of
each cover soil or alternative materials; % of each cover area with gas
recovery & seasonal vegetation.

@ Embedded USDA climate models for air temp, pcp, surface

energy balance, soil temperature & moisture. Globally-validated with
0.5 deg latitude/longitude reliability OR can input site-specific weather.

@ Soil gas transport: Developed from first principles=>1-D diffusional transport
model for CH, and O, [Moldrup et al., 1998; 2004; Campbell, 1985]. Default concentrations for
daily, intermediate, & final covers for inventory applications OR can input site-specific
soil gas data.

@ Variable CH, oxidation rates: Scaled to a maximum rate based on modeled
soil temperature and soil moisture potential (Spokas & Bogner, 2011).

@ OQOUTPUTSs: CH, emissions for each cover w/oxidation and w/o oxidation
over “typical annual cycle ”[365 days] for 10-min timesteps and 2.5-cm depth
increments. Annual emissions summary. Graphs. Backup EXCEL files.




How CALMIM calculates oxidation...

e Rate calculated every 10-min for 2.5 cm depth increments for 365 days.
e All rates scaled to a maximum rate for modeled soil temperature &
SMP [soil moisture
potential] using these
relationships...

Optimum Conditions?
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Standard CALMIM output:
10-min. surface CH, emissions w/ & w/o oxidation over “Typical Annual Cycle
Here: Intermediate Cover (45 cm sandy loam) at N. California site
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Why so many “squiggles”?: Daily soil temperature & soil moisture variability...
Note here: =75% reduction in emissions due to oxidation during warm [dry] summer conditions with
variable & sporadically negligible emissions during wetter parts of the year...

Other standard CALMIM outputs: Complete EXCEL files & automatically-generated graphs
[CH, emissions with and without oxidation, soil temperature, soil moisture, gas-filled porosity, soil gas
CH, and O,, CH, oxidation rate, % oxidation, relative oxidation with depth.]




Example: CALMIM output for a contrasting climate & cover (Austria)

including examples of automatically-generated graphs

30 cm compost/
30 cm loam
biocover

test cell

NOTE:

High emissions
during cold
winter
temperatures
with low
oxidation...

St. Polten, Austria: Cell TC4 (Custom CH_, Boundary)
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CALMIM — Quick Tour:

JAVA tool: compatible w/PC, MAC, UNIX
download at: www.ars.usda.gov

4a CALMIM - Yersion 5.4 f =151 %]

@ &) ) @ q T
Ahout

MNew Site  Open Site  Last Site Exit

1

CALMIM

California Landfill Methane Emission Inventory Model




CALMIM 5.4
Two input screens: (1) site location, waste footprint
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CALMIM 5.4
Two input screens: (2) cover type, soil, % area with gas recovery...

CAEMIM=Version 54

Menu  Other
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Field validation of CALMIM [independent of model development]:

(1) First project for California [2006-2010 project]: Seasonal
campaigns at 2 California landfills over 2 years w/ additional
data from 5 other California sites.

(2) Second CALMIM project [2011-2014 project]: Field

measurements for 40 covers from 29 international sites in
North & South America, Europe, Asia, Australia, and Africa:
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HOW to USE CALMIM? =» 2 different modes

Annual GHG inventory [DEFAULT mode]:

Uses 30-year average climate data & default soil gas profiles
for each cover type (daily, intermediate, final).

Uses a standardized reduction in soil gas CH, at base of each cover type
relative to the extent of engineered gas recovery.

“CUSTOM [“Research mode”] applications:

v “Whatif"? modeling for alternative cover designs to minimize emissions.

Scheduling of field campaigns to capture annual variability.
Emissions along latitudinal gradients & for future climate change scenarios.
Annual framework for research and field measurement applications.

D NEANERN

Typically uses site-specific annual weather (daily min/max temp, daily pcp)
Typically uses site-specific soil gas profiles.



(1) “Default Mode” example for annual GHG inventory:
Re-did the 2010 California GHG inventory

using CALMIM, then compared results

to the 2010 California ARB :
(Air Resources Board) inventory
using IPCC (2006)...

CALMIM input data included:
a) 2010 site-specific cover areas from CalRecycles

(California Dept. of Resources Recovery and Recycling,
Walker et al., 2012).

b) Most common 2010 California cover soils:
Daily Cover: 15 cm green waste

Intermediate Cover: 90 cm sandy loam

Final Cover: 30 cm loam/30 cm clay/60 cm silty clay loam
[California Code of Regulations/CCR Title 27]



Results: New 2010 California Inventory
using CALMIM 5.4 compared to ARB (using IPCC, 2006)
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Annual state-wide total (Mg CH,/year):

337,430 301,748
Similar totals but very different regional distribution



WHY?: Major differences between

California inventories...

IPCC (2006): Highest-emitting sites correlated with sites

containing largest mass of waste.

CALMIM inventory: Highest-emitting sites associated

with large areas of thinner intermediate

cover (96% of emissions) and low seasonal oxidation
rates (too dry/hot) = strong climate dependency:
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-o-Total Estimated Emissions (Mg/month)  —e=Total Emissions without Ox (Mg/month)
300,000

250,000 4//\

150,000

April: 5,183 Mg Oct: 89,611 Mg
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w/oxidation:
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50,000 J //‘l\\\‘
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Estimated CH4 emissions
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17—fold
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Seasonality of monthly California emissions & oxidation [CALMIM|]




Different drivers for different methods

and the 11 highest emitting sites from each method:

CARB 2010 CH, Emission Estimates
(Mg/yr)

climate &
soils

CALMIM Intermediate
Cover Emissions (g/m2/
day)

5.0 10.0 15.0 20.0 25.0

Mean Annual Precipitation Mean Annual Air Temp (C)
(mm/yr)

CALMIM




Custom CALMIM applications: “What if?” modeling of
alternative soils & thicknesses.
Below: emissions for range of cover thicknesses at specific site

1000 —
black: 30 cm
orange: 45 cm
green: 60 cm
yellow: 75 cm
blue: 90 cm
turquoise: 120 cm

800 -
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Note: negligible
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with thicker covers.
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Effect of Climate: Latitudinal Study

CALMIM Latitudinal Study Locations

W= Longyearbyen, Norway {78:2°)
\ \ :
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" eoquimbo;Chile (30,04

Valdivia, Chile (-39.5%) ‘

Rio Gallegos, Argentina (-51.57)

Latitudinal study using CALMIM assuming
“minimum” final cover of 0.5 m sand




Latitudinal study for “minimum” 50 cm sand final cover:
each site using same scale (0-450 g m2d-1).

Latitude Study: Methane Emissions by Latitude (0.5 m sand final cover)

—— Lat+50

— Lat+10

Methane Emissions with Oxidation (CH4 g/m2/day) , each panel is 450 g/m2/day tall.

Rio Gallegos w
Jan Feb Mar Apr May June July Aug Sept
Time of Year



Simulation of emissions under future climate change scenarios
at various latitudes...

100
90

- Projection for increased % oxidation

S - . .
5 4 in clay final cover soil, Lulea, Sweden:
2 0 2020, 2050, 2099
S 50
g L due to warmer temperatures...
30 using SRES* B1 scenario.
20
10 Cover thickness:
0 - - blue 25 cm
S S 2 red 50 cm
s s s green 100 cm

Bogner, Spokas, Corcoran, 2014

*IPCC, 2000, Special Report on Emission Scenarios



I”

Annual “framework” for field measurements using “whole landfil
technigues—Indiana landfill. CALMIM average monthly emissions w/

oxidation + SD; CALMIM without oxidation - SD ; : box & whisker plots
for measured emissions in specific months using aircraft mass balance technique;
BLUE: measured using tracer correlation approach.
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Uncertainty comparisons-Modeling vs. Field measurements at 5

Indiana landfills: Least squares linear regression comparing CALMIM modeling [y-axis;

Uncertainty = SD of monthly avg emissions, 10-min timesteps] to aircraft mass balance results
[x-axis; uncertainty = £ 30%]. Units = mol CH, sec

[Fig. 6, Cambaliza et al., 2015].
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Indianapolis: Southside Landfill emissions as a fraction of total city CH, emissions
for 5 aircraft mass-balance field campaigns in 2011 [Cambaliza et al., 2015]

i @ City Flux
1 m SSLF approx. 30%

250 —

200 —

150

CH, Flux (mol s™)

March 1 April 29 June 1 June 30 July 12

Flight Date in 2011



To conclude:

0 CALMIM is a science-based, field-validated, user-friendly
inventory method focusing on the major processes
which control landfill CH, emissions. |

O Better numbers are needed...
...for GHG inventory & management decisions regarding Iandﬁll CH
emissions at a specific global location. ‘

...to reduce uncertainties for urban, regional, and national CH,

i iInventories.
[“\J'Jam
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