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1 Model overview

1.1  Functional Unit:

The functional unit (FU) selected for this study is 3 x 108 BTU (317 GJ). This is the approximate per capita
consumption of total primary energy for one American in one year [1]. This value reflects all energy con-
sumed including upstream impacts associated with power production. The results are expressed using
an energy functional unit to provide a reasonable comparison between dissimilar biomass feedstocks. It
also provides a reasonably intuitive amount of energy that can be used to foster discussion around the
“footprint” of energy consumption. The FU was also selected under the assumption that the biomass
could be directly burned to produce bioelectricity and not further processed to produce a refined liquid
fuel product. This avoids the inefficiency and uncertainty associated with downstream processes of the
biomass into liquid fuels, which was outside the scope of this study.

1.2 Solar Radiation and Meteorological Data:

1.2.1 Insolation.

Thirty years of insolation and selected meteorological data (1961-1990) were downloaded from the Na-
tional Solar Radiation Database (NSRDB) maintained by the National Renewable Energy Laboratory
(NREL) [2]. Monthly averages of daily total solar radiation over the global horizontal element (G) were
obtained from observation stations in Mason City, lowa (lA); Roanoke, Virginia (VA); and San Diego, Cali-
fornia (CA). All of these locations are in the United States.

The fraction of total solar energy available for plants to use in photosynthesis is referred to as photosyn-
thetically active radiation (PAR) and spans the range of wavelengths between 400 and 700 nm. PAR
measurements were computed by multiplying total radiation (G) at each location by 0.46, a fraction ap-
propriate for the range of latitudes investigated in this study [3, 4]. Histograms of monthly PAR at each
location were constructed in Minitab®. The normal distribution was found to be the best fit for each
monthly PAR dataset on the basis of Anderson-Darling statistics computed by the statistical software.

1.2.2  Miscellaneous Meteorological Parameters

Additional meteorological measurements taken from the 1961-1990 NSRDB datasets for the selected
locations include: average daily temperature, average relative humidity, and average wind speed. Histo-
grams of monthly values for these parameters were constructed in Minitab®. The normal distribution
was found to be the best fit for each dataset on the basis of Anderson-Darling statistics.
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1.2.3  Precipitation

Thirty years of precipitation data (1979-2008) were downloaded from the National Climatic Data Center
(NCDC) maintained by the National Oceanic & Atmospheric Administration (NOAA) [4]. Annual clima-
tological summaries were downloaded for NOAA observation stations in Ames, lowa (IA) (5 SE,
#130203/99999); Roanoke, Virginia (VA) (Roanoke-Woodrum Airport, #447285/13741); and San Diego,
California (CA) (Lindbergh Field, #047740/23188). Total precipitation was reported in inches per month.
Histograms of monthly precipitation at each location were constructed in Minitab®. The lognormal dis-
tribution was found to be the best fit for each monthly precipitation dataset on the basis of Anderson-
Darling statistics.

1.2.4 Evaporation
Daily water losses via evaporation from open pond surfaces were computed for each selected geo-
graphic location using the Penman Equation, Equation S1.

AR, +yx A, x py xKg xva x(e] —e,)
2y % Py (44 7)

E

Eq S1.

Where E is daily evaporation depth (m/day), 4 is slope of the saturated vapor pressure vs. temperature
relationship at daily average air temperature (kPa/°C); Ry is net solar radiation (MJ/m>-d), 7 is psy-
chrometric constant (~ 0.066 kPa/°C); 4, is latent heat of vaporization for water (2.45 MH/kg); pw is den-
sity of water (1000 kg/mg); Kc is a mass transfer coefficient (~ 1.39E-8 kPa™); v4 is wind speed (m/day);
es’ is saturation vapor pressure at atmospheric temperature (kPa); and e, is atmospheric water vapor
pressure (kPa).

The slope of the saturated vapor pressure vs. temperature curve, 4, is given by the derivative summa-
rized in Equation S2. Saturation vapor pressures at various temperatures were taken from Perry’s
Chemical Engineering Handbook [5]. T is average daily temperature as taken from NSRDB.

0
A= %(0.625 x exp(0.064 xT)) = 0.04 xexp(0.064 xT) Eqg. S2

Net solar radiation, Ry, was computed using the formulation given by Equation S3. Use of this equation
as written required G to be in units of W/m?. Thus, values of daily global solar radiation, as downloaded
from the NSRB, were divided by 24 h/d to convert from Wh/m?>.

Ry =0.63xG -40 Eq.S3
The quantity (es” - e,) was computed using an empirical relationship for saturation vapor pressure (e;°)
as a function of average daily temperature (7) [5] and daily measurements of relative humidity (RH) from
the NSRB. Note that relative humidity values were expressed as fractions rather than percentages. This
formulation is summarized in Equation S4.

e —e, =0.625exp(0.064 x T ) —0.625exp(0.064 x T ) x RH Eq. S4

Monthly evaporation was computed via multiplication of the average daily evaporation depths resulting
from Equation S1 by the number of days in each month. These values were stochastic in so far as they
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were computed by Crystal Ball via sampling from distributions for insolation, daily temperature, wind
speed, and relative humidity.

1.2.5 Evapotranspiration

Daily water losses via evapotranspiration from cultivated fields were computed for each selected geo-
graphic location using the Penman-Monteith Equation. Specifically, the so-called “standardized” method
promulgated by the American Society of Civil Engineers’ Environmental & Water Resources Initiative
(ASCE-EWRI) was used to compute evapotranspiration during cultivation of corn, canola, and switch-
grass [6]. This formulation is Equation S5.

0.408A x (Ry —Gs)+}/i3>< Va % (5 —€,)

ET = T +27 Eq. S5
A+y(1+Cyvya)

Here, ET is daily evapotranspiration depth (m/day); Gs is soil heat flux density at the soil surface (MJ/m?),
C, and C,are ASCE-standardized coefficients for selected “reference” crops. Other parameters (4, Ry, ¥
T, va, €5 °- e,) are as defined for use in the Penman Equation (Equation S1). Corn, canola, and switchgrass
were modeled using standardized coefficients for the “tall” reference crop (C,= 1600, C, = 0.38) [7].

Average daily Gs values were computed using ASCE-standardized coefficients for daylight and nighttime
soil heat fluxes. Daily hours of daylight (tpay) and darkness (tyghr) Over the course of a single year at each
selected location were taken from data tabulated by the US Naval Observatory [8]. These values were
incorporated into computation of Gs as a function of daily net radiation (Ry) according to Equation S6.

Gs :Z—Z % (0.04tpay —0.2tyicprr) Eq. 56

Monthly evapotranspiration was computed via multiplication of the average daily evapotranspiration
depths resulting from Equation S6 by the number of days in each month.

1.2.6 Summary

Climactic inputs to the biomass production model include photosynthetically active radiation (PAR),
temperature, wind speed, relative humidity, and precipitation. Input distributions for PAR, wind speed,
and relative humidity were normally distributed; monthly precipitation was lognormally distributed.
Averages (u) and standard deviations (o) for distributions are summarized in Table S1. Crystal Ball was
used to sample from the input climactic distributions for each of the months in one year. Evapotranspi-
ration and evaporation at each location were then computed as model outputs. These two outputs were
generally well fit by the gamma distribution for each of the selected geographic locations. Table S1
summarizes scale (0) and shape (k) factors corresponding to monthly best-fit gamma distributions for
evaporation and evapotranspiration in each of the three selected geographic locations.
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Table S1. Summarizes parameters used to form distributions of climactic model inputs (PAR, tempera-
ture, wind speed, relative humidity, precipitation) and outputs (evaporation and evapotranspiration).
Tabulated values represent averages (1) and standard deviations (o), using u/c notation, for nor-
mal/lognormal-distributed inputs or scale (0) and shape (k) parameters, using 6/k notation, for gamma-
distributed outputs. It should be noted that evaporation and evapotranspiration for months outside of
each crop’s respective growing season in a particular location are marked ‘NA’ for “not applicable”.

Average Photosynthetically Active Radiation (PAR) (MJ/mz—day)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 5.0/0.4 6.3/0.5 8.0/0.6 9.9/0.5 10.1/0.8  10.5/0.9 11.2/0.6  10.6/0.5  8.8/0.6 7.1/0.4 5.5/0.3 4.6/0.3
VA 3.7/0.3 5.0/0.4 6.7/0.5 8.4/0.8 9.4/0.5 10.0/0.6 9.6/0.7 8.8/0.5 7.3/0.6 5.9/0.4 4.0/0.4 3.3/0.2
1A 3.0/0.2 4.4/0.3 6.0/0.5 7.6/0.6 9.3/0.6 10.3/0.6 10.2/0.6 8.9/0.5 6.9/0.6 4.9/0.4 3.0/0.2 2.5/0.2
Average Daily Temperature Per Month (° C)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 14.1/1.3  14.8/1.3 153/11 167/11 17.8/1.0 19.3/13  21.6/1.3  22.5/11 21.9/1.5 19.9/1.0 16.6/1.0 14.1/1.3
VA 1.4/2.7 2.9/2.1 8.2/1.9 13.1/1.5  17.8/1.5 22.0/1.1 24.2/1.0 23.7/1.0 19.8/1.3 13.6/1.8  8.6/1.6 3.5/2.4
IA -10.4/3.8  -7.4/32  -0.3/3.2 8.0/2.0 14.8/2.0  20.2/1.5 22.5/1.3  21.0/1.4  16.0/1.2 9.6/2.1 1.1/2.1 -7.6/3.3
Average Daily Wind Speed (m/s)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 2.7/0.4 3.0/0.4 3.5/0.3 3.7/0.2 3.6/0.2 3.6/0.2 3.5/0.2 3.5/0.2 3.4/0.2 3.1/0.2 2.8/0.3 2.6/0.4
VA 4.2/0.6 4.2/0.6 4.4/0.6 4.3/0.5 3.6/0.4 3.0/0.4 3.1/0.4 2.7/0.3 2.8/0.4 3.1/0.4 3.7/0.6 3.8/0.6
1A 5.8/0.5 5.5/0.6 5.8/0.5 5.8/0.5 5.3/0.5 4.8/0.4 3.9/0.4 3.7/0.4 4.2/0.5 4.8/0.5 5.3/0.6 5.4/0.6
Average Relative Humidity (%)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 63/6 66/6 67/4 67/4 71/3 74/3 75/3 74/3 73/4 69/6 66/7 64/7
VA 61/5 60/7 57/7 57/7 66/4 69/5 71/5 73/4 74/5 68/6 65/7 64/5
1A 74/7 77/6 76/6 68/6 65/6 67/5 73/5 76/4 76/6 72/6 78/5 79/5
Average Monthly Precipitation (cm/month)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 5.7/5.9 5.8/4.7 5.1/4.9 1.9/1.9 0.4/0.6 0.2/0.5 0.1/0.2 0.1/0.2 0.4/0.7 1.3/2.4 2.5/2.7 3.7/3.0
VA 7.6/4.9 7.5/4.4 8.9/4.6 9.0/5.6 9.7/5.1 9.9/6.7 10.1/5.1  8.8/5.4 9.9/8.4 7.5/5.7 8.2/5.7 6.7/3.1
1A 0.9/0.5 0.3/0.6 2.2/15 3.3/1.9 4.7/2.4 5.0/3.1 4.8/3.1 4.7/3.1 3.1/1.5 2.5/1.6 2.3/1.6 1.2/0.8
Average Monthly Evaporation (mm/month)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 1.1/41.8 1.1/42.3 1.2/47.4 0.9/78.8 1.4/50.3 1.7/48.1 1.1/68.9 0.9/73.2 1.3/49.9 1.0/59.4 1.0/45.8 1.1/34.7
VA 1.2/27.7 1.3/30.4 1.6/36.3 1.8/43.4 1.2/56.2 1.2/62.5 1.5/52.6 0.9/67.1 1.3/42.1 1.2/42.8 1.2/37.4 1.0/29.8
IA NA NA NA 1.8/36.5 1.8/47.2  1.5/58.7 1.3/60.7 1.2/56.3  1.4/41.1 1.4/33.5 0.8/31.4 NA
Average Monthly Evapotranspiration (mm/month)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA NA NA NA 1.9/56.9 1.7/54.5 1.9/47.3 1.7/58.2 1.5/64.1 2.1/48.7 NA NA NA
VA NA NA NA NA 2.5/46.3 2.4/49.3 2.7/49.6 1.9/54.6 2.2/41.5 NA NA NA
IA NA NA NA NA 3.9/35.8 3.4/42.2 3.1/42.2 25/41.3 3.0/35.5 NA NA NA
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Anderson-Darling (A-D) statistics for the distributions referenced in Table S1 are summarized in Table
S2. These values indicate the extent to which each climactic input is well fit by the selected statistical
distribution. Recall that PAR, temperature, wind speed, and relative humidity were fit to normal distri-
butions. Precipitation was fit to the lognormal distribution. Lower values of the A-D statistic indicate
better fits. In general, and for the normal distribution in particular, A-D values less than 1.5 are said to
be indicative of a reasonably well-fit distribution.

Table S2. Summarizes Anderson-Darling statistics (goodness-of-fit) for selected climactic input distribu-
tions. All parameters were fit to the normal distribution except monthly precipitation, which was fit to
the lognormal distribution. Asterisks (**) indicate distributions for which an Anderson-Darling statistic
could not be computed.

Average Photosynthetically Active Radiation (PAR) — Normal Distribution

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 0.76 0.33 0.67 0.46 0.25 0.52 0.84 0.65 0.81 0.24 0.24 0.22
VA 0.32 0.29 0.22 0.42 0.44 0.51 0.16 0.37 0.45 0.71 0.58 0.24
1A 0.23 0.36 0.41 0.21 0.48 0.16 0.21 0.25 0.20 0.19 0.63 0.34
Average Daily Temperature Per Month — Normal Distribution
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 1.38 0.43 0.38 0.46 0.56 0.49 0.52 0.49 0.63 0.26 0.28 0.50
VA 0.31 0.76 0.48 0.18 0.30 0.40 0.59 1.34 0.34 0.20 0.29 0.24
1A 0.22 0.56 0.43 0.22 0.45 0.65 0.22 0.34 0.20 0.27 0.49 0.23
Average Daily Wind Speed — Normal Distribution
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 0.18 0.42 0.50 0.57 1.26 0.46 0.35 0.52 0.38 0.46 0.37 0.23
VA 0.31 0.76 0.48 0.18 0.30 0.40 0.59 1.34 0.34 0.20 0.29 0.24
1A 0.43 0.22 0.28 0.42 0.37 0.23 0.68 0.28 0.51 0.17 0.37 0.31
Average Relative Humidity — Normal Distribution
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 0.40 0.63 0.21 0.50 0.55 0.51 0.36 1.10 1.18 0.25 0.39 0.49
VA 0.36 0.57 0.25 0.46 0.27 0.23 0.55 0.25 0.36 0.33 0.36 0.40
1A 0.44 0.47 1.04 0.30 0.23 0.25 0.40 0.44 0.21 0.26 0.36 0.37
Average Monthly Precipitation (cm/month) — Lognormal Distribution
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
CA 0.40 0.52 *k % *k o % *k % *k % 1.44
VA 0.31 0.42 0.69 0.33 0.41 0.52 0.37 0.19 0.53 2.22 1.22 0.94
1A 1.97 1.61 0.89 0.52 0.98 0.26 0.51 1.00 0.44 0.76 141 1.36

1.3 Crop Yield Estimates

1.3.1 Corn

Silage corn yield estimates were computed on the basis of growing season insolation and empirical es-
timates of radiation-use efficiency (RUE). RUE is the amount of aboveground crop biomass produced per
unit PAR flux. Each location was assumed to have the same annual growing season for corn: 1 May — 15
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September. Biomass was assumed to be 35-42% dry matter at harvest, and this value was modeled us-
ing a uniform distribution over the given range [9].

The methodology of Kiniry et al (1989) was used to estimate corn yields (Mg/ha) at each location ac-
cording to Equation S7 [10].

Yieldeory = RUEcorN X Z(IPAR) =RUEopy % Z PAR x (1—e A Eq. S7

IPAR is intercepted photosynthetically active radiation. This can be measured directly or computed as a
function of extinction coefficient (k = 0.65) and leaf area index (LAI). Values of dimensionless LAl were
taken from the literature and found to be normally distributed with average = 4.59 and standard devia-
tion = 0.43 (n = 12) [11]. Average monthly IPAR values were summed over the growing season to com-
pute cumulative IPAR at each location. Values of RUEcgry, in units of grams dry biomass per MJ IPAR,
were taken from the literature and found to be lognormally distributed with average = 3.46 and stan-
dard deviation = 0.80 (n = 37; Anderson-Darling = 1.4) [10]. RUEcory Was multiplied by the cumulative
IPAR at each location to estimate annual corn yields at each location. Resulting estimates of annual corn
yield at each location were lognormally distributed. Resulting average estimates were also compared to
literature values and found to be consistent with reported ranges. Pertinent distribution parameters
and distribution goodness-of-fit are summarized in Table S3.

Table S3. Cumulative intercepted photosynthetically active radiation (IPAR) and average estimated wet
yields (u) (with standard deviations, ) for corn production in three geographic locations. Low values of
the Anderson-Darling (A-D) statistic indicate that each wet yield distribution is well fit by the lognormal

distribution; average estimates are well-aligned with previous measurements as indicated at far right.
Average Cumulative IPAR Estimated Wet Yield Lognormal Distribution Average Measured Wet Yield

Location

(MJ/m?) p/c (Mg/ha) A-D Statistic (Mg/ha) [Source]
CA 1364 47.2/11.0 0.14 45 -68 [12]
VA 1209 45.5/10.7 0.55 32-56[9]
1A 1228 42.5/9.9 0.41 39-50[13]

1.3.2 Switchgrass

Switchgrass yield estimates for each of the selected locations were computed on the basis of growing
season insolation and radiation use efficiency using an empirically derived estimate of RUEsgrass. Data
for several types of switchgrass and several geographic locations within the US were used to compute an
estimate for RUEsggrass in units of grams aboveground dry biomass per MJ PAR. Cultivars included low-
land varieties ‘Alamo’ and ‘Kanlow’ as well as upland cultivars ‘Cave-in-Rock’, and ‘Shelter’. Yield meas-
urements for these varieties were measured in the following locations: Princeton, KY; Raleigh, NC; State
College, PA; Jackson and Knoxville, TN; Roanoke, VA (two test plots); and, Morgantown, WV [14, 15].
RUE was computed as the ratio between dry switchgrass yield and measurements of PAR as taken from
the NSRDB for each of these six locations. Switchgrass growing season was assumed to be 1 May — 1 Aug
for each of these locations except State College, PA, where it was 1 June — 1 September. Pertinent in-
formation is summarized in Table S4.
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Table S4. Photosynthetically active radiation (PAR) [2], reported wet switchgrass yields, and computed
radiation use efficiency (RUE) values for switchgrass production in several geographic regions [15, 16].

Location Year PAR Yied e
(MI/m®)  (Mg/ha)  (g/MJ)

2000 920 8.8 0.96

Jackson, TN 2001 913 10.3 1.13

_ 2000 931 15.6 1.68

Knoxville, TN 2001 868 18.1 2.09

2000 847 15.1 1.78

Morgantown, WV 2001 866 17.8 2.06

} a 2000 885 12.6 1.42

Princeton, KY 2001 914 13.1 1.43

. 2000 878 121 1.38

Raleigh, NC 2001 877 6.4 0.73

2000 849 15.7 1.85

2000 876 13.1 1.50

Roanoke, VA 2001 852 15.6 1.83

2001 869 154 1.77

2002 904 7.9 1.06

State College, PA 2003 802 7.0 1.02

2004 800 7.0 1.07

“ PAR data are from nearest NSRDB station in Evansville, IN.

RUEsgrass Values in Table S4 were fit to the lognormal distribution, using average = 1.46 g/MJ and stan-
dard deviation = 0.41 (n = 17; Anderson-Darling = 0.42). Switchgrass yields in CA, IA, and VA were then
estimated by computing cumulative PAR over each area’s growing season and multiplying that number
by the empirical estimate of RUEsgrass. Growing seasons were assumed to be 1 May — 1 August in Vir-
ginia, 1 June — 1 September in lowa, and 1 April — 16 September in California. Resulting annual switch-
grass yields were found to be lognormally distributed in each location, and mean values were bench-
marked against published reports. This data is summarized in Table S5.

Table S5. Cumulative photosynthetically active radiation (PAR) and average estimated wet yields ()
(with standard deviation, o) for switchgrass growing seasons in three geographic locations. Low values
of the Anderson-Darling (A-D) statistic indicate that each wet yield distribution is well fit by the log-
normal distribution; estimates are consistent with previous measurements as indicated at far right.

Location Average Cumulzative PAR Estimated Wet Yield Lognormal Dis.tri.bution A\./erage Measured Wet
(MJ/m°) u/c (Mg/ha) A-D Statistic Yield (Mg/ha) [Source]
CA 1733 25.2/7.1 0.21 22.5-33.8[17]
VA 890 12.9/3.7 0.35 4.0-15.0[9, 15]
1A 900 13.1/3.8 0.27 4.5-14.4118]
1.3.3 Canola

Estimates of canola dry yield were computed for each of the selected locations on the basis of growing
season insolation and radiation use efficiency using an empirically derived estimate of RUEcanoia. Data
for several types of winter canola and several geographic locations within the US were used to compute
an estimate for RUEcanowa in units of grams aboveground dry biomass per MJ PAR. Cultivars included
those utilized in the 2003 National Winter Canola Variety Trial (NWCVT) [Rife et al, 2003] and others.
Yield measurements were taken from selected NWCVT locations plus Corvallis, OR; Marianna, AR;
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Othello, WA; and Pendleton, OR [14, 15]. RUE was computed as the ratio between dry seed yield as pub-
lished in literature reports [19, 20] and measured PAR as taken from the NSRDB for each of these loca-
tions. Canola growing seasons were taken from the respective literature reports [19, 20]. Pertinent in-
formation is summarized in Table S6.

Table S6. Summarizes photosynthetically active radiation (PAR) [21], reported winter canola seed yields,
and computed radiation use efficiency (RUE) values for several geographic regions in the US.

Location Year Growing Season PAR 2 UG RUE
(MJ/m7)  (Mg/ha) (8/MJ)
Belleville, IL 2002-2003* 25 Sep — 25 Jun 1607 3707 0.23
Columbia City, IN 2002-2003* 12 Sep —17 Jul 3852" 1081 0.03
Corvallis, OR 2004-2005 1Sep—1Jul 1481 4324 0.29
Garden City, KS 2002-2003* 6 Sep —1 Jul 2077 1836 0.09
Griffin, GA 2002-2003* 3 0ct—-6Jun 1644 1849 0.11
Kibler, AR 2002-2003* 30ct—17 Jun 1614 1858 0.12
Lexington, KY 2002-2003* 25Sep—-23Jun 1381 2570 0.19
Lincoln, NE 2002-2003* 10 Sep — 10 Jul 1926 3285 0.17
. 2001-2002 15 Oct — 15 Jun 1685" 3131 0.25
Marianna, AR +
2003-2004 15 Oct—15Jun 1534 4102 0.27
Meridianville, AL 2002-2003* 4 Oct—10Jun 14847 1269 0.09
Munday, TX 2002-2003* 23 Sep—4Jun 1696" 413 0.02
Novelty, MO 2002-2003* 2 Sep — 3 Jul 1786" 2047 0.12
Orange, VA 2002-2003* 25 Sep —26Jun 1419" 2995 0.27
Othello, WA 2007-2008 10 Sep — 23 Jul 1802" 5064 0.28
2001-2002 1Sep—1Jul 1685 3131 0.17
Pendleton, OR 2002-2003 1Sep—1Jul 1718 2706 0.16
2004-2005 1 Sep—1Jul 1698 2858 0.19
Torrington, WY 2002-2003* 26 Aug — 21 Jul 2296" 1977 0.09

* Indicates investigation conducted as part of 2003 National Winter Canola Variety Trial (NWCVT).

t Indicates location for which PAR data was not directly available from NSRDB so closest observa-
tion station was used instead. Columbia City, IN = Fort Wayne, IN; Griffin, GA = Atlanta, GA;
Kibler, AR = Fort Smith, AR; Marianna, AR = Stuttgart, AR; Meridianville, AL = Hunstville, AL;
Munday, TX = Wichita Falls, TX; Novelty, MO = Kirkville, MO; Orange, VA = Charlottesville, VA;
Othello, WA = Ephrata, WA; Torrington, WY = Scottsbluff, NE.

RUEcanowa Values in Table S6 were fit to the lognormal distribution, using average = 0.164 g/MJ and stan-
dard deviation = 0.084 (n = 19; Anderson-Darling = 0.86). Although the normal distribution exhibited a
lower Anderson-Darling statistic, and thus a better fit for this data, the lognormal data was used to en-
sure that sampled values of RUEcanoa Were never less than zero. Winter canola seed yield at each se-
lected geographic location was estimated by computing cumulative PAR over each area’s growing sea-
son and multiplying that number by RUEcanoa. Resulting estimates for wet seed yield were multiplied by
0.92 to account for the fact that canola seeds are roughly 8% moisture by mass before drying. Dry seed
masses were then multiplied by a factor of three to account for the mass of stalks and pods, since canola
seeds comprise 1/3 of the plant’s dry weight while stalks and pods account for the other 2/3 [22].
Growing seasons were assumed to be 1 September— 30 June in Virginia [23, 24], 15 September — 15 July
in lowa (based on similarity in latitude and weather conditions among Ames, IA; Columbia City, IN; and
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Lincoln, NE) [23] and 15 October — 30 May in California [25, 26]. Resulting annual canola yields were
found to be lognormally distributed in each location, and mean values were benchmarked against pub-
lished reports. This data is summarized in Table S7.

Table S7. Summarizes cumulative photosynthetically active radiation (PAR) and average dry yields (p)
(with standard deviation, o) for winter canola growing seasons in three geographic locations. Yields rep-
resent total biomass; i.e. seeds plus stalks. Low values of the Anderson-Darling (A-D) statistic indicate
that each dry yield distribution is well fit by the lognormal distribution. Average estimates are well
aligned with previously measured dry yields as indicated at far right. Previously reported values for ca-
nola seed yield have been multiplied by three to reflect the assumption that seeds account for 1/3 of
canola’s weight while straw and pods (i.e., stover) account for the other 2/3.

Location Average Cumulzative PAR  Estimated Total Dry Yield Lognormal Dis.tri.bution Aver-age Measured Total
(MJ/m?) p/c (Mg/ha) A-D Statistic Dry Yield (Mg/ha) [Source]
CA 1608 7.1/0.7 0.23 6.4 —13.3 [25, 26]
VA 1933 8.5/0.9 0.36 6.6 —9.0 [23, 24]
IA 1810 7.8/0.8 0.40 3.2-9.8[23]
1.3.4 Algae

Algae dry yield estimates for each of the selected locations were computed on the basis of growing sea-
son insolation and radiation use efficiency using an empirically derived estimate of RUEagac. This esti-
mate was derived from literature reports of field-scale algae cultivation in open ponds by Benemann &
Oswald (1996), Kadam (2001), and Weissmann & Tillet (1992) [3, 27, 28]. Their ponds were operated in
Brawley, CA; San Juan, NM; and, Roswell, NM, respectively. Table S8 summarizes average estimated
monthly yields reported by the authors and average monthly PAR values as taken from the NSRDB for
stations located closest to each area of interest: San Diego, CA for Brawley, CA; Albuquerque, NM for
San Juan, NM; and, Tucumcari, NM for Roswell, NM.

Table S8. Summarizes reported and estimated monthly values of radiation use efficiency for pilot-scale
algae production in three different locations.

Brawley, CA Roswell, NM San Juan, NM Mean
Month [San Diego, CA] [Tucumcari, NM] [Albuquerque, NM] RUE
Yield PAR RUE Yield PAR RUE Yield PAR RUE

(Vg/ha) (Mm’) (/M) (Mgrha) (M) (g/M1)  (Mg/ha) (ymd) gy ™)

Jan 93 154 0.6 90 150 0.6 0.64
Feb 112 176 0.6 112 178 0.6 0.63
Mar 217 248 0.9 254 255 1.0 1.13
Apr 360 297 1.2 111 310 0.4 0.83
May 527 314 1.7 270 351 0.8 973 387 2.5 1.26
Jun 600 314 1.9 420 362 1.2 942 393 2.4 1.89
Jul 620 348 1.8 614 361 1.7 973 379 2.6 1.99
Aug 620 328 1.9 564 32 1.7 973 346 2.8 2.09
Sep 690 264 2.6 474 267 1.8 942 285 3.3 2.40
Oct 682 221 3.1 419 225 1.9 973 237 4.1 2.78
Nov 90 166 0.5 141 158 0.9 1.85
Dec 93 143 0.6 71 137 0.5 0.57
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Two of the three studies summarized in Table S8 reported measured yields for each month of the calen-
dar year. In contrast, Kadam (2002) reported only average photosynthetic efficiency, 4.86% on PAR basis
over one year [29]. He also reported a total pond area of 1000 ha, estimated daily dry yield of 314,300
kg, and 250 operational days per year. These figures were thus used to back-calculate corresponding
RUEa gae Values for each month. First, daily yield of 314,300 kg in a 1000 ha pond corresponds to 31.4
g/m>-day productivity. This value was multiplied by the number of days per month to yield estimates of
monthly yields. These figures are shown in italicized font within Table S8. In dividing the estimated
monthly yields by measured values of average monthly PAR, it was possible to compute estimates of
average monthly RUE gae. Kadam’s overall photosynthetic efficiency was then converted from PAR basis
to biomass basis by multiplying 4.86% by the molecular weight of glucose (180 g/mole) and dividing by
its energy content (2.87 MJ/mole glucose). This yielded an average annual RUE of 3.0 g/MJ. It was then
possible to select the 250-day combination of monthly averages exhibiting this overall RUE average,
namely 1 May — 31 Oct. The resulting back-calculated values of RUEx gae in each of these months for
Roswell, NM are indicated in Table S8.

Taken together with the monthly RUEAga: values from Brawley, CA and Roswell, NM, the back-
calculated values for San Juan, NM were used to formulate triangular distributions for monthly RUE ga¢
values during May — October. For months not sampled within the Kadam study (November — April), uni-
form distributions were assumed to cover the range between values reported by the other two studies
[3, 28]. Annual algae yields at the selected geographic locations were then computed by multiplying
each month’s PAR value by its associated monthly RUEsar estimate. These products were then
summed over an entire year. Algae cultivation was assumed to be impossible in months with an average
daily temperature less than 0 °C [28]. As such, lowa yields for the months of January, February, March,
and December were assigned a value of zero. Resulting estimates of annual algae yield in each location
were normally distributed. Table S9 summarizes annual algae yields at each location.

Table S9. Summarizes cumulative photosynthetically active radiation (PAR) and average estimated dry
algae yields (u) (with standard deviation, o) for three geographic locations. Low values of the Anderson-
Darling (A-D) statistic indicate that each yield distribution is well fit by the normal distribution.

Location Average Cumulative PAR (MJ/mZ) ES“D‘:T&EX;IEM Nor:{a:)l E::::;tion
CA 1733 47.1/2.5 0.87
VA 890 40.2/2.2 0.35
1A 900 34.5/2.1 0.27

Figures S1 — S3 summarize predicted values of algae dry yield for each month of the year in three geo-
graphic locations of interest. Yield estimates from previously published sources are also presented in
each figure for point of reference.
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Figure S1. Estimated algae dry yields by month in San Diego, CA. Yield estimates reflect reported RUE4..
cae Values from various sources (B&0O = Benemann & Oswald (1996) [3]; Kadam = Kadam (2002) [29];
W&T = Weissman and Tillett (1990) [28]) as multiplied by growing season PAR in San Diego, CA.
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Figure S2. Estimated algae dry yields by month in Roanoke, VA. Yield estimates reflect reported RUE gae
values from various sources (B&0O = Benemann & Oswald (1996) [3]; Kadam = Kadam (2002) [29]; W&T =
Weissman and Tillett (1990) [28]) as multiplied by growing season PAR in Roanoke, VA.
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Figure S3. Estimated algae dry yields by month in Ames, IA. Yield estimates reflect reported RUEx gae
values from various sources (B&0 = Benemann & Oswald (1996) [3]; Kadam = Kadam (2002) [29]; W&T =
Weissman and Tillett (1990) [28]) as multiplied by growing season PAR in Ames, |A.

1.4 Selection of Open Ponds v. Photobioreactors

The decision to model open ponds in this research is based primarily on the economics of biomass pro-
duction for fuel and the likelihood that these reactors will be used in the near future. Recent research
has focused on photobioreator design for optimal growth rates and in this regard, photobioreactors do
offer certain benefits over open ponds: 1) higher cell densities can be obtained, and 2) pure cultures of
lipid-rich organisms can be grown without risk of contamination by other species [30]. Despite these
advantages, the cost of photobioreactors makes them highly unfavorable for energy production applica-
tions. Growing algae for fuel will require large-scale operations and the capital cost of photobioreactor
projects increases linearly with production much faster than open ponds. One estimate is that cost of
producing algae from photobioreactors is an order of magnitude higher than in open ponds [31]. Addi-
tionally, the land footprint of photobioreactors is not much better than open ponds. More importantly,
the life cycle burdens of photobioreactors are expected to be many times higher than open ponds in
terms of greenhouse gas emissions, energy use, and water use. The production of all the required mate-
rials (glass, metal, concrete foundations, etc) for production of a photobioreactor is expected make
them an unfavorable option relative to open ponds. The primary contributions to the life cycle of algae,
e.g., the nutrient use and CO, consumption, would not be changed regardless of the growing method.
For this reason the open pond results reported here could be considered a ‘best case’ scenario for
photobioreactors assuming the impacts from producing and operating the facility were offset by the
improved productivity.

1.5 Algae Stoichiometry and Fertilizer Requirements

1.5.1 Algae Stoichiometry

The molecular composition of algae was used to help define several of the estimates used in this study
including the CO, uptake rate, fertilizer addition rates, etc. The molecular composition of algae is largely
consistent between photosynthetic species as demonstrated by Redfield [32].

Algae = C105H181045N15P (MW = 2414)
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Production of algae biomass was assumed to proceed via the combination of carbon dioxide + water +
urea + phosphate + light via the following chemical reaction:

99.5 CO, + 75.5 H,0 + 7.5 CO(NH,), + % P,05 = Cy06H181045N1sP + 119.75 O, Eqg. S8

This stoichiometry was utilized in estimating amounts of various required inputs for algae cultivation.

1.5.2  Fertilizer Requirements

A combination of literature data and algae stoichiometry, as defined in §1.5.1, were used to determine
appropriate mass dosing for nitrogen (N) and phosphorus (P) fertilizers. Triangular distributions were
used for both N and P dosing rates. Minimum, maximum, and most likely nitrogen concentrations were
set to 23, 140, and 70 mg/L as N, respectively [33]. Minimum, maximum, and most likely phosphorus
concentrations were set to 10, 102, and 29 mg/L as P,0s, respectively [33]. Use of these distributions led
to N and P doses that were just less than 2x the stoichiometric requirements for the average computed
algae yield. It was assumed that the excess N and P may be diverted to other biochemical reactions (e.g.,
production of extracellular material, bacterial growth, etc.). Since the water balance was assumed to be
at steady-state, dose concentrations were multiplied by the amount of water centrifuged out of the sys-
tem each month to compute total required masses of each nutrient per month. For all of the modeled
scenarios, urea ((NH;),CO) was used as N source and superphosphate (Ca(H,P0,),) was used as P source.

1.6 High Heating Values of Biomass Stocks

Data from the Energy research Centre of the Netherlands ECN was combined with results from our own
literature review to compile a table of biomass compositions and high heating values (HHV) for the four
types of biofeedstocks investigated in this study. Literature measurements of algae biomass HHV was
confirmed in measurements performed by an algae start-up company located outside Richmond, VA.
This firm estimates the HHV of dried algae to be 24300 kJ/kg. For biomass samples where HHV was not
reported, the relationship between C-H-N embodied by Eqg. S9 was used to formulate an estimate.

HHV (MJ/Mg) = 35160 x wt % C + 116225 x wt % H— 11090 x wt % O + 6280 x wt % N Eqg. SO

HHV values taken from the literature or estimated using Eq. S9 were incorporated into triangular distri-
butions using the minimum, maximum, and most likely values. For corn and canola, two separate trian-
gular distributions were utilized for the grain (kernels or seed) and stover/straw. Composite HHV, en-
capsulating the amount of energy that would be released upon combustion of the entire plant, was then
computed using a mass-weighed average of the kernel/seed and stover/straw HHVs for each plant. Each
range of values summarized in Table S10 was fit to a triangular distribution according to HHV ~ Triangu-
lar (minimum value, likeliest value, and maximum value). HHV values for each type of biomass are sum-
marized in Table S10.
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Table S10. Summarizes approximate elemental composition (i.e., weight percentage comprising carbon,
hydrogen, oxygen, and nitrogen) and high heating value (HHV) estimates for each of the biomass feed-
stocks evaluated in this investigation.

Feedstock C% H% 0% N% HHV (MJ/Mg) Source
Algae 52.7 7.22 28.9 8.01 23480 [35]
Algae 43.9 6.86 34.5 6.54 19818 [36]
Algae 54.8 6.67 23.5 6.66 26357 [35]
Algae 52.7 7.22 28.9 8.01 *24219 [37]
Minimum HHV 19800

Maximum HHV 26400

Likeliest Value HHV 24000

Switchgrass 47.4 5.75 42.3 0.74 18641 [38]
Switchgrass 47.5 5.80 43.6 0.36 18559 [38]
Switchgrass 47.8 5.76 35.1 1.17 18024 [39]
Switchgrass 42 5 35 0.2 *16710 [40]
Minimum HHV 16700

Maximum HHV 18650

Likeliest Value HHV 18300

Corn kernels 44.6 5.37 39.6 0.41 17690 [35]
Corn kernels 44 6.4 49.2 1.1 *¥17522 [41]
Corn kernels 43.4 6.17 45.8 1.02 17359 [42]
Corn kernels 42 5 42 0.7 *15965 [40]
Corn kernels 15900 [43]
Corn stover 37.8 4.84 35 0.65 14493 [44]
Corn stover 46.8 5.74 41.4 0.66 18101 [45]
Corn stover 49.4 5.6 42.5 0.6 13344 [46]
Corn stover 43.4 6.17 45.8 1.02 17359 [42]
Minimum HHV — kernels 15960

Maximum HHV — kernels 17690

Likeliest Value HHV — kernels 17250

Minimum HHV — stover 13340

Maximum HHV — stover 18100

Likeliest Value HHV — stover 15930

Rape seed 51.1 6.4 34 2.3 21604 [47]
Rape seed 48.1 5.9 45.2 0.8 19330 (48]
Rape seed 50.5 6.3 41.2 2.1 21547 [49]
Rape seed 50.2 6.9 37.9 5.1 22000 [50]
Rape straw 37.8 4.6 56.8 0.8 19380 [51]
Rape straw 33.7 3.9 61.8 0.7 19740 [47]
Rape straw 44.6 5.1 48.8 1.4 17610 [50]
Rape straw 42.8 5.3 47.4 0.6 15788 [52]
Minimum HHV — seed 19330

Maximum HHV - seed 22000

Likeliest Value HHV — seed 21575

Minimum HHV — straw 15788

Maximum HHV — straw 19740

Likeliest Value HHV — straw 18495

*Indicates estimate based on Eq. S9
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1.7 Corn versus corn kernel and canola versus canola seed

In conventional agriculture, corn is generally cultivated for kernels and canola is generally cultivated for
seed. The rest of the plant (i.e. stover or straw) may be left in the field or harvested and ground up for
use as animal feed (e.g. corn silage). For this study, we wished to utilize the heat content of the entire
plant, consistent with the assumption that the most straightforward way to make energy from biomass
may be combustion to yield bioelectricity. It was thus desirable to account for the maximum amount of
biomass-derived heat that could be grown per unit area, so we computed the composite HHV values
summarized in Table S10. Still, it was also necessary to account for the “free” biomass generated as
stoveror straw when either corn or canola are grown for the express purpose of producing bioenergy. In
particular, it was necessary to adjust literature values for life cycle impacts (e.g. energy use) associated
with the production of some unit mass corn kernel or canola. Thus, we assumed that a canola plant and
corn plant comprise 33% w/w as seed [22] or 50% w/w as kernel [34] and then divided by the weight
fraction comprising seed or kernel to compute life cycle burdens per unit mass whole plant.

2  Impact Factor Definitions

2.1 Land Use

Land use represents all the land, direct and indirect that would be required to produce the functional
unit of energy. This value is influenced by the productivity of the given crop and the HHV of the biomass
source. Indirect land use (i.e. “upstream” land use) is associated with the use of industrial chemicals that
require land for production. Land use is expressed as hectares (ha).

2.2 Water Use

Water use includes direct water usage required to fill algae ponds and irrigate crops. Water use is ex-
pressed as m® of fresh water at the surface. Direct use water streams coming into the systems include
precipitation and pumping from surface water reservoirs. Outflows from the agricultural operations in-
clude evaporation (algae) and evapotranspiration (corn, canola, and switchgrass) as well as carry-out in
the algae biomass. Carry-out includes all the water in the biomass matrix carried with the algae when it
is extracted. Indirect water use was included based on the consumption of fertilizers and other inputs,
which require water for their production.

2.3 Energy Use

Energy use represents the total energy consumption associated with the production of one functional
unit of energy. Naturally, the higher the energy use value, the lower the efficiency of the bioenergy
source. The functional unit was not included in eacg reported energy use number since it is the same for
each crop inherent to the definition of a functional unit. Thus, the total energy use number reported
here includes the energy required for cultivation and preliminary transportation of each crop. Indirect
energy associated with production of input chemicals is also included. Energy is reported here in terms
of megajoules (MJ).

2.4 Global Warming Potential

Global warming potential was quantified in terms of kilogram equivalents of CO, using the global warm-
ing potential values adopted by the Intergovernmental Panel on Climate Change (IPCC) [53]. The values
for a 100 year time horizon were selected and are summarized in Table S11. CO, sequestered in the
biomass was subtracted from the total greenhouse gas emissions for the agricultural process.
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Table S11. Global warming potential (GWP) values used to estimate total impacts reported in this study.

Gas GWP (100 year time horizon)
Carbon Dioxide 1
Methane 25
Nitrous Oxide 298

2.5 Eutrophication

Eutrophication was expressed in terms of PO,> mass equivalents. Conversion factors for the four com-
pounds included in this composite impact category are provided in Table S12. As with the other impact
factors, both direct and indirect contributions were included. Direct contributions were estimated based
on a stochastic rate of fugitive emissions (spills) that could be reasonably expected in an algae produc-
tion facility. Indirect contributions (i.e. “upstream” contributions) arise during upstream processes such
as fertilizer production, electricity generation and transmission, etc.

Table S12. Eutrophication potential values used to estimate the total potential reported in this study.

Pollutant Type Eutrophication Equivalence
(g PO4seq/g substance)

COoD 0.022

Nitrogen 0.42

Nitrate 0.1

Phosphorus 3.06

3  Impact Factor Calculations

The impacts associated with algae cultivation are described in detail below. The impacts for canola,
corn, and switchgrass were used as reported in the Ecoinvent database and referenced against other
published data. Since these are published values, they are not discussed in detail here.

3.1 Land Use

Land use is reported in hectares (ha) because this is the S| unit of area (1 ha = 10,000 m” = 2.47 acre). It
was assumed that not all land dedicated toward the production of a biofuel is used for direct cultivation.
Access roads, buildings, and other infrastructure are needed. For corn, canola, and switchgrass these
contributions were included in the Ecoinvent data. For algae, a 25% increase in land area was included
to account for the footprint of support infrastructure.

3.2 Water Use

Water use was computed using the precipitation and evaporation data presented in Section 1. Overall,
indirect contributions from the production of chemicals used in algae cultivation were much greater
than the direct use contributions. This is demonstrated in the paper.
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3.3 Energy Use

Energy use includes all the energy inputs that would be required to produce one functional unit. This
measure captures the primary energy needed for all the material inputs to the process (e.g., fertilizers)
as well as the energy needed to run the farming operation (e.g., mixing, centrifuges). Since energy de-
mands of these processes are driven entirely by movement of water through the ponds, a harvesting
model was created to estimate flows as a function of pond productivity. This water and algae balance
was performed to determine: 1) The volume of algae solution to be separated as a function of produc-
tivity (harvesting rate); and 2) the flow of make-up water required to maintain a constant pond volume
as a function of productivity and evaporation (make-up rate). This balance, presented in Figure S4,
shows that the volume entering the centrifuge (Q;) is the product of the pond’s productivity and the
pond area (in L/day). The concentration (factor of 1000x) cancels in the unit conversion between g > kg
- L algae solution. The make-up rate depends very much on evaporation rate and carry out rate (Qy).

Q1 =0.01p *A (L/day)
A: 0.1

make-up water, Qm oipo

Qm=0.9Q1 +Qe
flocculant dosing

. % 2
productivity, p (g/m*/day) Q> = p * A (L/day)

A: 0.001

evaporation, Qg W: 0.999

nutrient addition

ponds area=A(m?
depth=05m

Figure S4. Schematic of algae and water flows through the ponds. The equations presented here were
used to estimate water and algae flows as a function of pond productivity. These flows were in turn
used to estimate the energy demands during algae cultivation.

Demonstration scale studies of algae production have found that energy demands can be divided into
several classes: mixing (24.4%); harvesting/processing (17.4%); water supply (19.8%); flue gas supply
(34.8%); and other (3.5%) [3]. For our model, it was assumed that CO, can be delivered as a pure gas
such that flue gas supply was not required. As such, our estimates for the other energy streams were
divided up roughly as follows: mixing (25.5%); harvesting (43.7%); and water supply (30.8%). This break-
down is approximately proportional to Benemann’s allocation [3], and differences could be easily attrib-
uted to differences in pond architecture or machinery efficiency.

3.3.1 Mixing

The energy required to operate a paddle wheel depends on its size and rotation speed. The energy re-
quired by one paddle wheel was modeled using a triangular distribution over the range 0.0001 kW to
0.01 kW (likeliest value = 0.037 kW) [54]. We assumed 10 paddle wheels were used per hectare (roughly
a density of 1 paddle wheel per 100 m? of ponds) operating at ~10 RPM. This constitutes an energy de-
mand of approximately 0.01 W as shown in Eq. S10.
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P = 0.037 kW/paddle wheel x 10 paddle wheels/ha x 3.15 x 10’ s/yr = 11,668 Mi/ha yr ~ Eq. 510

3.3.2 Centrifugation

We assumed that a combined flocculation/centrifugation process is used to separate the solids from the
medium. Alum was utilized as the flocculent, and dosing was consistent with previous reports by Becker
[55]. Algae concentrations entering and exiting the centrifuge were assumed to be 0.1% mass per vol-
ume (m/v) and 10%, respectively. We assumed the centrifuge to be of the sediment-type configuration.
The energy for such a unit can be approximated as the sum of the energy to accelerate the feed stream
and the power to discharge the solid cake, Pital = Pacc + Peon, Where P, is the power to accelerate feed
stream from zero speed to full tangential speed at the pool required to achieve sufficient G-force for
separation. This is expressed in Eq. S11.

Pace = 5.984 x 10%° x sg x Q x (Qr,) Eq. S11

Here sg is the specific gravity of the mixture (1 kg/L), Q is the flow rate of mixture (in gal/min), Q is the
rotational speed of centrifuge (min™), and rp, = radius of centrifuge bowl (m).

P..n is the power to convey and discharge cake and it can be calculated using the relationship in Eq. S12.
Peon=1.587x10°xDxT Eq. S12

Where A is the differential speed and it can be calculated using Eq. S13:

2
A= [ﬁ] _}_ixmssxlexLeﬁ—% Eq. $13

I(2 2 2

Here, k; was assumed to be 80 bar, k, is 5.3 bar, g, is 32.2 Ibf-ft/lom-s?, I is 0.5, m is the dry feed rate
basis (10 kg/sec), G is 770 g, the length to diameter ratio (L/D) is 3, the diameter of the bowl (D) is 690
mm, L is 2070 mm, and the effective length Ly is (2/3)L so 1380 mm (54.33 in). The conveyance torque
(T)is T = ky + k, x A. This torque value is then plugged back into equation S11 and the P,,, and P, values
are added together to get the power requirements on the centrifuge. The energy estimates obtained
here correspond well with published values for centrifuges with comparable specifications [56].

3.3.3  Water supply
Energy is required to pump water into and among the ponds as well as to the centrifuges. This energy
requirement was estimated by calculating the head through the pump using Eq. S14.

P,- P
P9 Eq. S14

Here P, and P; are the pressure at the pump inlet and outlet, respectively. Inlet pressure was assumed
to be 0.1 MPa, and outlet pressure was assumed to be 0.2 MPa. g is the acceleration of gravity, and p is
the density of water. Work in the pump is then estimated, using h as derived from Eq. S14, via Eq. S15:.

w =h9 Eq. S15
n
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Where W is the work in J/s, g is the acceleration of gravity, and n is the pump efficiency (85%).

3.3.4 Infrastructure Manufacturing

The life cycle impacts associated with manufacture and installation of the pumps, paddle wheels, and
centrifuge were estimated using SimaPro and ultimately found to be negligible relative to the magnitude
of the impacts associated with other life cycle stages. The total energy draw of the overall system during
operation (included in the model) was on the order of 1.1 kW/ha. This value was used to size the physi-
cal components needed to operate the ponds. Based on data from the SimaPro database, the impacts
associated with building these unit operations was less than 1% of the total impact for one year (land
use = 8.3E-4 ha, water use = 847 m°, energy use = 1870 MJ, GHG = 121 kg CO,e, 7E-3 kg PO,4e). Over the
life of a pond, e.g., tens of years, it is reasonable to assume that the ‘use phase’ energy requirements
dominate over the production and manufacture energy requirements.

3.3.5 Other

The CO, was stored as a liquid and delivered as a gas such that no energy was modeled for pH-mediated
on-demand delivery of CO,. There will be an energy draw associated with buildings and other infrastruc-
ture serving the algae production process. Here we’ve assumed 3% of the total energy needed to oper-
ate the production facility will be required for this purpose, consistent with Benemann [57].

3.4 Global Warming Potential

Greenhouse gas (GHG) emissions from the production of algae were calculated by adding the emissions
associated with all the inputs to the process (e.g., fertilizer, energy, etc) and subtracting out the rate at
which algae take up CO, when they grow. This rate was estimated based on the stoichiometry of an algal
cell and was made stochastic based on the fact that algae bind carbon in biomolecules that are later ex-
creted as algal organic mass. This carbon content is not included in the total biomass produced since it
cannot be centrifuged from solution given its dissolved state. Based on stoichiometry, 91 moles of CO; is
consumed for every mole of algae produced. Multiplying through by the molecular weight of each mate-
rial, the expected sequestration rate is 1.7 g CO,/g algae. Four additional empirical measurements for
this ratio, ranging from 0.99 — 1.96 were taken from the literature [28, 29, 58]. These five values were
then fit to a normal distribution with average (i) = 1.6 g CO,/g algae and standard deviation (c) = 0.3 g
CO,/g algae. The Anderson-Darling statistic for this fit was 0.99, indicating a reasonable fit for this data.

3.5 Eutrophication

Eutrophication impacts for the production of algae included contributions from each of the inputs to the
process (e.g., fertilizer) and also assumed a small amount of fugitive losses asa function of the amount of
algae produced. A uniform distribution was used to model these losses over the range reported in the
literature, 1E-6 — 1E-5 kg PO4-eq per kg dry yield algae [3]. For a well managed outdoor pond system,
these losses are likely to be much lower than nutrient run off from conventional agricultural operations.
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4 Life Cycle Inventory Data

4.1 Canola, Corn, and Switchgrass Production

Table S13. Life cycle impacts for canola seed, corn kernel, and grass silage production as taken from the
Ecoinvent Database [43]. GHG is greenhouse gas emissions; EUT is eutrophication potential. Impact fac-
tors were assigned lognormal distributions using averages (u) and standard deviations (o) from the data
source. These parameters are presented for each distribution using /o notation.

Impact category

Item Functional Unit Land Use Water Use  Energy Use GHG EUT
(m?) (m?) (MJ) (COreq)  (POs-eq)
Canola 1 kg dry rapeseed 0.11/0.021 1.8/1.78 11.9/11.6 1.87/1.86 5E.1-3/5E-3
Corn 1 kg dry weight 0.12/0.012 0.06/0.007 0.36/0.052 0.062/0.004 1.4E-6/2E-7
Switchgrass 1 kg dry weight 0.84/0.186 0.15/0.018 1.46/0.152 0.220/0.039 4.4E-6/8E-7

4.2 Algae Production

Table S14. Life cycle impacts for electricity and chemicals used in algae production [43] as taken from
the Ecoinvent Database [43]. GHG is greenhouse gas emissions; EUT is eutrophication potential. Impact
factors were assigned lognormal distributions using averages (1) and standard deviations (o) from the
data source. These parameters are presented for each distribution using u/c notation.

Impact category

Item Functional Unit Land Use Water Use Energy Use GHG EUT
(m’) (m’) (M) (CO,-eq) (PO4-eq)

Electricity

(US mix) 1 kWh 0.005/0.006 0.76/0.010 2.5/2.42 0.21/0.010 2.2E-6/2E-6
Alum 1 kg Al(SO4)3 0.013/0.008 2.51/0.474 5.7/1.29 0.51/0.073 9.0E-4/8E-5
Superphosphate 1 kg P,0O5 0.090/0.050 7.16/1.090 24.7/3.99 2.09/0.205  8.4E-5/8E-5
Urea 1kgN 0.062/0.049 3.99/1.290 62.1/11.8 3.37/0.335 1.7E-4/2E-4
CO,* 1 kg CO, 0.021/0.028 2.16/0.600 8.3/1.95 0.82/0.137 3.6E-5/1E-5

* Since CO, is modeled as a byproduct of ammonia production (whereby methane is split using steam to create hydrogen and
CO,), the associated burdens can be allocated between CO, and H, production using a 50/50 split. As such, the numbers re-
ported here are twice what was included in the model as burdens associated with CO, production.

5 Synergies with Municipal Wastewater Treatment

5.1 Wastewater Effluents
Partially treated municipal wastewater effluents were evaluated for their utility as nutrient sources dur-

ing large scale algae cultivation. Three different effluents were assessed: (1) secondary effluent from an
activated sludge treatment plant with biological nutrient removal for N and P (BNR); (2) secondary efflu-
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ent from a conventional activated sludge treatment plant with nitrification (CAS); and, (3) a 3.5% solu-
tion of hydrolyzed urine from a source-separated collection system (SSU). This volume of urine is the
amount produced by roughly 900 people per year [59]. Table S15 summarizes nutrient concentrations
for each of these wastewaters and the sources from which this data were taken. Though direct dosing of
ammonia is known to inhibit algae growth, it was assumed that urine ammonia is rapidly hydrolyzed to
ammonium such that use of the urine has no deleterious effect on algae growth, as demonstrated by
Kim et al (2007) [60].

Table S15. Three types of wastewater effluents evaluated in this investigation and their respective con-
centrations of total nitrogen (N) and total phosphorus (P).

Wastewater Total N (mg/L) Total P (mg/L) Source
BNR 3-8 1-2 [61]
CAS 15-35 4-10 [61]
SSuU 4100 -4600 200 - 220 [62]

For each of these wastewaters, distributions of total N and total P were assumed to be uniform over the
ranges indicated in Table S15. For the case of CAS and BNR, it was assumed that use of partially-treated
wastewaters would completely supplant the need for freshwater into the algae cultivation ponds. Even
so, additional chemical fertilizers would be required to meet the N and P requirements. In contrast, a
3.5% solution of hydrolyzed urine in water was found to contain an amount of nitrogen almost exactly
equivalent, on average, to the algae’s N demand. To avoid introducing more N than could be directly
taken up by the algae, the concentration of the source-separated urine was capped at a 3.5%. It was
assumed that additional superphosphate would be added to meet the full P demand. A 3.5% solution
strength is consistent with previous experiments in which a 3% solution of fermented swine urine was
used for bench-scale algae culture [60].

5.2 Modeling Burden Offsets

It was expected that three types of burden reductions would be associated with use of wastewater
treatment effluents as nutrient sources during large-scale algae cultivation. These included: 1) offsets
associated with reduced need for fertilizer production; 2) offsets associated with reduced need for
wastewater treatment (WWT) and its associated material and energy inputs; and 3) offsets in freshwa-
ter usage since the wastewater effluent is utilized as algae growth medium. Computation of these off-
sets is summarized in the following paragraphs.

5.2.1 Offset Fertilizer Production Burdens

For computation of the burden offset associated with reduced fertilizer production in each wastewater
scenario, total N and P requirements were first computed on the basis of nutrient demand. This compu-
tation is outlined in §1.5. These quantities were then multiplied by their respective life cycle impact fac-
tors from Ecoinvent® to estimate reductions in each impact area associated with decreased fertilizer
usage. Life cycle inventory data for urea and superphosphate, the chemical fertilizers partially sup-
planted by use of wastewater nutrients, are summarized in Table S14 (§4.2).

5.2.2 Offset Wastewater Treatment Burdens

It was expected that each of the partially-treated wastewaters, if not used as nutrient sources for algae
cultivation, would otherwise have to undergo nutrient removal in a municipal wastewater treatment
plant (WWTP). The WWTP’s fully-treated effluents would then be subject to stringent nutrient standards
under Virginia’s Pollution Discharge Elimination System (VPDES) Tier 4 Effluent Guidelines [63]. For this
reason, the burdens that would have been accrued during WWT were counted as negative burdens (i.e.
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offsets) for the algae life cycle. Final effluent concentrations of total N and total P were assumed to 3.0
be mg/L and 0.1 mg/L, respectively.

Life cycle impact data for removal of 1 kg nitrogen was taken from Maurer et al (2003) [64]. N removal
was assumed to proceed via nitrification and subsequent denitrification with addition of methanol as
external carbon source. A ratio of 3.4 kg methanol per 1 kg N eliminated [65] was used to compute the
mass of methanol required to reduce each wastewater’s initial nitrogen concentration down to the
VPDES acceptable limit (3.0 mg/L). This quantity of methanol was then multiplied by Ecoinvent® impact
factors for methanol production (e.g., 37.5 MJ per 1 kg methanol). Electricity consumption for aeration
during nitrification was also assessed, using a value of 10 MJ per 1 kg N eliminated.

Life cycle impact data for removal of 1 kg phosphorus was also taken from Maurer et al (2003) [64]. P
removal was assumed to proceed via chemical precipitation with ferrous sulfate. A ratio of 1.8 kg Fe per
1 kg P removed was used to compute the amount of ferrous sulfate required to reduce each wastewa-
ter’s initial phosphorus concentration down to the VPDES acceptable limit (0.1 mg/L). This quantity was
then multiplied by Ecoinvent® impact factors for iron (ll) sulfate production (e.g., 1.95 MJ per 1 kg
Fe(l1)SO,). Energy consumption for transportation of the resulting precipitant sludge was estimated to
be 2 MJ per kg P eliminated.

5.2.3  Offset Freshwater Burdens

It was assumed that effluent used to deliver nutrients as fertilizer offset could also serve as algae growth
medium. Thus, for the BNR and CAS cases, the direct freshwater requirements could be completely
eliminated. In contrast, it was assumed that the source-separated urine would need to be diluted to a
3.5% solution in freshwater to satisfy the algae’s nitrogen demand without compromising algal growth.
Thus the SSU scenario reflects only a 3.5% offset in direct water use relative to the VA base case sce-
nario direct water usage.

5.3 Wastewater Treatment Life Cycle Inventory Data

Impact factors for fertilizer avoidance, as mediated by use of wastewaters as N and P source, are sum-
marized in Table S14 in §4.2. Additional life cycle data for chemicals utilized in the removal of nutrients
from municipal wastewater are summarized in Table S16.

Table S16. Life cycle impacts for electricity and chemicals used to model offset life cycle burdens associ-
ated with avoidance of wastewater treatment [43]. GHG is greenhouse gas emissions; EUT is eutrophica-
tion potential. Impact factors were assigned lognormal distributions using averages (1) and standard
deviations (o) from the Ecoinvent Database. These parameters are presented for each distribution using
u/c notation.

Impact category

Iltem Functional Unit Land Use Water Use Energy Use GHG EUT
(m®) (m°) (M) (CO,-eq) (PO.-eq)
Electricity
(US mix) 1 kWh 0.005/0.006  0.76/0.010 2.5/2.42 0.21/0.010  2.2E-6/2E-6
Ferrous sulfate 1 kg Fe(I1)SO, 0.017/0.015 1.30/0.416 2.0/0.97 0.19/0.066  8.3E-6/7E-6
Methanol 1 kg CH30H 0.007/0.002  4.30/0.122 37.5/5.35 1.67/0.073  4.2E-5/4E-6
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6 Additional Results

6.1 Tornado Plots

Tornado plots for eutrophication potential, net water use, and land use corresponding to production of
one functional unit from algae show how sensitive these parameters are to each model input. This in-
formation is summarized in Figure S5. A scan was performed to identify the five inputs for which wach
impact factor is most sensitive. In the case of land use, only three are reported because the impact of
other model inputs is very small. For each case, the centerline represents the baseline case. The dark
and light shaded values indicate direct and inverse relationships respectively. In each case, the impor-
tance of algae high heating value is apparent but the influence of nutrient (Urea and CQ,) is also evident
for eutrophication and water use. This is because of the life cycle burdens associated with production of
these nutrients. For land use, total irradiation and radiation use efficiency (RUE) are found to be impor-
tant drivers of overall algae burdens.

Algae High Heating Value

Floceulant Dose

Alum Dose

COy Uptake

Urea Dose

Eutrophication Potential (kg PO,-eq)

16

32

38

Algae High Heating Value

Electricity Production

CO; Uptake Rate

Urea Dose

CO3 Production

NetWater Use (m3) x 104

Algae High Heating Value

Global Radiation

Radiation Use Efficiency

0.35

Total Land Use (ha)

0.40

0.45

Figure S5. Tornado plots for the three impact factors not presented in manuscript. Tornado plots reveal
the extent to which these environmentally burdens associated with algae cultivation are sensitive to a

+10% change in each of several input parameters.
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6.2 Results Distributions
Table S18 summarizes best-fit distributions for life cycle impact outputs from the various crops model in
each selected geographic location (VA = Roanoke, Virginia, USA; IA = Ames, lowa, USA; CA = San Diego,
California, USA). This same table also presents 95% confidence intervals for the mean values of each
parameter presented in Table 1 of the main text document.

Table $18 Best-fit distributions and 95% confidence intervals for life cycle impacts associated with pro-
duction of one functional unit from algae, canola, corn, or switchgrass in three geographic locations.

Impact Category | Location .Be.st-Fi.t Algae Canola Corn Switchgrass
Distribution 95% ClI 95% ClI 95% ClI 95% CI
VA Gamma | [0.3,0.5] [1.7,2.5] [0.9,2.1] [1.0, 2.9]
La';:alfse CA Gamma | [0.3,0.5] [2.0,3.0] [0.8,1.9] [0.5,1.5]
A Gamma | [0.5,1.1] [1.8,2.7] [0.9,2.1] [1.0, 2.9]
VA Gamma | [190000,450000] | [55300,88000] | [31900,45700] | [25000, 35700]
E”e(rl\g/l‘j)use CA Gamma | [251000, 556000] | [55300,87800] | [36200,40900] [25000, 35900]
A Gamma | [224000, 546700] | [55400, 88300] | [36100,40900] | [24900, 36000]
VA Gamma | [76000,170000]° | [7930,13500] [4100,12000] [1400, 9800]°
Wa(t;;;’se CA Gamma | [101000,216000] | [9700,15000] [9800,17000] [6700, 14500]
A Gamma | [95900,219000] | [8600, 14200] [8300,15000] [5200, 13000]
Greenhouse Gas | VA Beta [7641,30540] [-18200,-14100] | [-28000,-24000] | [-27800, -20900]
Emissions CA Beta [12400, 36500] [-18100,-14000] | [-28000,-25000] | [-27700, -20900]
(kg COz-eq) A Beta [8900, 36000] [-18200, -14100] | [-28000,-25000] | [-27800, -20900]
Eutrophication VA Lognormal | [1.99,5.42] [18.6,41.4] [17.2,38.0] (3.4, 10.4]
Potential CA Lognormal | [2.1,5.5] [18.5,41.4] [16.8,38.5] [3.4,10.3]
(kg PO4-eq) IA Lognormal | [2.0, 5.4] [18.5, 41.3] [17.0,39.0] (3.4, 10.4]

® Slightly better fit using logistic distribution.

b Slightly better fit using lognormal distribution.

As evident in Table S18, best-fit distributions for each type of life cycle impact tended to be consistent
among the three geographic locations. As such, sample histograms are presented for outputs from the
Virginia model only. These are depicted in Figures S6 —S9. In each figure, the green line represents the
best-fit statistical distribution referenced in Table S18. The blue portion of each figure corresponds to
the 95% confidence interval, and the red portions correspond to area in the two tails (o/2 = 0.025).
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