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ABSTRACT: Modeling efforts to understand the financial
implications of microalgal biofuels often assume a static basis
for microalgae biomass composition and cost, which has
constrained cultivation and downstream conversion process
design and limited in-depth understanding of their inter-
dependencies. For this work, a dynamic biological cultivation
model was integrated with thermo-chemical/biological unit
process models for downstream biorefineries to increase
modeling fidelity, to provide mechanistic links among unit
operations, and to quantify minimum product selling prices of
biofuels via techno-economic analysis. Variability in design,

Unified Microalgae Biofuels Model

Algal
Cultivation

Downstream
Processing

cultivation, and conversion parameters were characterized through Monte Carlo simulation, and sensitivity analyses were
conducted to identify key cost and fuel yield drivers. Cultivating biomass to achieve the minimum biomass selling price or to
achieve maximum lipid content were shown to lead to suboptimal fuel production costs. Depending on biomass composition,
both hydrothermal liquefaction and a biochemical fractionation process (combined algal processing) were shown to have
advantageous minimum product selling prices, which supports continued investment in multiple conversion pathways.
Ultimately, this work demonstrates a clear need to leverage integrated modeling platforms to advance microalgae biofuel
systems as a whole, and specific reccommendations are made for the prioritization of research and development pathways to

achieve economical biofuel production from microalgae.

1. INTRODUCTION

In the pursuit of renewable feedstocks for transportation
fuels,' > microalgae possess distinct advantages including the
potential for high areal productivities (surpassing those of
terrestrial feedstocks), a wide range of microalgae strain
choices with tunable biomass compositions through accumu-
lation of lipids or carbohydrates,”® and options for various
downstream aqueous conversion processes to produce renew-
able diesel blendstocks (RDB; a complete list of abbreviations
is available in the Supporting Information (SI)) as a
supplement to fuel production.”® These processes include
hydrothermal liquefaction (HTL), which converts whole wet
microalgal biomass thermochemically under high temperature
and pressure to HTL biocrude oil, which can then be further
upgraded to RDB.”” Conversely, biochemical fractionation
methods such as combined algal processing (CAP) enable
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isolation and conversion of individual biomass constituents to 49
fuels or products through separate processing steps (e.g, so
fermentation of sugars after acid hydrolysis of the whole s1
biomass, extraction and upgrading of lipids, and anaerobic s2
digestion (AD) of protein).” " Despite the potential and s3
collective research progress in both microalgal cultivation and s4
conversion, a critical barrier to the advancement of microalgal- ss
based biofuels is a lack of understanding of how cultivation s¢
approaches, design and operational decisions, and uncertainties s7
in the performance of individual unit processes propagate ss
throughout the integrated feedstock to biofuel system and so
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Figure 1. Overview of the processes modeled and their product and coproduct streams. Models of microalgal cultivation (green box), HTL
(Process A, orange boxes), CAP (Process B, dark and light blue boxes), and LEH (Process C, light blue boxes) were integrated with biochemical
composition (functional biomass and carbon storage products) as a unifying framework.

hence influence process economic viability. As the United
States and international entities intensify the pursuit of market-
ready renewable transportation fuels at the industrial scale,”""
there is a critical need for integrated modeling frameworks
which link reactor-scale cultivation models with plant-scale
downstream conversion simulations to elucidate the factors
governing system-scale optimization and prioritize research
and development goals for microalgae biofuels.'”™"*

The current approach to predictions of large-scale microalgal
feedstock production relies on assumptions of areal produc-
tivity (in terms of g-m™>d™'), which are applied to both
functional biomass (defined as high protein biomass, excluding
storage lipids and storage carbohydrates) and storage polymers
(ie., triacylglycerides (TAGs) and starch).”” To date, most
productivity estimates have relied on linear scaling of bench-
scale growth and lipid accumulation data, with recent
improvements stemming from more robust geospatial
productivity modeling* and the use of productivity targets
associated with three possible biomass compositions: high
protein, high carbohydrate, and high lipid.16 In spite of recent
developments, the persistent lack of fidelity in biochemical
composition modeling coupled with a disconnect between
research in biomass cultivation and downstream processing
technologies has precluded a mechanistic understanding of
how process-specific decisions (e.g, retention time in micro-
algal cultivation ponds) result in trade-offs among product
yields, biomass and fuel selling prices, and overall optimiza-
tions among those metrics, as appropriate, for different
conversion methods. Ultimately, the advancement of micro-
algal biofuels requires the integration of techno-economic
analyses (TEAs) with a more mechanistic understanding of
carbon storage and conversion processes to achieve increased
fidelity in modeling the microalgae-to-biofuel system.

The objective of this work was to develop a unified modeling
framework, which integrates unit process models (achieving
mass and energy balances) with TEA models for microalgae
biomass cultivation and conversion to analyze the overall
system, to quantify the relative financial viability of RDB
production through varying design decisions (e.g., conversion
pathways, microalgae species, cultivation times), and then
applying the results to inform potential research and

B

development priorities, including longer-term goals for micro-
algae feedstock cultivation, and modeling as well as specific
recommendations for whole biomass processing techniques or
fractionation approaches to leverage specific biomass compo-
nents to improve the economic viability of the overall system.
To this end, a dynamic biological cultivation model was
integrated with thermo-chemical/biological unit process
models for downstream biorefineries and bridging the gap
with biochemical composition (functional and storage
biomass) as a unifying framework. Large-scale microalgae
cultivation was modeled using the phototrophic process model
(PPM)"” to estimate cell growth and storage products as a
function of cultivation system design and microalgal species.
Produced biomass—with a given biochemical composition and
resultant modeled production cost—was “purchased” by
downstream biorefineries designed to produce RDB (diesel-
range paraffinic products excluding biodiesel from trans-
esterification processes given to the significant presence of
oxygen not otherwise present in RDBs) and coproducts
(naphtha and ethanol) using one of three candidate processes
(Figure 1): HTL, CAP, or lipid-extraction for hydrotreating
(LEH"). Product yields for each conversion process were
predicted by coupling models of thermo-chemical (e.g, a
multiphase component additivity (MCA) model for HTL")
and biological (i.e., fermentation and AD for CAP and LEH)
processes with plant-scale simulations. Minimum product
selling prices were quantified via discounted cash flow rate of
return analysis (DCF) methods.'”™' Variability in design,
cultivation, and conversion parameters were accounted for
through Monte Carlo simulations (uncertainty analysis**), and
sensitivity analyses were conducted to elucidate key cost and
fuel yield drivers and their relative impacts on the full
microalgae—biofuel system. Environmental benefits and
impacts associated with microalgae biofuel systems are
excluded given that previous life cycle assessments in the
literature provide extensive information relevant to the
discussion, but outside the scope of this study.”””> Results
were collectively interpreted to assess the influence of varying
biomass cultivations on process-scale economic indicators to
identify optimal cultivation—conversion operating regimes and
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141 to prioritize research and development goals in order to
142 advance the financial viability of microalgae—biofuels.

—

2. MATERIALS AND METHODS

143 2.1. Overview of Integrated Cultivation—Conversion
144 Systems. Integrated cultivation conversion systems consist of
145 a biomass cultivation farm paired with a candidate downstream
146 biorefinery (Figure 1). Microalgae are first grown under natural
147 light to yield targeted biochemical compositions of pure
148 cultures (green block, Figure 1). HTL (Process A, orange
149 blocks, Figure 1) converts microalgal biomass to liquid
150 biocrude oil using water under elevated temperatures and
151 pressures (subcritical water).®” The biocrude oil is then refined
152 into fuel blendstocks (naphtha and RDB, Product Al) through
153 a downstream hydrotreating step (catalytic hydrotreating using
154 heterogeneous solid catalysts in the presence of H,), the
155 aqueous HTL stream was treated via catalytic hydrothermal
156 gasification (CHG), and the gaseous stream was used to
157 supplement natural gas for on-site hydrogen production.'” For
158 CAP (Process B, dark and light blue blocks, Figure 1),
159 microalgal biomass is first pretreated with 1 wt % sulfuric acid
160 and then fermented for ethanol (Product B1), which is
161 separated from the fermented stillage. Lipids are extracted
162 from the fermented stillage and hydrotreated to fuel blend-
163 stocks (Product B2), whereupon extracted residual stillage is
164 diverted to AD.”® LEH (Process C, light blue blocks, Figure 1)
165 undergoes the same steps as in CAP except that no
166 pretreatment or fermentation is conducted, and fuel blend-
167 stocks and electricity (Products C1 and C2) are the only
168 products. Management of output streams including HTL solid,
169 AD aqueous, and AD digestate, as well as other process options
170 (e.g., fermentation of algal carbohydrates to nonfuel
171 coproducts) were outside the boundary of this study. Details
172 on cultivation modeling and each downstream process are
173 provided in the following sections.

174 2.2. Cultivation Modeling for Biomass Production.
175 Cultivation modeling was performed for three target species of
176 microalgae— Chlorella vulgaris, Scenedesmus acutus, and Nanno-
177 chloropsis granulata—using process configuration assumptions
178 from Davis et al.'® and biomass productivity and carbon
179 storage modeling using the PPM (complete details in SI
180 Section S1).'” Consistent with Davis et al,'® a conceptual
181 cultivation process employing pure cultures of microalgae was
182 modeled for biomass growth in a sequence of four reactor
183 systems with increasing volumes: closed photobioreactors
184 (PBRs; smallest volume) followed by covered ponds, open
185 fully lined ponds, and finally open unlined ponds (largest
186 volumes); this entire system of reactors and ponds is the
187 inoculation and basal biomass growth system. The inoculation
188 and basal biomass growth system was designed to produce
189 190000 ton AFDW-yr' of functional biomass (i.e., high
190 protein biomass) under nutrient replete conditions across 5000
191 acres (wetted area) of ponds with an effluent (i.e., flow leaving
192 the ponds) flow rate of 70 000 m*-h™!, which follows the TEA
193 by Davis et al. supporting 5000 acres/190 000 ton AFDW-yr ™!
194 production scales as a plausible baseline for microalgae—
195 biofuels modeling (details in SI Section S1.b).'° For the
196 production of high protein biomass (i.e., functional biomass
197 with no neutral lipids or stored starch), microalgae were
198 harvested after growth to 0.5 gL ™" (0.0S%AFDW) in the basal
199 biomass growth system and dewatered via trapezoidal settlers,
200 hollow fiber membranes, and bowl centrifuges to a final
201 concentration of 200 g'L™' (20%AFDW solids) in the final

—

—

—_

—_

—

C

product stream following assumptions detailed in Davis et al."® 202
(details in SI Section S1.b). Functional biomass carbohydrate/
lipid/protein content (in terms of % ash free dry weight, or % 204
AFDW) assumptions were normalized to the highest observed 20s
protein content from past experiments with C. vulgaris (45/17/ 206
38%AFDW), S. acutus (53/14/34%AFDW; sum is >100% due 207
to rounding), and N. granulata (16/26/59%AFDW; sum is 208
>100% due to rounding).’ Although these biochemical 209
compositions reflect cultures that had already begun to 210
transition to deplete conditions, initial storage products were 211
adequately low such that each species demonstrated significant 212
capacity for increased carbon storage under further nitrogen 213
depleted cultivation.’

For production of biomass with increased lipid and 215
carbohydrate content, biomass from the inoculation and 216
basal biomass growth system entered an open unlined pond 217
system upon nitrogen depletion from the medium; these 218
additional ponds, called carbon-accumulation ponds, were 219
designed to support carbon storage. Exposure to light under 220
nitrogen-limited conditions has been demonstrated to be a 221
reliable trigger for carbon storage in microalgae, and has been 222
widely proposed for large-scale production of biomass rich in 223
lipids and carbohydrates.'® Carbon accumulation was dynam- 224
ically modeled using the PPM, which included algal growth, 225
endogenous respiration, and the storage and mobilization of 226
carbohydrates and lipids.'” Experimental data from the 227
literature for the three modeled species, including biochemical 228
composition over time,’ were used for the calibration of 220
maximum lipid and carbohydrate storage and the initial relative 230
rates of lipid and carbohydrate storage within the PPM (details 231
in SI Section Sl.c). Initial areal productivities in carbon- 232
accumulation ponds were assumed to be the same as unlined 233
growth ponds (SI Table S2), but productivity decreased as 234
cells approached their maximum carbon storage capacity.'’
Biomass was harvested and concentrated to 200 g-L™' as 236
described above.

2.3. HTL Modeling for Fuel Production and Product 23s
Selling Prices. Plant-scale process modeling for HTL of 239
harvested biomass used the approach and process details 240
reported in a TEA published by Jones et al.'” as the reference 241
to construct a TEA model in Microsoft Excel, without 242
modifications to infrastructural design decisions (i.e., process 243
flow diagrams, unit process selection, HTL biocrude 244
upgrading, and treatment of HTL waste discharge),19 but 245
with modifications to characterize the process implications of 246
the full range of microalgal biochemical compositions 247
(complete details in SI Section S2). Fixed assumptions in 24
the reference model were replaced by the MCA model’ to 249
predict variations in HTL product yields due to biomass 250
composition (SI Table S8). All unit operations were scaled 251
based on modeled process flows. Importantly, the post-HTL 252
products were treated according to methods described in the 253
reference model (i.e., catalytic hydrotreating and CHG for the 254
biocrude and aqueous phase products, respectively'”). 2ss
Calculations based on this approach showed that mass 256
balances between nonwater process inputs (i.e., dry microalgae 257
biomass and methane) and final plant outputs were closed to 258
within 98.9—100.5% for all biomass composition data points 259
across the three modeled species. The structure of the Excel 260
model was validated against previously published results from 261
Aspen models'” and was within 0.05% of reported values for $-
gal diesel™! and $-GGE™' (GGE being gallon gasoline 263
equivalent).
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265 2.4. CAP and LEH Modeling for Fuel Production.
266 Plant-scale process modeling for CAP followed the %eneral
267 approach of HTL modeling in that a published TEA™ was
268 used as the reference model, with modifications to characterize
269 the process implications of the full range of microalgal
270 biochemical compositions, and updated to enable independent
271 assumptions related to the extraction and processing of
272 functional biomass, storage carbohydrates, and storage lipids
273 (complete details in SI Section S3). For instance, storage
274 carbohydrates were assumed to be fermentable and storage
275 lipids were assumed to have higher conversion efficiencies to
276 fuels than functional lipids. Additionally, a new model was
277 developed for the AD unit to better account for the energetic
278 content of residual biomass and nitrogen inhibition under high
279 protein scenarios (see SI Section S3.c for details). ¢
280 Calculations based on this approach showed that mass
281 balances between nonwater process inputs and final plant
282 outputs were close to within 97.1—101.5% for all composition
283 data across the three modeled species. The structure of the
284 CAP Excel model, with modifications from the reference
285 model as described herein, was validated against previously
286 published results from Aspen models* and was within 3% of
287 reported values for $-gal diesel™ and $-GGE™L. In brief, LEH
288 modeling followed the design of the CAP model, but with the
289 removal of dilute acid pretreatment and fermentation steps
200 (see SI Section S4 for details).

291 2.5. TEA for Biomass and Fuel Selling Prices. Minimum
292 biomass selling price (MBSP, in $:ton AFDW™') was
293 determined through DCF analysis following the general
294 approach of the reference model for microalgal cultiva-
205 tion.'”*" Although past work in the reference study fixed
296 the total production of biomass (across three modeled
297 compositions for each of three microalgae) at 190000 ton
208 AFDW-yr,'¢ the approach used in our study was to fix the
299 size of the inoculation and basal biomass growth system (to
300 yield an average of 190000 ton AFDW-yr™' of functional
301 biomass) and increase the carbon content of biomass (via lipid
302 and carbohydrate storage) by adding carbon-accumulation
303 pond area (subsequently increasing total biomass production
304 above 190 000 ton AFDW-yr™'). This approach of fixing the
305 size of the inoculation and basal biomass growth system was
306 designed to reduce the sensitivity of MBSP results to cost
307 scaling assumptions of the infrastructure-intensive photo-
308 bioreactors, covered ponds, and lined ponds. Seasonal
309 variations in productivity were mitigated by drying and storage
310 of a fraction of concentrated biomass (after dewatering) as
311 accounted for in all downstream processes. Complete details
312 regarding the microalgal cultivation system costing are
313 available in SI Section S1.d.

314 Minimum RDB selling price (MDSP, as $-gal RDB™') and
315 minimum fuel selling price (MFSP, as $-total GGE™') were
316 also determined with DCF. MDSP represents the potential sale
317 price of RDB, with naphtha and ethanol (if produced) sold as a
318 fuel coproduct at a fixed price. MESP represents the potential
319 sale price of all fuel products: RDB, naphtha, and ethanol (if
320 produced); each was translated to GGE based on its energy
321 content. Distinct from past work,”” neither credits nor disposal
322 costs were associated with output streams (ie., nonfuel
323 coproducts such as HTL solids or aqueous phase nutrients,
324 AD digestate cake, CO, streams for CAP) in this study. While
325 we acknowledge there is potential value in coproduct
326 streams—for example, to offset nutrient and water con-
327 sumption by recycling to upstream cultivation—it is highly

—

—

—

D

uncertain how algal kinetics would be impacted by such 328
recycles (e.g., whether inhibition would be observed””), and 329
thus nutrient recycle using coproduct streams for any 330
downstream process is outside the scope of this study. Finally, 331
the modeled HTL, CAP, and LEH plants were designed to 332
process a fixed annual average feedstock rate of 190 000 ton 333
AFDW-yr! (i.e., the lowest productivity encountered from a 334
single cultivation facility), with feedstock purchase prices set at 335
the MBSP for a given biochemical composition (an individual 336
cultivation facility could provide biomass to one or more 337
biorefineries). The economies of scale of biorefineries are 338
readily quantified,"””° and fixing their size in this study 339
avoided bias in favor of microalgae with higher concentrations 340
of storage products (which would have increased conversion 341
plant size and, thus, cost efficiencies). Prices are reported on a 342
2011 U.S. Dollars (2011US$) dollar basis for easy cross- 343
referencing with the baseline TEAs as referenced in this study. 344

2.6. Uncertainty and Sensitivity Analyses. Uncertainty 345
analysis was performed through Monte Carlo simulation with 346
Latin Hypercube Sampling (to reduce computation time)”® 347
and 1,000 trials for cultivation and each downstream process 348
(HTL, CAP, and LEH). For the cultivation of biomass, 349
uncertainty surrounding areal productivities (SI Table S2), 3s0
PPM parameters (SI Table S5), and cost parameters (SI Table 351
S6) was characterized using uniform or triangular probability 352
distributions with minimum and maximum values extending 3s3
10% below and above the baseline value, respectively. For 354
HTL, LEH, and CAP, process performance parameters (SI 3ss
Tables S13, S14, S17, and S18), product characteristics (e.g., 356
RDB heating value; SI Tables S13 and S18), and cost 357
parameters (SI Tables S15 and S$20—S22) were also 3ss
characterized using uniform and triangular distributions 3s9
based on literature data or, when data were lacking, by 360
extending 10% below and above the baseline value. The 361
sensitivity of MBSP, carbohydrate and lipid content of biomass 362
as well as MDSP and MEFSP to all uncertain inputs was 363
determined via Spearman’s rank correlation coefficients (i.e., 364
Spearman’s rho). 365

3. RESULTS AND DISCUSSION

3.1. Feedstock Production and MBSP. Biomass
productivity varied with carbon-accumulation pond retention 367
times, with the highest rates of carbon storage at the beginning 368
of the carbon-accumulation process (SI Figure S1). Accumu-
lation pond acreage varied linearly with retention time since
the influent flow rate and pond depth (0.25 m) were held 371
constant. Increases in retention time, and thus size, resulted in 372
increased storage carbohydrates and storage lipids (along with 373
slight losses in functional biomass due to endogenous
respiration, see SI Figure S1), which also increased the total 375
amount of biomass produced annually (given that total mass 376
produced per year, as ton AFDW-.yr ', was the sum of 377
functional biomass, storage carbohydrates, and storage lipids).

Pseudomechanistic modeling of carbohydrate and lipid 379
storage of the three microalgae with the PPM'’ revealed 3s0
species-specific intrinsic kinetic and stoichiometric parameters
(SI Tables S3—S5) that defined each alga’s trajectory of 3s2
biochemical compositions (SI Figure S1). After cell growth 3s3
and nitrogen depletion in the inoculation and basal biomass 384
growth system, storage product accumulation in the carbon- 385
accumulation ponds was governed by three factors: (i) the 3s6
physiological tendency of a species to store one product before 387
the other (e.g., carbohydrates followed by lipids) or both in 3ss
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389 parallel; (ii) maximum specific rates of storage products
390 (where “specific” rates are normalized to functional biomass
391 concentration); and (iii) maximum specific storage capacity for
392 each storage product. Sequential storage of carbohydrates
393 followed by lipids was observed for all three species (e.g,
394 Figure 2A for C. vulgaris), resulting in maximum carbohydrate
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Figure 2. Average annual (A) production rates and (B) MBSP (prices
in 2011US$) for C. vulgaris as a function of retention time of the
carbon-accumulation ponds. Biomass is under nitrogen-deplete
conditions, leading to a slow net loss (via endogenous respiration)
of functional biomass (functional proteins, lipids, and carbohydrates)
and accumulation of storage carbohydrates and storage lipids.
Uncertainty analysis results are shown as Sth and 95th percentiles
(dashed lines). Results for S. acutus and N. granulata and method
details are provided in the SIL

395 content (as %AFDW) for retention times between 3.1 and 3.3
396 days (SI Figure S1). Lipid content reached 95% of their
397 maximum for HRTs between 9.3—11.4 days, with storage rates
398 diminishing as the maximum specific storage capacity was
399 approached (SI Figure S1). Beyond these limited biomass
400 composition scenarios, unique, continuous pathways of
401 potential compositions were generated for each microalga
402 (SI Figure S2) to develop a deeper understanding of the
403 systems-scale implications of cultivation design decisions.

404 Increasing retention times results in a trade-off between (i)
405 increasing the storage of lipids and carbohydrates and (ii)
406 decreasing annual average areal productivity and increasing
407 capital and operating costs from larger carbon-accumulation
408 ponds (SI Figure S1). The rates of carbohydrate and lipid
409 storage are the highest when cells have no existing storage
410 products, and rates of storage gradually decrease as the
411 maximum storage capacity is approached (Figure 2A)."” Thus,
412 decreasing areal productivity (in units of g-m >d™") stems
413 from both storage product accumulation and endogenous
414 res.piration,17 which leads to diminishing gains in biomass
415 production with increasing retention times. Altogether, these
416 factors are reflected in the MBSP which, in the case of C.
417 vulgaris, reaches a minimum value with a retention time of §
#18 days (Figure 2B). After this point, the reduced kinetics of
419 carbon storage (evident from the changes in gradients of
420 storage product curves shown in Figure 2A) leads to additional
421 production costs outweighing increased total biomass (func-
422 tional biomass + storage lipids + storage carbohydrates)
423 production. MBSP results for S. acutus and N. granulata
424 reinforce this observation, although the species-specific
425 accumulation rates determine different lowest MBSP points
426 at different retention times (SI Figure S1). MBSP results
#27 (Figure 2B and SI Figure SID—F) agree with previous analysis

O

—_

—

conducted by Davis et al,'® with the MBSPs of three 428
compositions for each of the three species from the reference 429
model (491-585 $:ton AFDW ™' for the same three species, 430
which did not evaluate kinetic trade-offs against the composi- 431
tional profiles) falling within the broader range of composi- 432
tions and MBSP wvalues in this study (439—707 $-ton 433
AFDW™). Individual MBSP values were also similar, with 434
the high carbohydrate scenario for S. acutus (31%AFDW lipids, 435
14%AFDW proteins, SSYAFDW carbohydrates) estimated at 436
491 $-ton AFDW ™" in Davis et al. and at 532 $:ton AFDW ™" in 437
this study. MBSP trajectories could therefore provide a more 438
dynamic range of “at the gate” cultivation results to 439
supplement future integrated process modeling studies.”'” 440
To understand the full implications of cultivation decisions, 441
however, cultivation modeling must be linked to downstream 442
conversion processing in TEAs that similarly account for 443
differences in biochemical composition. 444
3.2. Linking Cultivation to Downstream Processing a4s
via Biochemical Composition. By including independent 446
(i.e., distinct) state variables for functional biomass, storage 447
lipids, and storage carbohydrates, cultivation modeling can 448
yield bulk biochemical composition over retention time 449
(Figure 3A). Leveraging recent mechanistic studies that have 4503
characterized the implications of biochemical composition on 4s1
downstream aqueous conversion processes (CAP, HTL, and 432
LEH), performance of these conversion processes could be 453
modeled across the compositional trajectories and MBSPs of 4s4
each microalga to determine resulting product yields and final 4ss
fuel prices."”*® Results illustrate that RDB yield, total GGE 4s6
yield, MDSP, and MESP results all vary with biochemical 4s7
composition (Figure 3B—E for C. vulgaris; all other results are 4ss
shown in SI Figures S3 and S4). In the case of HTL, the whole 459
biomass is processed to yield biocrude oil along with solid, 460
liquid, and gaseous waste streams that are highly dependent on 461
lipid, carbohydrate, and protein content of the feedstock.”” 46
Specifically, based on the MCA model previously developed by 463
Li et al,” the highest yields of biocrude oil are 85% and 45% 464
from lipid and protein components, respectively, whereas 46s
carbohydrates are only expected to achieve biocrude oil yields 466
of 20% (SI Table S8).” Between the two lipid-extraction 467
pathways, CAP surpasses LEH on all aspects of process 468
performance via an additional ethanol coproduct stream 469
derived from the fermentation of biomass sugars,g’20 which 470
supports the CAP fractionation approaches aiming to max- 471
imize valorization/utilization of microalgae biomass compo- 472
nents beyond only lipids.3’12 Based on these results, all further 473
discussion is focused on HTL and CAP. 474
For both HTL and CAP—two conversion pathways with 475
fundamentally different mechanisms for production of fuel 476
products—results presented here support biomass composi- 477
tion as a key determinant of integrated process performance 478
regardless of choice of downstream biorefinery and microalgal 479
species, albeit at differing magnitudes for both processes as 4s0
further discussed in Section 3.3. Consistent with past reports 481
that have explored the impact of a subset of biochemical 4s2
compositions on conversion performance and fuels and 4s3
bioproduct yields,””'****° these results further reinforce the 4s4
notion that biomass composition will be a major factor in the 4ss
final selling price of biofuels from any method of microalgal 486
biomass conversion (aqueous or otherwise) and should be a 4s7
foundation upon which process analysis is conducted 4s3
(experimental or modeling). 489
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Figure 3. Average annual (A) biomass composition (beginning as
only functional components at time 0), (B) RDB yield, (C) total
GGE yield, (D) MDSP, and (E) MESP for C. vulgaris as a function of
retention time of the carbon-accumulation ponds. HTL, CAP, and
LEH biorefineries were sized to process an average of 190 000 ton
AFDW-yr™' of biomass. CAP and LEH exhibited identical RDB
yields. Uncertainty analysis results for HTL and CAP are shown as
Sth and 95th percentiles (dashed lines); uncertainty for LEH was not
performed. Results corresponding to the lowest predicted MBSP of C.
vulgaris (439 $-ton AFDW™') are indicated with the dotted line and
labeled in (D) and (E). Lowest predicted MDSP and MFSP results
are labeled (orange and with * for HTL; blue and with for CAP; not
indicated for LEH), with the corresponding MBSP shown next to it in
parentheses. All prices are in 2011US$. Results for S. acutus and N.

granulata and method details are provided in SI Section SS.

490 3.3. Integrated Modeling for System Optimization.
491 Independent optimization of cultivation (e.g, minimizing
492 MBSP) and downstream processing (e.g., minimizing MFSP
493 for a feedstock with a specific biochemical composition) is a
494 barrier to the advancement of the microalgae-to-biofuel system
495 as a whole. This fact is illustrated by the lack of alignment
496 between biochemical compositions with the lowest MBSPs and
497 biochemical compositions that yield the lowest MDSPs and
498 MFSPs (Figure 3). Optimal MDSPs and MFSPs for each
499 process and microalgae species were instead found at
s00 compositions with lipid accumulation beyond those with the
so1 lowest MBSP (Figure 3B—E for C. vulgaris, SI Figures S3 and
s02 S4 for S. acutus and N. granulata, respectively). MBSP still
503 remains the dominant contributor to fuel selling prices (52.4—
504 87.8% of MDSP across both CAP and HTL of all compositions
s0s and species analyzed; SI Figure SS), which is in agreement with
506 previous studies (74% of MDSP for HTL;'” 70% of MESP for
s07 CAP?"). However, results suggest that designing cultivation
s08 systems to supply biomass at the lowest MBSPs (e.g, as a
s09 primary cost reduction measure) is unlikely to optimize fuel
sio prices for current conversion technologies given the resultant

F

compositions were suboptimal for both CAP and HTL; the s11
development of conversion processes capable of improved si2
protein valorization may reduce this tension between MBSP 513
and MDSP/MESP. Overall, the trends in optimal fuel prices s14
are relatively consistent across processing technologies and s1s
microalgae (Figure 3D—E), with minimum MDSPs and si6
MESPs with storage polymers at 86—99% and 82—89% of 517
species’ carbohydrate and lipid storage capacity, respectively sis
(Figure 3, SI Figure S1). 519

In addition to optimal biochemical compositions for each s20
microalga in each conversion process, another key finding is s21
that each conversion pathway (HTL vs CAP) has feedstock s22
compositional spaces in which it outperforms the alternative s23
process based on key metrics (RDB yield, total GGE yield, s
MDSP, and MFSP; Figure 4). Specifically, HTL outperforms s2s &

HTL Favorable @M CAP Favorable
(A) RDB Yield
0

(B) Total GGE Yield
0

hl (2.6%) 0 0
7/ 7 7 7 4 7 7 7
0 25 50 75 100 0 25 50 75 100
Lipids [%AFDW] Lipids [%AFDW]

>0
100

7 0 4 7 7
100 0 25 50 75
Lipids [%AFDW]

4 7 7 7
0 256 50 75
Lipids [%AFDW]
Figure 4. Comparisons between integrated process modeling of HTL
and CAP for (A) RDB yield, (B) total GGE yield, (C) MDSP, and
(D) MFSP. Compositional regions favoring one conversion process
over the other are highlighted in orange (HTL favorable) or blue
(CAP favorable), within 10—80%AFDW of each component as a
rough range of compositions that may ultimately be achievable
through cultivation. The coordinates (%AFDW lipid, carbohydrate,
protein) of all points on ternary plots sum up to 100%AFDW exactly.
Compositional trajectories for each of the three microalgae included
in this study—C. vulgaris (Chl.), S. acutus (Sce.; differentiated with
red lines), and N. granulata (Nan.)—are labeled in (A) and shown in
(A—D). Numerical results for MDSP and MFSP, along with
uncertainty analysis results, are available in SI Figures S2—S5).

CAP for higher protein biomass, largely due to the conversion s26
of proteinaceous biomass into biocrude fuel-intermediates by s27
HTL (>40% of proteins are converted to biocrude;” SI Table s2s
S3); this additional yield, however, is accompanied by s
increased biocrude nitrogen content®” which may create s30
challenges for hydrotreating for fuel production (e.g., increased s31
nitrogen content in HTL RDB which may require additional s32
hydro-denitrogenation steps®®). In CAP, the protein fraction is 533
managed as residual biomass and valorized via AD, which s34
achieves markedly lower levels of energy production (by way of s3s
biogas) per gram of proteinaceous material.”>** Conversely, s36
CAP outperforms HTL for biomass with higher concentrations 537
of storage polymer due to the mechanisms of fuel production s38
in CAP including (i) a less energy intensive pathway for the s39
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s40 conversion of lipids to RDB and naphtha through solvent
s41 extraction followed by catalytic hydrotreating (as compared to
s42 subcritical water reformation followed by catalytic hydro-
s43 treating in HTL'?); and (ii) targeted valorization of
s44 carbohydrates through an ethanol fermentation pathway (as
545 compared to lower biocrude yield from carbohydrates through
s46 HTL; around 17% of carbohydrates converted to biocrude; SI
s47 Table S37). Furthermore, the biochemical fractionation
s48 approach pursued by CAP also allows for the production of
549 valuable coproducts beyond fuels from each of the product
550 streams.

ss1 In addition to biochemical compositions in which one
ss2 conversion technology out-performs another (CAP favorable
553 vs HTL favorable sections of Figure 4), it is also important to
ss4 consider the magnitude of those differences. For instance, in
sss areas where HTL is more favorable than CAP (i.e., higher
ss6 protein compositions), the percentage difference between the
557 two technologies (for MDSP and MESP) is much larger than
sss in areas where CAP is more favorable than HTL (Figure
ss9 3D,E). This observation is, in part, driven by the more rapid
s6é0 changes in biochemical composition in the first few days of
s61 carbon accumulation, as opposed to slower changes in
s62 composition after longer periods of carbon accumulation
s63 (Figures 2A and 3A). HTL can be considered as a viable
se4 alternative to CAP, with the minimum MFSP for CAP and
s6s HTL, respectively, at 5.42 and 6.19 $:total GGE™' for C.
s66 vulgaris, 6.09 and 6.93 $-total GGE™" for S. acutus, and 4.68
567 and 4.67 $-total GGE™ for N. granulata (results for minimum
s68 MDSP follow the same trends; SI Figures S3 and S4). Beyond
s69 TEA results, it is important to note that other factors not
570 mechanistically modeled in this analysis may also play a role in
s71 system design. For instance, stochastic or qualitative factors
572 should also be considered, including culture stability (e.g,,
573 resistance to crashes) in the accumulation ponds at longer
574 retention times’' and challenges in scaling up either down-
575 stream process.” On-going and future research may circumvent
s76 these challenges (e.g.,, metabolic engineering of microalgae to
577 achieve target compositions without the need for long-term
578 nutrient starvation),”” the value of which can only be
579 quantified through integrated modeling platforms linking
580 cultivation and downstream processing (as developed in this
ss1 study). Altogether, these results demonstrate that neither
ss2 downstream conversion process is inherently more favorable
583 than the other, and that both are likely to be viable within
ss4 biomass compositional regions more suited to the principal
sss mechanisms of the conversion technology and whether or not
ss6 coproducts may be included in the overall process integration
ss7 (Figure 4).

sss  3.4. Prioritization of Research and Development
sso Pathways. The analysis presented here has demonstrated an
s90 overarching modeling approach aiming to more rigorously
so1 track variations in microalgae species, biomass compositions,
s92 cultivation kinetics, and conversion pathways to improve the
593 technical robustness of microalgal biofuel system models in
s94 order to highlight paths to improve the economic viability of
s9s these processes. As we seek to further advance such systems,
s96 the relative importance of individual factors can be
s97 characterized via sensitivity analysis. Final projections of
s98 MESP and MDSP are sensitive to both cultivation and
599 downstream processing parameters that influence biochemical
600 composition and the conversion efficiencies of storage
601 products to biofuels, even more so than static process farm/
602 plant design decisions not directly connected to biomass
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compositions (SI Figures S6 and S7). For cultivation, the 603
relative importance of individual growth and carbon storage 604
parameters (kinetic, which relates to areal productivity, and éos
stoichiometric) varied as a function of retention times (SI 606
Figure S6). In particular, maximum specific storage rates (i.e., 607
kinetics) were of greater importance at short retention times 608
and maximum specific storage capacities (i.e., stoichiometric) 609
were of greater importance at longer retention times (S1 Figure 610
S6, right column). Future work targeting increased areal 611
productivities in scalable cultivation systems should include 612
monitoring of biochemical composition over 24 h cycles to 613
reduce the uncertainty around growth and carbon storage 614
kinetics: a necessary step in improving the accuracy of MBSP 615
projections, as well as adjust N and P loading to match the 616
specific needs of the individual cultivated species (N and P 617
were 2.3—3.6% and 0.89—1.4% of MBSP, respectively). 618

For conversion processes, MFSP and MDSP for HTL are 619
particularly sensitive to biocrude yields from carbohydrates 620
(5th—95th percentiles of Spearman’s rho values of —0.77 to 621
—0.14 for MFSP and —0.77 to —0.13 for MDSP) and lipids 622
(5th—95th percentiles, —0.78 to —0.23 and —0.79 to —0.24 for 623
MFSP and MDSP, respectively; SI Figure S7). Sensitivity of 624
HTL yields to lipid content can be expected due to the 625
(approximately) linear response of biocrude yields with 626
increasing lipid content as found in previous work.® Sensitivity 627
to carbohydrate content, however, is likely the result of the 628
rapid rate of carbohydrate storage, which helped drive down 629
MBSP and, in the case of CAP, increased ethanol yields. Given 630
the limited energetic benefit of carbohydrates to HTL 631
products,”” alternative pretreatment or prefractionation 632
methods should be explored to better valorize the carbohy-
drates prior to HTL conversion (e.g, hybrid CAP-HTL 634
processes) to take better advantage of this early lipid and 635
carbohydrate storage. The MFSP from CAP was most sensitive
to fermentable carbohydrates hydrolysis efficiency (Sth—95th 637
percentiles of Spearman’s rho values of —0.63 to —0.10; SI 638
Figure S7). For carbohydrate hydrolysis, higher yields may be
achieved by exploring alternative acids and other potential 640
catalysts, as well as alternative conditions (acid loading,
temperature, retention times). A previously unreported design 642
parameter to which CAP MFSP and MDSP were sensitive was 643
the C:N design ratio for AD (S5th—9Sth percentiles of 644
Spearman’s rho values of 0.10—0.51 for MFSP and 0.11 to 64s
0.51 for MDSP). Maintaining consistent digester feedstock and 646
loading could help the microbial community acclimate to the 647
waste stream and maintain stable digester performance at the 648
lower C:N limit. MDSP of CAP was also sensitive to RDB 649
density and neutral lipid extraction efficiency. The former was
expected given RDB liquid density would influence the
volumetric production of RDB after conversion from mass
unit inputs of biomass, but this finding also supports the need 653
for further efforts to better characterize CAP RDB physical 654
properties.

This work has demonstrated the potential viability of HTL ss6
and CAP conversion processes or, more broadly, both whole
biomass processing and fractionation pathways for microalgal 6ss
biomass conversion to biofuels. This finding supports
continued investment in research and development of such 660
multiple competitive conversion pathways to reduce long-term 661
risk and provide industry with a portfolio of technological es2
solutions that can be tailored to locality- and market-specific 663
scenarios. Specific recommendations for whole biomass
processing techniques (e.g., HTL) include a need to reduce

DOI: 10.1021/acs.est.80b03663

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-revieW&ad® %’c@%ﬁ?‘té@‘ﬁé’hﬁ‘é@%t.
The published version of the article is available from the relevant publisher.


http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03663/suppl_file/es8b03663_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b03663
http:0.10�0.51

Environmental Science & Technology

666 uncertainty surrounding conversion parameters of individual
667 compounds (e.g., stored carbohydrates), which can be
668 achieved by expanding the library of compositions and
669 microalgae species used for model calibration and validation
670 while also developing predictions for biocrude oil and
671 hydrotreated RDB product quality. Future work transitioning
672 away from smaller-scale experimental samples toward pilot-
673 scale or continuous-flow demonstrations would also provide
674 higher fidelity prediction models for integrated system design,
675 as well as expanding the scope of study to better understand
676 the influence of nutrient recycle using coproduct streams on
677 overall process economics. For biomass with higher concen-
678 trations of storage products, fractionation approaches (i.e.,
679 CAP) could potentially provide a platform for more
680 economical biofuels through a portfolio of valuable products
681 from the separated fractions as reported in emerging literature,
682 such as fermentation of sugars to produce succinic acid instead
683 of ethanol, isolating algal sterols (e.g, for conversion to
684 surfactants), or upgrading of a portion of lipids to polyur-
685 ethanes.'””” Moving toward higher-value coproducts beyond
686 fuels could expand the range of biochemical compositions
687 within which the CAP pathway achieves the lowest fuel selling
688 prices, and may be a critical consideration in the pursuit of fuel
689 costs on the order of 3 $-total GGE™ or lower (which neither
690 conversion scenario demonstrated here when focused ex-
691 clusively on fuels and lower-value CHP coproducts). Another
692 key opportunity for fractionation-type processes would be the
693 development of improved methods for the valorization of the
694 protein fraction of biomass—one possible approach for this
695 would be the integration of HTL-type thermochemical side-
696 stream processes for conversion of the proteinaceous fraction
697 to biocrude oil, thereby replacing AD as the primary treatment
698 for protein residuals.

699 Ultimately, cultivating biomass compositions to achieve the
700 lowest MBSP or to maximize lipid content has been shown
701 through this analysis to lead to suboptimal fuel production
702 costs, demonstrating the clear need to leverage integrated
703 modeling platforms to advance microalgae biofuel systems as a
704 whole. Through a combination of rigorous experimentation
70s and integrated process modeling, multiple microalgal con-
706 version platforms may continue to be advanced and contribute
707 to a portfolio of economically viable biofuels.
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