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Background and topicalities

(CH, 1 30-50% CO,)

Restriction on nutrient that can
be returned to land according to:

Biogas plant

 EC Nitrates Directive
(91/676/EEC)

 Nitrate Vulnerable Zone (NVZ) Feedstock'

98% CO,

oy + A
 Nitrates and Phosphates land { ' }
overloads are now restricted Potential lack,
land competion




Why microalgae in this context?

Overall environmental benefit to
(e.g. biogas
digestate)

Beneficial interface for treatment of exhaust gases and
flue gas emissions from biogas plant due to:

Opportunity for a flexible and

(i.e. value added products and biofuels)

compared to the terrestrial
biomass (5-10 times faster )

[]—

-

Microalgae
biomass

<

Extraction of
biostimulants
(carbohydrates,
peptides...)

Formulation of
biofertilizers based on
Liquid or dried
microalgae biomass

Formulation based on “-

\_ microalagae with chemical
fertilizer and/or others
products
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[

Agricultural ]
practices

»  Soil fertility
* Plant growth hormones
* Inhibition of plant

pathogens in soil

Source: Doha Elalami e al., 2021 Anaerobic digestion and agronomic applications of
microalgae for its sustainable valorization.
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Close-loop with digestate and microalgae VASS!

 Liquid digestate as culture
medium

* CO, recirculatation

* Microalgae digestate as
fertilizer

Solid fraction
(fertilizer)

Digester

Seperation/
Filtration

1 Heat I
I - S
Biogas e
—— 0 W W Em - l_ 1

Exhaust
gases (CO,)

>
— Microalage

cultivation

Harvested biomass

_+ ¢
v
-
Chemical )4
e 6
Added value
.> product
(cosmetics/p
....... harma)
(====% Alternatives)
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State-of-art of microalgae growing technology® iass

OPEN PONDS

FACTORS OPEN PONDS PHOTOBIOREACTORS
Evaporat|on loss ngh
Malntenance Easy leflcult cascade conventional
Risk of contamination High Low PHOTOBIOREACTORS (CLOSED
Biomass quallty Variable Reproduuble (constant) SYSTEM)
Oeratlon Cost Batch / Continuous :
Effect of light intensity Depending on depth More homogenous

1 tubolar flat panel

OPPORTUNITY FOR A “HYBRID” OPTIMIZED SYSTEM



Modular staked open ponds for microalgae growing
coupled with biogas plant (SMORP)

Solution for the digestate and
nutrient recicurlation

Possibility to recover up to
25% CO,

Implementation  of  hybrid
solution between open and
close system

Reduced area respect
conventional open

Higher biomass per unit of
growing media (effect from
transparent material and LED
lightning system)

|

Ligquid
fraction of
digestate

co,

SMORP — Stacked Modular Open type Raceway Pond

Nutrients

Heating
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Cooling ;

Biogas plant

/ Precultivation

< / pond

Biomass

Sedimentation
system
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Single pond dimensions: Type of material:
oL=3m; W=1m; H=0.5m o Acrylic

Type of microalgae: Installation: o A=3.6m 2

o Chlorella sorokiniana o in a real Latvian biogas
(implemented in the test) olant (Agrolecava) .
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Research problem VASS|

Optimum design ???

« Size (volume, area)

« Type of microalgae
strain

Best microalgae species
?2?77?

Nutrient source (i.e. centrate) DS Algal biomass

Liters per batch/day? Productivity [kg/d] ??7?

CO, (i.e. flue gases) > I ' Treated Water

Kg per hour?

Optimum operating conditions
27?727 8




Research method: tools and approaches
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VASSI
Growth
empirical - Excel and System Dynamics models
modelling W
@ gl 0 Y T
a RN
K \ « Type of microalgae strain (Chlorella vulgaris, Chlorella © . 2 ‘

sorokiniana, Chlamydomonas reinhardtii) Chlorella vulgaris > TS
Labgratory * Growing parameters - i.e. light intensity and types (blue/red ': ¢
tests vs full spectrum), temperature 2 -'5'_;-’ e

¥

Optimization of
SMORP pilot

. 4

Sustainability
assessment

Nutrient (i.e. effect of the use of digestate and dilution)
CO, effects on growing
Biomethane Potential test

/

Pilot test and validation of the empirical model

~

Life Cycle Sustainability Assessment including E-LCA, LCC
and S-LCA

Chlorella sorokiniana

Chlamydomonas reinhardtii

©




Microalgae growth kinetics VASS|

Monod-Haldane (effects of substrate W - specific growth rate, d* or hr

change intensity on growth rate) )  Hmax - MaXIMum specific growth rate, d*or hrt
S S — concentration of the substrate, g/l

U= Ungy —— ks — half saturation constant, g/l

Steele (effects of light intensity on |  light intensity, ymol m-2 s
h —>
growth rate) ; ; |, — Optimal light intensity, pmol m2 s-1
(1 ] )
U= Wnax I_ e opt
opt

Beer-Lambert (change of light intensity ) _— . . -
with depth) |, - local light intensity received by algal cells at z depth, pmol m~# s

[ =] e—ka-Bt-Z Z- C_'epth’ m _
z — 10 |:> l, - light intensity at the external surface of the pond, ymol m2 s1
k, - biomass light absorption (extinction) coefficient, m? kg

Biomass concentration over time:

B, — Biom ncentration at t=0, kg m=3
B, = B, - e"4t m=) Bo— Biomass concentration at t=0, kg

B, — Biomass concentration at t=t, kg m-=3, kg m-3
10
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System Dynamics tool VASS|

O Growth empirical modelling — use of complex system modelling, i.e. System Dynamics

Solar irradiation

Depth of the pom .

Light intensity
reached by Algae cells |

Temperature

Nutrient yieﬁ’\

C Nutrient consumption rate

+

Substrate Concentration
in the reactor

carbon yield Microalgae dying due to aging

Dissolved carbon concentration

/

Carbon consumption rate

Gas flow rate

Atmospheric pressure Bubble size Carbon dioxide
concentration in the flu gas
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Laboratory tests: Temperature (C. vulgaris) Uass

C. vulgaris growth at various temperatures

Biomass yield (DW) vs cultivation temperature 1.6E+07 .
0.250
1.4E+07
°
P ° & 1.2E407
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0.200 .
®. ol
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= 6.0E+06
>
Z 0.100 T
4.0E+06
0.050
2.0E+06
0.000 0.0E+00
0 5 10 15 20 25 30 35 1 2 3 4 5 6 7 8 9 10
Cultivation temperature, °C Time, days
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Laboratory tests: Light (intensity, spectrum | @ g
blue/red)

. . . . 2 -1 .
Full spectrum at different light intensity 50, 100, 200 umol m? s Full spectrum vs Red/blue LED lights
1.13 2.5
1.2 1.05 1.06 103
1 0.82 0.87 0.91 0.85 0.85 0.88 2
< 08 0.75 0.75 |
:3 z —e—Cv Blue/Red
(7] 0.6 2 1.5
e é —e—Cs Blue/Red
o °
o 04 8 . Cr Blue/Red
0.2 S Cv Full
0 0.5 —e—Cs Full
*\"’ “o “o “o (\’b 2 2 2 8\,\ \\» ‘é\ g\’\’
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RN RN A Y ST T I AR N 0
. . B PN & & ¢ *é,\ & ,‘é,\ 1 2 3 4 5 6 7 8 9 10
C (f’ (,f, (,‘, & (& ®

Time, days
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Laboratory tests: use of digestate (2020-21) @ hss

MATERIAL and METHODS

=

Type of microalgae: Chlorella vulgaris 211-11j c
2. BG-11 growth medium in Erlenmeyer flasks with baffles and 0.2 ym PTFE
membrane screw caps

3. Room temperature in low light conditions on rotary shaker at 150 rpm
4. Various dilution digestate at 28 °C and 5600 lux LED illumination under photoperiod = it
of 16:8 h (ligh:dark) Row undiluted centrate with
5. Cultivation in batch conditions for 10 days characteristic dark colour
6. Daily growth rate was assessed by optical density (OD) measurements with UV/VIS
spectrophotometer at 750 nm
7. biomass yield was determined of all cultures based on dry weight
8. Nutrient removal assessment: measurement before and after hte batch test
9. Initial values of OD and pH were measured

10. Digestate was autoclaved and centrifuged (part also filtered using 1.6 um filters).
11. Testing of 1, 3 and 5% digestate - dilution with distilled water

Microalgae cultivated in various digestate
dilution rate compared with the control
(on the left). 14
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Laboratory tests: use of digestate (2020) VASS|

Chlorella vulgaris 211-11j

 Parameter  lumit | ic_ | ICF o “
Suspended solids g/L 2.45 1.70 densit
Chemical oxygen demand (COD) Hul-#i" 23210 9580 61 8.08/10
1%C 0.051 9.23

Total nitrogen mg/L 11770 6780

e ) 219 . 3%C 0.214 9.44
Total phosphorus me/ 1%CF 0.031 9.05
Nitrate nitrogen NO,-N mg/L <0.07 <0.07 3%CF 0.049 9.99
Ammonia nitrogen NH,-N mg/L 3080 2460 5%CF 0.083 9.35
Turbidity mg/L NA 7840 0.001 7.85
Initial composition of anaerobic Initial optical density and pH of various
digestion centrate. dilutions of centrate.
1C — centrifuged BG-11 — control growth medium,
1CF — centrifuged and filtered C — centrifuged,
NA — data not available. CF — filtered digestate.

15
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Laboratory tests: use of digestate (2020)

O Microalgae growth in various 0-600
concentration centrate 0.500
Z 0.400
g 0.300
°
8 0.200
8
0.000 —
0100 2 3 4 5 6 7 8 9 10
Days
O Nutrient removal of digestate with 1%C ——3%C ——1%CF ——3%CF ——5%CF ——BG-11

microalgae treatment.

treatment rate [% treatment rate [% treatment %
17 N NA 51 N NA 85 N NA

Suspended solids

COD 95.8 109 -13.8 287.4 292 -1.6 479 411 14.2
Total N 67.8 20.4 69.9 203.4 50.8 75.0 339 99.4 70.7
Total P 1.57 0.212 86.5 4.71 1.46 69.0 7.85 4.26 45.7
N 12.7 NA N 12.6 NA N 11.8 NA

24.6 7.6 69.1 73.8 30 59.3 123 86 30.1 16

N — not performed, NA — not applicable
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Laboratory tests: use of CO, VASS

Chlorella vulgaris 211-11j, Chlorella sorokiniana and Chlamydomonas reinhardtii

5% CO, supply
7.0
6.0
=
5 5.0
c
240
® 3.0
— /
2.0 /
o
1.0
0.0
0 1 2 3 4 5 6 7 8
Days
—e—C.vulgaris =e=C.sorokiniana =e=C.reinhardtii

Growth of C. vulgaris, C. sorokiniana and C.

reinhardtii in 5% CO,

Optical density

10% CO, supply

oo
o O

B
o

o = MW
o o o o

o 1 2 3 4 5 6 7 8 9

. _Days . )
—e—C.vulgaris —e=C.sorokiniana =e=C.reinhardtii

Growth of C. vulgaris, C. sorokiniana and C.
reinhardtii in 10% CO,

17
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Laboratory tests: use of CO, VASS|

Chlorella vulgaris 211-11j, Chlorella sorokiniana and Chlamydomonas reinhardtii

4.0 4.0
3.5
3.5 I
3.0
—
3.0 ® 2.5
= \
b 2 2.0 {
=25 g Lc
: 3
— 2.0 1.0 =
A
© 0.5
€15
9 0.0
an} o o o K%) © = K% © =
1.0 = - © & O T & O
2 © 3 32 £ ¢© 5 E &
T & D > 3§ = > § <
0.5 g 2 s G 5 ® G 5 e
0.0 G 5§ T G © G ©
C. vulgaris C. sorokiniana C. reinhardtii o -
Without CO2 With 5% CO2 With 10% CO2
Total biomass produced on the day 8 of C. Comparison of microalgae biomass yield at
vulgaris, C. sorokiniana and C. reinhardtii different CO, sparging rates.

cultivated in 5% CO, mix.
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Laboratory tests: BMP

0 100 ml media bottles with a working volume of 60 ml

U Batch tests in triplicates with a TS ratio of A/l 1:3 for each
type of microalgae used (i.e. Chlorella Vulgaris, Chlorella
Sorokiniana and Chlamydomonas Reinhardtii)

L Mesophilic temperature (37°C) in a ECOCell © incubator
and lasted for 30 days

U Growing microalage in a photobioreactor providing them a
source of CO, from a airflow into the photobioreactor (EDF
B1O-4 bioprocess controller © )

U The nominal size of the photobioreactor: 5 L.

Movable plunger —»

Syringe ——»

Silicone stopper ;]%[\

Glass batch bottle —~

L

BMP laboratory stand

RTU

VASSI

Methane

3 M NaOH

. Headspace |
produced biogas

- Buffer NaHCOs

<— Water .
- Biomass

<— Inoculum

EDF- BIO-4 bioprocg

Motor

/
T

Vessel

Reactor

legs e

ss controller © Control unit

ondenser

Touch screen
display

Pumps

1.

Rotameters

[]

Manometers

o (11 [O]
3 C) OPJ_ Flow
; I regulators

000

o
3




Cumulative ml CH4/gvs

g

W
38

250

150

100

50

0

Laboratory tests: BMP

Cumulative BMP

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Days

=K —8=CV —0—-C5 -8R

Comparison of results from this study
experimental results and literature.

Methane yield,
[mI CH,/gys]

Algae species

Chlorella Vulgaris 226.26

Chlorella Sorokiniana 336.85

Chlamydomonas
527.43
Reinhardtii

Methane yield, literature
[ml CH,/gys]

337 (Zhao, et al., 2014)
228 (Perazzoli, et al., 2013)
229 (Park, et al., 2013)

275 (Mohamed, et al., 2019)

387 (Mussgnug, et al., 2010)

20
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Laboratory tests: BMP VASS|

Q Theoretical BMP results according to Buswell formula . Methane yield
Algae species I /
ml CH,/g

:_2 L. 2242
C,H,O0p +|n— 1732 H,0 - > + 32 CH, + 573 + 7 CO, KSLIGEIERTIECIE 628.23
66295

Chlamydomonas Reinhardtii 659.81

0 Regression analysis with Gompertz equation Chlamydomonas Reinhardtii

]
S50
525

——Trial resuls

475
450

R e
M(t)=P-exp {—exp [% A—-t)+ 1]} o

ATR
AR

175

Cumulative ml CH4/gVS
]

1] 1 2 I 4 5 & 7 &8 &% 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 B 19 M 31

Days
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LCA StUdy VASSI

MAIN ASSUMPTION P
ﬁﬂ—
0 Comparison of 2 scenarios W

o Real biogas plant scaled-
down of 6 times (scenario 1)

o SMORP scaled-up system

O I1SO Standards 14040-44

22



LCA study VASS

Goal and scope cona o
. . N, P05
O Comparison of 2 scenarios — 1
o Real biogas plant scaled- Digestate i
down of 6 times - scenario 1 . t
o SMORP scaled-up system - ?-uf:)strate's Com silage
inflow Herbal silage »
Cereal silage N fr";'a"'hili"’“ Anaerobic ||, Microalgae
O Functional unit; 5.000 tons of e digestion 2 cultivation
digestate produced by the Bovine slurry .
blggas pla%t y \Waste from agro-industrial processes 4 & 4
Q Chlorella vulgaris piogrs ] (——
O IMPACT 2002+ -
O SIMAPRO software o e
0 ECOINVENT database 3.5 —— —
N Thermal Public Latvian
=

23



LCA study

Life Cycle inventory

RTU

VASSI

O Scenario 1
o Biogas plant operator
o Literature

Biogas yearly produced: 1.320.760 m3

Digestate yearly produced: 5.000 tons (liquid + solid)
Internal heat consumption: around 11%

Internal electricity consumption: around 9%
Electricity into the grid: 2.342.336 kWh/year (avoided)
Heat into the grid: 1.208.717 kWh/year (avoided)
Waste heat: 751.488 kWh/year

All digestate used as fertilizer

o Biogas plant operator
o Literature

o Technical calculation from
SMORP

46 SMORP modules (i.e. 230 ponds)
Shape: 5 stocked ponds

o length 11,0m

o width 1,0 m
SMORP ponds area: 2 468 m?
Land use: 1 487 m?2 of (i.e. 0,15 ha)
SMORP volume: 991 m3
Electricity consumption: 9.5% + 9% (sceneario 1 + SMORP concept)
Heat consumption: 45% + 11% (sceneario 1 + SMORP concept)
Liquid digestate used as nutrient / Ehaust gases used as C source

24




LCA study

Life Cycle inventory (data sources)
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d Scenario 2
CONSIDERED TECHNICAL ASPECTS

« Monthly temperature in the greenhouse: 15-27°C

« Monthly outside mean temperature: -4.7-16,9°C

« Solar radiation (decreased by the presence of the
greenhouse)

« Evaporation

« Heat losses through walls (dispersion)

« Convention losses

« Mass balance

« Pumping system depending on several parameters:
Flow [Q], Internal diameter [d], water speed, Conc. load
losses [J], Distr. Load losses [K], K inlet, K outlet, Lenght
[L], Section [a], pumps idraulic vyield [%], pumps organic
yield [%], pumps electric yield [%], working time, volume
required, Viscosity H,O/air, density H,O/air, Reynolds nr.,
Power [W]

Data per year

Solar radiation: 548601 GJ —

Tap water:  8650.4m3 = |
1425.6 kWh

Lig. digestate: 100t
393 kWwh

| I—

Heat from CHP: 1485637 kWh

Injector exhaus gases: 29890.5 kWh
Exhaust gases from CHP: 1091414 kg

overflow 1

Inflow to settler: 30377 kWh

Overflow pump 1 after settler: 27496 kWh

flow to settler

flow to
centrifuge

overflow 2

biomass to 12733 kg
digester

Electricity paddlewhee 43470.0 kWh

Electricity LED: 86267 kWwh

Lost biomass (crashes  2307.6 kg oy

Water evaporation: 7016 m

Exhaust gases out: 1068494 kg

Electricity centrifuge:  1017.9 kWh
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Life Cycle inventory (data sources)
O Scenario 2
oo IS I=Ri=e NI\ c=sl=ossll____ Component |  Material - Description | Amount |
Plexiglas 240.871
. Materials Steel 2024
Generic electrical engine 152
Polyethylene 8280
Die-cast Aluminium* 228
Die-cast Aluminium* 159
Polyvinyl chloride** 322
Steel 322
Aluminium / Copper 36,8/9,2
Emitting diode 46
Aluminium / copper 920/ 46
Ecoinvent database 4508
Steel 12.885
Generic control cabinet 0,01
Electronics 184
Steel 552,0
Polypropylene / steel 138 /13,8
Electronics for control unit 13,8
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LCA study VASSI
Life Cycle inventory (data sources)
» Type of microalgae: Chlorella vulgaris Carbon content of dry matter: 0.54 g/g
o Carbohydrates: 15% N content of protein: 0.16 g/g of protein
o Proteins: 55% P content of dry matter: 0.0027 g/gpy
o 'E{igis‘:_& %08/% Light/dars cycle: 16:8
O - 0 : 0
o Organic anions and ash: 5% ilomasts r?rlt_)du_gedc! (dr¥ T?tter)' é207i3/'i6 Kgpw/year
« Photosynthetically active radiation (PAR): 50 umol phot m?/s mount ot fiquid digestate- -~ KG/KGpm
« Photosynthetic efficiency on daylight: 1.50%
« Biomass concentration in the pond: 0.3 kgp,/m? .
« Biomass daily production: 25 g-(m2-day)? P S
« Flue gas composition: el TE W2
. CO%: 7% A i
e C%: 2% < Lo
* Flue gas uptake: 1.80 kg CO,/kgppm P Py
« CO, uptake efficiency: 30% Chlorella vulgaris
« Total uptaken CO,: 2920 kgCO, /year

27




LCA study

Scenario 1
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LCA study

-le+1-
-Ze41
-3e+1
-de+1]
-58+1
-Ge+1
-Je+11
-Be+1-
-Ge+1
-1e4+24
-1, 1e+2]
-1,2e+2
-13e+2
“1de+2
=1.5e+2
-1,be+2

i ".

-1, 7e+2

Human health Ecusyste'm quality Climate change

B scenaArIO 1 ) SCENARIO 2

Resources
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Life Cycle Costing VASs|

Whole Life
Costs (WLC)
. . | Y
« Methodology for systematic economic | | — |
evaluation of life-cycle costs over a ‘Non Construction Life Cycle | ncome Externalities
certain period of time Costs Costs (LCC)
« Considering: JConstruction
« Construction —
« Maintenance
J Operation JMaintenance
* End of life I
J Operation
* 1SO 15686-5 |

J End of Life

30



LCC study

Assumption and Methods
O Evaluation of the investment on an existing biogas plant O INTERNAL RATE OF RETURN

o Real biogas plant scaled-down of 6 times - scenario 1 RR — Zn: St B
o SMORP scaled-up system - (140
O Scaling factor for SMORP
N .
Ss Results scenario 2
Secc = Ecco X 5_0

« NPV of 2.573.935 €

* IRR of 14,1%.
O NET PRESENT VALUE

va—i S0 + o1 ot on
_t_0(1+i)0 (14i)? (14 i)

31



LCC study

Inventory

RETETUEES ETETUEES

Unit measures

Unit measures

Electricity price €/kWh Electrical energy (country net) €/year

Electrical energy (countrynet) |
Heat price €/kWh €/year
Electricity sold kWh €/year
Heat sold kwh €/year
Incomes from electricity €/year €/year
Incomes from heat €/year €/year
Digestate feeding €/year €/year
CO, injection system €/year €/year
Open Raceway Ponds €/year Insurances | €/year
Structural and Civil Construction €/year €/year

Control unit €/year
Electricity price €/year
Heat price €/kWh
Electricity sold €/kWh
Heat sold kWh/year
Incomes from electricity kWh/year
Incomes from heat €/year
Total of incomes €/year

32
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LCA/LCC study: criticalities VASS

SMORP couple system ( ) compared to the business-as-usual (i.e., scenario 1) is
viable from an economic point of view: positive NPV value (i.e. 2.573.935 €) and good IRR (i.e.,
14,1%)

From an environmental perspective the results from the business-as-usual (scenario 1) are still
better

Selling the produced microalgae biomass (price 35 €/ kgp,,) is alternative
Too high energy consumption per produced microalgae = 1,7 kWh/kgg\, (against 0,2 kWh/kggy )

This a prospective LCA of a hypothetical scaled-up process that can undergo a complete
maturation of the technology in the future, and the effect of adding renewable energies

33



Pilot test at Agrolecava

C. sorokiniana inoculated with pre-cultivated

biomass at the rate of ~ 1.5%.
Pond filled with TAP water: 20 cm depth.

2 L of pre-treated digestate
Nutrient removal

18 ====Total nitrogen  s=====Total phosphorus

16
14
12
10

Content, mg/L

o N B O

160
140
120
100
80
60
40
20

s Ammonia nitrogen,N-NH4

Total nitrogen

Total phosphorus
Ammonia nitrogen, N-NH4

21.04

21.04

23.04

27.04.
Date

30.04.

06.05.

Chemical oxygen demand, COD

23.04

27.04.

30.04.

06.05.

Removal rate, %

82.8
84.8
66.7

{
AL Y e
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U O O

Conclusions

SMORRP is a circular economy solution for digestate management and CO, recirculation from biogas
plants within a microalgae cultivation system has the potential to be implemented in Baltic context

The overall sustainability of the proposed solution needs to be investigated since depending on the
overall optimization of the system as well as on the scaling up of the proposed pilot

The optimization of the demo system needs more experimental tests and a more sensitive tuning of the
system (i.e. regulation of temperature, pH, nutrient flow and light)

Microalgae can grow in liquid digestate centrate

High optical density can seriously inhibit microalgae growth: need of dilution and digestate pre-
treatment prior microalgae (centrifugation fallowed by filtration) — which drawbacks for energy
consumption

Temperature could represent an obstacle for the implementation in North conditions without a better
greenhouse heating system

The overall sustainability assessment should include S-LCA
Further tests coupled with WWTP
Viability to be assessed if SMORP included in a wider biorefinery
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