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STRESZCZENIE

Paliwa konwencjonalne sg gldwnym zrodlem energii zuzywanej w transporcie,
jednak ich spalanie w silnikach powoduje emisje szkodliwych zwigzkéw do atmosfery.
Ze wzgledu na konieczno$¢ ochrony srodowiska, malejace zasoby ropy naftowej oraz
niestabilno$¢ jej cen na rynkach swiatowych, coraz wigcej uwagi poswieca si¢ paliwom
alternatywnym. W tym konteks$cie, dobrym substytutem dla stosowanego w silnikach wy-
sokopreznych oleju napedowego jest biodiesel. Obecnie do jego produkcji wykorzysty-
wane sg surowce, ktore sg tez sktadnikami zywnos$ciowymi lub paszowymi. Moze to pro-
wadzi¢ do wzrostu cen zywnosci oraz nieuzasadnionej i niekorzystnej dla srodowiska
zmiany przeznaczenia gruntéw rolnych. Rozwigzaniem problemu konkurencji paliwo-
zywnos$¢ moze by¢ produkcja biodiesla, m. in. z olejow lub thuszczéw odpadowych, od-
padow lesnych czy ro$lin, ktére nie sa przeznaczone na zywnos¢, sg niejadalne. Coraz
czesciej zwraca si¢ jednak uwage, ze wykorzystywanie takich surowcéw moze ograni-
czy¢ ich dostepnos¢ dla innych sektorow gospodarki. Na tym tle, obiecujacym kierun-
kiem jest wykorzystanie potencjatu biomasy mikroglonéw. Uprawa mikroglonéw nie
konkuruje z uprawami przeznaczonymi na cele spozywcze, a przy zapewnieniu odpo-
wiednich warunkoéw ich wzrost, a takze zawartos$¢ lipidow w biomasie jako prekursorow
do wytwarzania biodiesla, moga by¢ znacznie wyzsze w poréwnaniu z ro$linami lado-
wymi.

Celem pracy bylo przedstawienie technologii wytwarzania biodiesla z oleju po-
zyskanego z mikroglondéw, z uwzglednieniem warunkow produkcji biomasy i jej prze-
twarzania. Okreslono optymalne parametry Srodowiska dla wzrostu i rozwoju mikroglo-
now oraz poziom akumulacji lipidow w biomasie. Oznaczono zawarto$¢ popiotu, wegla
oraz stopien wigzania ditlenku wegla w biomasie alg, co ma wplyw na $lad weglowy
produkowanego biopaliwa. Produkcj¢ biomasy na cele paliwowe prowadzono w powiek-
szonej skali, odpowiadajacej warunkom przemystowym. Na bazie biopaliwa z oleju mi-
kroalg przygotowano mieszanke¢ paliwowa z konwencjonalnym olejem napedowym, za-
wierajaca odpowiednio 7-procentowy dodatek biodiesla z mikroalg (B7/AME) oraz po-
réwnawczo, 7-procentowy dodatek estrow metylowych kwasow ttuszczowych wytwo-
rzonych z oleju rzepakowego (B7/RME). Analize whasciwosci uzytkowych oraz ekolo-
gicznych przygotowanych mieszanek paliwowych wykonano przy uzyciu stanowiska dy-
namometrycznego. Badania dotyczace parametrow uzytkowych wykonano na stanowi-
sku testowym wyposazonym w czterosuwowy silnik wysokoprgzny, natomiast oceng

ekologiczng wykonano przy uzyciu analizatora spalin.



Na podstawie uzyskanych wynikoéw stwierdzono, ze dla szczepu Chlorella vulga-
ris, wykorzystywanego jako podstawowy material badawczy, najkorzystniejsze warunki
dla wzrostu i rozwoju to obojetny odczyn podtoza hodowlanego i oswietlanie hodowli
przez 18/6 h w cyklu $wiatto/ciemnos¢. Indukowany stres pokarmowy sprzyjat akumula-
cji lipidow w biomasie. Wprowadzenie do podtoza wodoroweglanu sodu wptyneto ko-
rzystnie na wzrost biomasy oraz zawartos¢ lipidow, a otrzymane wyniki §wiadczg o po-
tencjale C. vulgaris w zakresie sekwestracji ditlenku wegla. Zwiekszona skala hodowli
mikroglonéw, w odniesieniu do hodowli w skali laboratoryjnej, prowadzita do obnizenia
produktywnos$ci biomasy oraz poziomu akumulacji lipidow. Najkorzystniejszag metoda
odwodnienia i separacji biomasy byta metoda wirowania. Najwyzszg skuteczno$¢ eks-
trakcji lipidow z biomasy uzyskano wykorzystujac metode wg Bligha i Dyera. Stres po-
karmowy wplywat korzystnie na zawarto$¢ lipidow oraz profil kwasow tluszczowych.
Analiza parametrow energetycznych badanych mieszanek paliwowych nie wykazata
istotnych réznic pomig¢dzy paliwem B7/AME, a B7/RME. W przypadku parametréw eko-
logicznych, dla paliwa z dodatkiem biodiesla z mikroalg, odnotowano wzrost emisji
tlenku wegla, tlenkow azotu oraz weglowodoréw, natomiast emisja ditlenku wegla byta

nizsza.
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ABSTRACT

The main source of energy used in transport are conventional fuels, but their com-
bustion in engines causes the emission of harmful compounds into the atmosphere. Due
to the need to protect the environment, decreasing oil resources and the instability of its
prices on world markets, more and more attention is being paid to alternative fuels. In this
context, biodiesel is a good substitute for diesel oil used in compression-ignition engines.
Nowadays, raw materials that are also food or feed ingredients are used in its production.
This can lead to an increase in food prices and an unjustified and environmentally unfa-
vorable change in the agricultural land use. The fuel-food competition problem may be
solved be the production of biodiesel, among others, from waste oils or fats, forest waste
or plants that are not intended for food, as they are inedible. However, the attention is
more and more focused on the fact that the use of such raw materials may limit their
availability for other sectors of the economy. Against this background, the use of the
potential of microalgal biomass is a promising direction. Microalgae cultivation does not
compete with food crops, and when appropriate conditions are provided, their growth and
lipid content in biomass, as precursors for biodiesel production, can be much higher in
comparison to terrestrial plants.

The purpose of this thesis was to present the technology of producing biodiesel
from oil obtained from microalgae, taking into account the conditions of biomass produc-
tion and its processing. The optimal environmental parameters for the growth and devel-
opment of microalgae and the level of lipid accumulation in biomass were determined.
The content of ash, carbon and the degree of carbon dioxide fixing in algal biomass were
determined, which affects the carbon footprint of the produced biofuel. The production
of biomass for fuel purposes was carried out on an enlarged scale, corresponding to in-
dustrial conditions. Based on biofuel from microalgae oil, a fuel mixture was prepared
with conventional diesel oil, containing a 7% addition of biodiesel from microalgae
(B7/AME) and, comparatively, a 7% addition of methyl esters of fatty acids produced
from rapeseed oil (B7/RME). The analysis of the functional and ecological properties of
the prepared fuel mixtures was performed using a dynamometric stand. The tests con-
cerning the functional parameters of the engine were performed on a test stand equipped
with a four-stroke diesel engine, whereas the ecological assessment was performed using

an exhaust gas analyzer.



Basing on the obtained results, it was found that the most favorable conditions for
growth and development for the Chlorella vulgaris strain, used as the basic research ma-
terial, were a neutral pH of the culture medium and lighting of the culture for 18/6 h in
the light/dark cycle. The induced nutritional stress favoured the accumulation of lipids in
the biomass. The introduction of sodium bicarbonate to the substrate had a positive effect
on the growth of biomass and lipid content, and the obtained results indicate the potential
of C. vulgaris in the process of carbon dioxide sequestration. The increased scale of mi-
croalgae cultivation, in relation to laboratory-scale cultivation, led to a decrease in bio-
mass productivity and the level of lipid accumulation. The most advantageous method of
dehydration and separation of biomass was the centrifugation method. The highest effi-
ciency of lipid extraction from biomass was obtained using the Bligh and Dyer method.
Nutritional stress had a positive effect on lipid content and fatty acid profile. The analysis
of energy parameters of the tested fuel blends did not show any significant differences
between the B7/AME and B7/RME fuels. In the case of ecological parameters, for the
fuel with the addition of biodiesel from microalgae, an increase in carbon monoxide, ni-
trogen oxides and hydrocarbon emissions were observed, while carbon dioxide emission

was lower.
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1. WSTEP

Powszechny dostep do ropy naftowej zapoczatkowat intensywny rozwoj przemy-
stu motoryzacyjnego. W wyniku spalania pochodnych ropy naftowej, ktora do dzisiaj
pozostaje podstawowym surowcem wykorzystywanym do produkcji paliw (Mandley i in.
2020), do atmosfery trafia m. in. ditlenek wegla, tlenek wegla, czastki state (Bessagnet
I in. 2022) oraz weglowodory (Bhatia i in. 2021). Zrownowazong alternatywa dla tych
paliw moga by¢ produkowane z odnawialnych surowcéw biopaliwa, w tym bioetanol,
i stosowany w silnikach wysokopreznych biodiesel (Aransiola i in. 2012). Biodiesel pod
wzgledem chemicznym stanowi estry metylowe (FAME) lub etylowe (FAEE) wyzszych
kwasow tluszczowych, otrzymywane przede wszystkim w procesie transestryfikacji ole-
jow ro$linnych lub thuszczow zwierzecych z alkoholem, w obecnosci odpowiedniego ka-
talizatora zasadowego, kwasowego lub enzymatycznego (Miyuranga i in. 2021). W po-
rownaniu do konwencjonalnego oleju napgdowego biodiesel charakteryzuje si¢ nizsza
emisjg niektorych sktadnikow spalin (Maawa i in. 2020), ma wyzszg temperature zaptonu
(Alvarez i in. 2019), a takze wykazuje lepsze whasciwosci smarne (Li i in. 2019). Z uwagi
na stosunkowo wysoka zawarto$¢ tlenu w czasteczce paliwa, jego spalanie skutkuje wyz-
sza emisja tlenkow azotu (Palani i in. 2022). Biodiesel moze by¢ stosowany jako czyste
paliwo (B100), jednak najczesciej stanowi domieszke do oleju napedowego.

W zaleznosci od rodzaju surowca oraz technologii produkcji wyréznia si¢ cztery
generacje biopaliw. Biopaliwa pierwszej generacji (1G) sg wytwarzane z SUrowcow wy-
korzystywanych w przemysle spozywczym, a wigc moga stanowi¢ konkurencj¢ dla pro-
dukcji zywnosci (Deora i in. 2022). Uprawa roslin na cele paliwowe wymaga znacznych
ilosci wody oraz nawozow i §rodkéw ochrony roslin (Jeswani i in. 2020). Surowce do
produkcji biopaliw drugiej generacji (2G) to przede wszystkim odpadowa biomasa ligno-
celulozowa (Mat Aron i in. 2020), odpadowe oleje i thuszcze (Corsini i in. 2015), pozo-
statosci z sektora lesnego i powigzanych z nim galezi przemystu (Moriana i in. 2015).
Trzecia generacj¢ biopaliw (3G) stanowig paliwa otrzymywane z biomasy alg (Karlsson
i in. 2017, Levasseur i in. 2020). Biopaliwa czwartej generacji (4G) majg charakter raczej
koncepcyjny i obejmuja paliwa, ktore w celu optymalizacji 1 zwigkszenia wydajnosci
produkcji (Abdullah i in. 2019), maja by¢ produkowane z uzyciem inzynierii genetyczne;j
(Arpiaiin. 2021). Surowcami wykorzystywanymi do produkcji biopaliwa 4G moga by¢

mikroglony, makroglony oraz cyjanobakterie (Neupane 2023).
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Biopaliwa 2G oraz 3G nalezg do tzw. biopaliw zaawansowanych, ktorych pro-
dukcja sprzyja redukcji emisji gazow cieplarnianych (Dey i in. 2021). W tym zakresie
szczegllng role mogg odegraé biopaliwa produkowane z biomasy mikroglonow (Fot. 1).
Produkcja takiej biomasy nie konkuruje z produkcja roslinng przeznaczong na cele spo-
zywcze (Syahirah i in. 2020) i moze by¢ prowadzona przy wykorzystaniu wody stodkiej,
stonej jak rowniez bogatych w azot wod pohodowlanych (Tu i in. 2015, Hawrot-Paw i in.
2020). Mikroglony, w poréwnaniu do roslin lagdowych, charakteryzuja si¢ znacznie Szyb-
szym tempem wzrostu (Chen i in. 2018). W ich komodrkach gromadzg si¢ cenne sktadniki,
ktore mozna wykorzysta¢ do produkcji biopaliw. Takim sktadnikiem jest m. in. olej,
a jego zawarto$¢ w biomasie mikroglonow moze kilkukrotnie przewyzszaé poziom do-
stepny w tradycyjnych roslinach oleistych (Sharma i in. 2018). Zawartos¢ oleju w komor-
kach zalezy od szczepu mikroglonéw i moze by¢ modyfikowana zmiennymi parametrami
hodowli, w tym czasem oswietlania hodowli (fotoperiod), natezeniem $wiatla, tempera-
turg hodowli, dostgpnoscig sktadnikow pokarmowych oraz zawarto$cig ditlenku wegla
w podtozu (Sun i in. 2018, Alishah i in. 2019).

Fot. 1. Biomasa mikroglonow

Biomase¢ mikroglonow pozyskuje si¢ z hodowli prowadzonych w systemach
otwartych (stawy hodowlane) lub tez systemach zamknigtych, czyli w fotobioreaktorach
(Fot. 2), ktére pozwalajg na pelng kontrole i sterowanie procesem produkcji (Patyna
I Witczak 2016, Al.-Dailami i in. 2022). Istotne znaczenie dla przemystowej produkcji
biomasy mikroglonéw majg procesy odwodnienia biomasy mikroglonow i stanowig one

jedno z gléwnych wyzwan technologicznych (Udom i in. 2013, Tiwari i in. 2019).
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Zwigzane jest to z mikroskopijnymi rozmiarami komorek mikroglonow, niskim ci¢zarem
wlasciwym oraz duzym rozcienczeniem w hodowli (Lal i in. 2018). Do separacji i od-
wadniania biomasy mozna stosowa¢ metode wirowania, filtracji, sedymentacji, flotacji
lub flokulacji (Chu i in. 2021). Nie ma jednej uniwersalnej technologii zbioru dla wszyst-
kich szczepow, a jest to etap produkcji, ktory ma wptyw na ekonomie¢ catego procesu
pozyskiwania biomasy (Behera i Ray 2016, Tiron i in. 2017).

U
/’ A

\

L4
N\,

Fot. 2. Fotobioreaktor poziomy w laboratorium OZE Katedry Inzynierii Odnawialnych Zrédet
Energii ZUT w Szczecinie

Potencjal energetyczny mikroglondw jest bardzo szeroki. Biomase tych organi-
zmow, lub zawarte w niej sktadniki, mozna wykorzysta¢ m. in. do produkcji biogazu,
bioetanolu, biowodoru, bio-oleju, a takze biodiesla (Behera i in. 2014). Technologia po-
zyskiwania oleju z biomasy mikroglonow, niezb¢dnego do wytwarzania biodiesla, po-
winna charakteryzowa¢ si¢ wysoka skutecznoscig oraz niskim kosztem (Jungmin i in.
2013). Do klasycznych metod zalicza si¢ proces tloczenia (Yang i in. 2021), ale olej po-
zyskuje si¢ rowniez w procesie ekstrakcji, ktory moze by¢ wspomagany promieniowa-
niem mikrofalowym czy ultradzwigkami (Medina-Medrano i in. 2019, Patrice Didion
i in. 2023). Klasyczna chemiczna metoda ekstrakcji wykorzystuje aparat Soxhleta i roz-
puszczalniki organiczne, m. in. n-Heksan (Yang i in. 2021). Ekstrakcja lipidow z komo-
rek mikroglonow jest procesem energochtonnym i1 kosztownym, réwniez z uwagi na uzy-

cie dodatkowej energii do odzyskania wykorzystanych rozpuszczalnikow (Sun i in.
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2019). Istotne jest, aby zastosowana metoda ekstrakcji nie uszkadzata lipidow (Igbal i
Theegala 2013).

Lipidy pozyskane z biomasy mikroglonow przeksztalca si¢ w estry metylowe
kwasow thuszczowych w procesie transestryfikacji (Zhu i in. 2016). Profil kwasow ttusz-
czowych oleju zalezy od warunkéw hodowli (Morales i in. 2021, Teh i in. 2021), nato-
miast podczas transestryfikacji nie ulega on zmianie (Jogarao i in. 2019). Paliwo wypro-
dukowane na bazie oleju z biomasy mikroglonéw nie wykazuje istotnych réznic w od-
niesieniu do konwencjonalnego oleju napedowego, zar6wno w parametrach energetycz-
nych, jak i srodowiskowych (Imtenan i in. 2015, Severo i in. 2019).

Biopaliwa produkowane na bazie biomasy mikroglonéw wpisuja si¢ w cel reduk-
cji emisji spalin, a takze pozwalaja na spetnienie limitow dotyczacych ogolnego udziatu
biokomponentow przy produkcji biopaliw jakie zostaty zawarte m. in. w Dyrektywie Par-
lamentu Europejskiego i Rady Unii Europejskiej nr 2018/2001 z dnia 11 grudnia 2018
roku (tzw. Dyrektywa RED I1) i nr 2023/2413 z dnia 31 pazdziernika 2023 roku (tzw.
Dyrektywa RED I1l) oraz w przepisach krajowych, w Ustawie z dnia 25 sierpnia 2006 r.
o biokomponentach i biopaliwach ciektych z pdzniejszymi zmianami. W Kkrajach Unii
Europejskiej biomasg¢ mikroglonow produkuje si¢ gtoéwnie jako sktadnik odzywczy, su-
plement diety, sktadnik bionawozow czy pasz. Technologie zwigzane z wykorzystaniem
biomasy mikroalg na cele paliwowe wymagaja inwestycji w rozwdj i nadal sa w fazie
badan, stad pojawita si¢ przestanka do przygotowania kompleksowej analizy produkcji
dla biopaliwa pochodzacego z oleju pozyskanego z komorek mikroglonow. W badaniach
uwzgledniono procesy zwigzane z produkcja biomasy, metody jej separacji i odwadniania
oraz przetwarzania, a takze ocene parametréw energetycznych i ekologicznych otrzyma-

nego paliwa na podstawie testow przeprowadzonym na stanowisku silnikowym.
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2.

CEL PRACY i HIPOTEZY BADAWCZE

Celem rozprawy bylo przedstawienie technologii produkcji paliwa z biomasy mi-

kroglonéw, z uwzglednieniem jego wybranych wlasciwosci uzytkowych. Cel gtowny

zrealizowano poprzez realizacj¢ celow szczegotowych:

1)

2)

3)

okreslenie optymalnych warunkéw produkcji biomasy mikroglonéw przezna-
czonej na cele paliwowe obejmujace procesy wzrostu mikroglonow oraz aku-
mulacji lipidow w ich komdrkach, z analiza wptywu powigkszenia skali fotobio-
reaktoréw na efektywna produkcj¢ biomasy;

ocena skutecznosci metod zbioru i odwodnienia biomasy oraz ekstrakcji lipi-
dow;

ocena wplywu zasilania silnika wysokopreznego mieszanka paliwa konwencjo-
nalnego i biopaliwa z mikroglonéw na jego wybrane parametry pracy oraz efek-

tywnos$¢ energetyczng i ekologiczng silnika.

W niniejszej pracy sformutowano nastgpujace hipotezy badawcze:

Odpowiednio dobrane warunki $rodowiska, w tym sktad podtoza hodowlanego,
wplyng pozytywnie na wzrost i rozwo6j mikroglonow wyrazony iloécig i produk-
tywnoscig biomasy oraz na sktad biochemiczny ich komorek.

Biodiesel wyprodukowany na bazie oleju z mikroglonéw bedzie wykazywat wta-
sciwosci porownywalne lub korzystniejsze niz biodiesel konwencjonalny, co
wplynie pozytywnie na parametry energetyczne silnika wysokopreznego zasila-
nego mieszanka oleju napedowego i1 biopaliwa oraz obnizy emisj¢ toksycznych

zwigzkow w spalinach.
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3. MATERIAL I METODY BADAN

3.1. Szczepy mikroglonéw wykorzystane w badaniach

Badania przeprowadzono w laboratorium Katedry Inzynierii Odnawialnych Zro-
det Energii (KIOZE) Zachodniopomorskiego Uniwersytetu Technologicznego w Szcze-
cinie w latach 2017-23. Podstawowym materiatem badawczym byt gatunek jednokomor-
kowych zielenic Chlorella vulgaris. W wybranych badaniach, w celach porownawczych,
wykorzystano rowniez szczepy innych mikroglonéw: Chlorella fusca, Oocystis subma-
rina, Monoraphidium, Scenedesmus oraz Chlorella minutissima. Mikroalgi pochodzity
z Kolekcji Kultur Glonéw Battyckich (CCBA — Culture Collection of Baltic Algae) oraz
ze zbioréw wiasnych KIOZE. Material do badan przechowywano w ptynnym podtozu
hodowlanym F/2 wg Guillard i Ryther (1962), w temperaturze 4°C, przy o$wietleniu za
pomoca diod elektroluminescencyjnych (LED) przez 12/12 h w cyklu $wiatlo/ciemnos¢.

Szczepy mikroglonéw wykorzystane w badaniach przedstawiono na Fot. 3.

a) b) c)

d) e) f)

( 47;% ®

Fot. 3. Komoérki mikroglonéw w obrazie mikroskopu optycznego: a) C. vulgaris, b) C. fusca, c) O. sub-
marina, d) Monoraphidium, e) Scenedesmus, f) C. minutissima
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3.2. Metodyka badan
3.2.1. Pomiar zawarto$ci biomasy
3.2.1.1. Pomiar grawimetryczny

Z zawiesiny mikroglonéw w fotobioreaktorach do probowek typu Falcon pobie-
rano probki o objetosci 50 ml. Zawarto$¢ probéwek wirowano przez 15 minut przy pred-
kosci 4000 rpm. Po odwirowaniu i oddzieleniu supernatantu, biomas¢ mikroglonow prze-
noszono na zwazone uprzednio szalki aluminiowe i suszono w wagosuszarce (AXIS
ATS) w temperaturze 105 °C do statej masy. WSszystkie pomiary przeprowadzono
W trzech powtorzeniach. Sucha mas¢ mikroglonéw wyznaczono z podanego nizej wzoru

(1) i w pracy podano w mg-L*:
B = (Bf — By) (1)

gdzie:

B = zawarto$¢ biomasy (mg-L™?);
Bt = masa szalki + biomasa (mg);
Bo = masa szalki pustej (mg)

3.2.1.2. Pomiar spektrofotometryczny — gestos¢ optyczna

Gestos¢ optyczng zawiesiny mikroglondw oceniono przy wykorzystaniu spektro-
fotometru (EMCO). Do analiz z fotobioreaktorow pobierano probki zawiesiny mikroglo-
now o objetosci 2,5 ml. Pomiaru absorbancji dokonywano przy dtugosci fali A=680.

Wszystkie pomiary wykonano w trzech powtorzeniach.

3.2.1.3. Pomiar spektrofotometryczny — zawartosé¢ chlorofilu

Zawartos¢ chlorofilu w komorkach mikroglonéw oznaczono zgodnie z norma PN-
86 C-05560/02. Probki zawiesiny mikroglonéw pobranych z fotobioreaktoréw przesa-
czono przez filtr z witokna szklanego wykorzystujac przy tym metodeg filtracji prézniowe;.
Saczki z biomasg umieszczono w probowkach typu Falcon, uprzednio napetnionych 90-
procentowym wodnym roztworem acetonu, i mechanicznie rozdrobniono. Tak przygoto-
wane probki inkubowano w ciemnosci w temperaturze 4 °C przez 24 godziny. Po inku-

bacji probki odwirowano przez 10 minut przy predkosci 4000 rpm. Do oznaczania
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zawartos$ci chlorofilu wykorzystano supernatant oddzielony od osadu. Absorbancje mie-
rzono przy dtugosci fali A=665 nm. Pomiary wykonano w trzech powtdrzeniach, a wyniki

przeliczono i podano w pracy w mg-m >,

3.2.1.4. Pomiar liczby komorek

Liczb¢ komorek mikroglonow wyznaczono za pomocag hemacytometru Thoma
pod mikroskopem optycznym przy powigkszeniu 40x. W komorze Thoma umieszczano
probke o objetosci 1ul. Wyniki po przeliczeniu przedstawiono w pracy jako liczbe ko-

morek w 1 ml hodowli.

3.2.2. Metody ekstrakcji lipidow
3.2.2.1. Ekstrakcja w aparacie Soxhleta

Ekstrakcje lipidow z biomasy mikroglondéw przeprowadzono w aparacie Soxhleta.
Jako rozpuszczalnika uzyto n-Heksanu. Do gilzy ekstrakcyjnej wprowadzono wysuszong
i rozdrobniong za pomoca porcelanowego mozdzierza biomase mikroglonéw. Proces eks-
trakcji prowadzono przez 4 godziny z szybkoscig 20 cykli/h. Po przeprowadzeniu eks-
trakcji rozpuszczalnik oddestylowano, natomiast pozostato$¢ zwazono z doktadnoscig do
0,001 g. W badaniach dotyczacych efektywno$ci metod pozyskiwania lipidow (P6) eks-
trakcje wspomagano ultradzwiekami o czestotliwosci 50 kHz przez 30 minut lub promie-
niowaniem mikrofalowym o mocy 1000 W przez 5 minut. Zawartos¢ lipidow w biomasie

okreslono na podstawie podanego nizej wzoru:

mL
m DAB

LC = (=22 - 100 @)

gdzie:

LC = zawartos$¢ lipidow (%);

mL = masa lipidow (g);

MDAB = sucha biomasa mikroglonow (g).

3.2.2.2. Ekstrakcja wg metody Bligha i Dyera

Do ekstrakcji wykorzystano mieszaning chloroformu z metanolem w stosunku 3:1

(v/v), ktora dodano do wysuszonej i roztartej w mozdzierzu biomasy, umieszczonej
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w probdéwce typu Falcon o pojemno$ci 50 ml. Zawiesing poddano dziataniu fal ultra-
dzwigkowych o czestotliwosci 50 kHz przez 30 minut. Nastepnie do probowki dodano
1-procentowy roztwor NaCl, sprzyjajacy separacji faz. Po oddzieleniu gornej fazy wod-
nej, faze dolng zawierajacg wyekstrahowane lipidy przefiltrowano przy wykorzystaniu
pompy prozniowej, przeptukujac roztworem rozpuszczalnika. Mase lipidow, po wcze-
$niejszym oddestylowaniu rozpuszczalnika za pomoca wyparki rotacyjnej, okreslono me-
todg grawimetryczng. Zawarto$¢ lipidow w biomasie mikroglondw okreslono na podsta-

wie podanego wyzej wzoru (2):

3.2.2.3. Ekstrakcja wg metody Folcha

W analizie profilu kwasow tluszczowych (P7) do ekstrakcji oleju wykorzystano
jako rozpuszczalnik mieszaning chloroformu z metanolem w stosunku 2:1 (v/v). Roz-
drobniong w mozdzierzu wysuszong biomasg mikroglonow przesypano do probowki typu
Falcon i dodano przygotowany wczesniej rozpuszczalnik. Modyfikacja klasycznej me-
tody byto zastosowanie w kolejnym kroku ultradzwigkow o czestotliwosci 50 kHz. Po 30
minutach zawarto$¢ probowki odwirowano w czasie 5 minut przy 4000 rpm. Supernatant
przeniesiono do nowej probowki. W celu uzyskania separacji fazowej do roztworu do-
dano wode destylowana, po czym cato$¢ energicznie wstrzasano. Nastepnie probke po-
nownie odwirowano (5 minut, 4000 rpm), a wyekstrahowane lipidy odzyskano po odpa-
rowaniu rozpuszczalnika przy uzyciu wyparki rotacyjnej. Pozostalg w probéwce biomase
mikroglonéw poddano ponownie ekstrakcji, powtarzajac cala opisang powyzej proce-

dure.

3.2.3. Oznaczenie profilu kwasow thuszczowych

W celu oznaczenia kwasow tluszczowych lipidy wyekstrahowane z biomasy mi-
kroglonow zostaty przeksztatcone w estry metylowe kwasoéw thuszczowych zgodnie
z metodg AOCS Ce 2-66 (AOCS 1997). Sktad kwasow ttluszczowych w probkach ozna-
Czono za pomocya systemu chromatografii gazowej wyposazonego w kolumne kapilarng
1 detektor ptomieniowo-jonizacyjny. Temperature kolumny utrzymywano w 160 °C przez
1 min, nastgpnie temperatur¢ zwiekszono do 220 °C przy wzroscie 6 °C na minute. Po
osiggnieciu zadanej temperatury utrzymywano ja przez 30 minut. Temperature¢ portu
wstrzykiwania i detektora ustawiono na 240 °C. Jako gaz no$ny zastosowano wodor przy
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szybkosci przeptywu 1,5 cm®min~'. Wyniki wyrazono jako procent calkowitej po-
wierzchni pikow wszystkich kwasow ttuszczowych w probee ekstraktu lipidowego z mi-

kroglonow.

3.2.4. Pomiar zawartosci wegla i analiza szybko$ci wigzania ditlenku wegla

Do wysuszonej sproszkowanej biomasy mikroglonow dodano 1 N roztwor dichro-
mianu potasu, kwas siarkowy, wode destylowang oraz kwas fosforowy i difenyloaming.
Catos¢ mieszano delikatnie obracajac kolbe przez 1 minute, zapewniajac kontakt probki
z odczynnikami. Mieszaning reakcyjng miareczkowano 4 N roztworem siarczanu amonu
zelaza III do uzyskania jaskrawo zielonego koloru. Zawarto$¢ wegla okreslono na pod-

stawie podanego nizej wzoru (3):

Ce=22 (1-3) @3)

gdzie:

Cc = zawarto$¢ wegla (g);

g = sucha masa mikroglonow (g);

T =ilo$¢ odczynnika zuzytego do miareczkowania w probie zerowej (ml);

S = ilo$¢ odczynnika zuzytego do miareczkowania w probie testowej (ml).

Szybkos¢ wigzania ditlenku wegla obliczono wedlug podanego nizej rownania

(4):

Rco: = Cc - Pmax (MCOZ) 4)

Mc
gdzie:
Rco. = szybkoé¢ wigzania ditlenku wegla (g-L""d™);
Cc = zawarto$¢ wegla w biomasie mikroglonéw (g);
Pmax = maksymalna produktywno$¢ (mg-L''d™?);
Mco. = masa czasteczkowa ditlenku wegla (g);

Mc = masa czasteczkowa wegla (g).

3.2.5. Pomiar zawarto$ci azotu w podtozu hodowlanym

Azot catkowity w podtozu hodowlanym oznaczano metodg spektrofotometryczng

zgodnie z Polska normg PN-EN 1SO 11905-1:2001. Probke gotowano w srodowisku
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alkaicznym z nadtlenodwusiarczanem w buforowanym srodowisku w szczelnie zamknie-
tym pojemniku. Pod wptywem podwyzszonego cis$nienia, amoniak, azotyny i zwiazki
organiczne zawierajace azot ulegaja utlenieniu do azotanéw. Nastepnie roztwor prze-
puszczono przez mieszaning zawierajgcg miedziowaty kadm w celu redukcji azotanow
do azotynéw. Powstajgce azotyny reaguja z 4-aminobenzenosulfonamidem i dichlorowo-
dorkiem N-(1-naftylo)-1,2-diaminoetanu tworzac rézowe zabarwienie. Pomiar fotome-
tryczny wykonano przy dhugosci fali 540 nm. Stezenie azotu odczytano z wykresu Kkali-

bracyjnego, a wyniki przedstawiono w pracy w mg-L!.

3.2.6. Pomiar zawarto$ci popiotu w biomasie mikroglonow

Zawarto$§¢ popiolu w biomasie oznaczono wedlug normy PN-EN SO
18122:2016-01. Do porcelanowych tygli odwazono biomas¢ mikroglonéw wysuszong
w 105 °C, a nastgpnie cato$¢ umieszczono w piecu muflowym w temperaturze 550 °C na
okres 6 godzin. Wyniki przeliczono wedtug podanego nizej wzoru (5):

mpP
mDAB

ac = ( )-100 (5)

gdzie:
AC = zawarto$¢ popiotu (%);
mP = masa popiotu (g);

MDAB = sucha masa mikroglonéw (g).

3.2.7. Produkcja biodiesla

Biodiesel do badan przygotowano w procesie transestryfikacji, wykorzystujac
metanol w stosunku molowym 6:1 wzgledem oleju. Jako katalizator wykorzystano wo-
dorotlenek potasu (KOH) w stezeniu 1,5% wag. Proces prowadzono w temp. 55 °C przez
30 min, przy 650 rpm. W celu usuniecia chlorofilu biodiesel z oleju z mikroglonow, po
rozdzieleniu faz oraz oczyszczeniu i odwodnieniu, przepuszczono przez filtr z ziemi

okrzemkowej.
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3.2.8. Parametry pracy silnika zasilanego paliwem z dodatkiem biodiesla z mikro-

glonow

Badania przeprowadzono na stanowisku dynamometrycznym, w sktad ktorego
wchodzity: czterosuwowy silnik wysokopr¢zny, wolumetryczny wskaznik poziomu pa-
liwa, moduty wyswietlaczy, analizator cyklu pracy silnika, kalorymetr oraz analizator
emisji spalin.

W ramach badan wykonano pomiary predkos$ci obrotowej i momentu obrotowego
silnika okres$lajac uzyteczng moc silnika, godzinowe i jednostkowe zuzycie paliwa, moc
indykowana oraz sprawno$¢ silnika. Pomiary wykonano i przeliczono zgodnie z normami
PN-ISO 15550 2009, PN-ISO 3046-1 2009, PN-ISO 3046-3 2009, PN-1SO 3046-5 20009.
Dodatkowo zgodnie z normami PN-ISO 8178-1 1999 i PN-1SO 8178-6 2000 przeprowa-

dzono analize sktadu spalin emitowanych podczas pracy silnika.

3.3. Analiza statystyczna wynikéw

Wszystkie analizy statystyczne zostaty przeprowadzone przy uzyciu pakietu opro-
gramowania statystycznego dla Windows (Statistica wersja 13.3; Dell Inc., Tulsa, OK,
USA). Wyznaczono rowniez odchylenia standardowe (SD). Analize wariancji i testy post
hoc wg Tukeya (w publikacji P1 zastosowano test Duncana) przeprowadzono na pozio-
mie istotnosci statystycznej o < 0.05. Zalezno$ci miedzy zmiennymi (w publikacjach P2

oraz P3) analizowano réwniez wykorzystujac wspotczynnik korelacji liniowej Pearsona.
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4. BADANIA LABORATORYJINE PRZEPROWADZONE W RAMACH

PRACY DOKTORSKIEJ

Zakres badan obejmowat III etapy, odpowiadajace realizacji zalozonych celow

szczegotowych, zgodnie z przedstawionym ponizej schematem (Ryc. 1), uzupetnione

oceng profilu kwasoéw ttuszczowych (w etapie II) oraz analizg wybranych wskaznikéw

pracy silnika zasilanego mieszanka konwencjonalnego oleju napedowego i biodiesla

Z mikroglonéw (w etapie III).

Na podstawie wynikéw przeprowadzonych badah przygotowano osiem prac nau-

kowych.
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ETAP | - procesy wstepne (hodowla mikroglonow)
Doswiadczenie 1 (P1) — Okreslenie optymalnych warunkow produkcji bio-

masy

Warunki uprawy maja kluczowe znaczenie dla efektywnej produkcji biomasy mi-
kroglonéw. Parametry uwzglednione w badaniach to: odczyn podtoza hodowlanego (pH
6, 7, 8, 9), rodzaj oswietlenia (lampy LED, lampy sodowe SonT Agro), fotoperiod (12/12
h, 18/6 h i 24/0 h w cyklu $wiatto/ciemnosc¢). Przyrost biomasy okreslano przy wykorzy-
staniu metod bezposrednich (pomiar grawimetryczny, pomiar liczby komorek) i posred-
nich (pomiar chlorofilu a). Do$wiadczenie prowadzono w fotobioreaktorach pionowych

o pojemnosci 2,5 L jako hodowla okresowa przez 15 dni.

Doswiadczenie 2 (P2) — Okreslenie wplywu stresu pokarmowego na produk-

cje

biomasy i zawarto$¢ lipidow w komoérkach mikroglonéw

W doswiadczeniu oceniono wplyw stresu pokarmowego na produkcje biomasy
I zawarto$¢ lipidow w komorkach alg. W uprawie mikroglonéw mozna wykorzysta¢ me-
tody, ktore bezposrednio wptywaja na akumulacje oleju w komorkach mikroglonéw. Za-
stosowanie stresu srodowiskowego, w tym niedoboru sktadnikow pokarmowych, moze
skutkowaé wzrostem zawartosci lipidow w biomasie. W badaniu zrodtami sktadnikow
pokarmowych byty $cieki z akwakultury (AWW), ktore zastosowano w pigciu dawkach:
20%, 40%, 60%, 80% i 100%, natomiast obiecktem kontrolnym byto syntetyczne podtoze
F/2. Przyrost biomasy mikroglonéw okreslono przy wykorzystaniu metody grawime-
trycznej okreslajac zawartos¢ suchej masy. Za pomocg metody spektrofotometryczne;j
wykonano pomiar gestosci optycznej hodowli oraz ilo$¢ chlorofilu @ w komoérkach mi-
kroglonow. Zawarto$¢ lipidéw oznaczono metodg ekstrakcji przy wykorzystaniu aparatu
Soxhleta. W do$wiadczeniu wykorzystano fotobioreaktory o pojemnosci 2,5 L. Do$wiad-
czenie prowadzono stosujgc optymalne warunki okreslone w poprzednim do§wiadczeniu

przez 15 dni jako hodowle okresowa.

Doswiadczenie 3 (P3) — Ocena mozliwosci wykorzystania wodoroweglanu
sodu jako dodatkowego zrodla ditlenku wegla stymulujacego produkcje bio-

masy
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W doswiadczeniu analizowano mozliwo$¢ wykorzystania wodorowgglanu sodu
(NaHCO23) jako zrodta ditlenku wegla. Zastosowano pie¢ dawek: 0.025, 0.5, 1.0, 1.51 2.0
g-L 1. Obiektem kontrolnym byto podloze syntetyczne F/2 bez dodatku wodoroweglanu
sodu. Zawarto$¢ biomasy oceniano przy wykorzystaniu pomiaru grawimetrycznego
oznaczajac suchg mase oraz spektrofotometrycznego przy wykorzystaniu pomiaru gesto-
$ci optycznej. Zawarto$¢ lipidow w biomasie oznaczono metoda wg Bligha i Dyera
(1959) przy uzyciu chloroformu i metanolu. Metoda wg Walkleya i Blacka (1934) okre-
Slono réwniez zawarto$¢ wegla 1 szybkos$¢ wigzania ditlenku wegla. Doswiadczenie prze-
prowadzono w fotobioreaktorach o pojemnosci 100 L. Doswiadczenie prowadzono jako

hodowle okresowga przez 20 dni w ustalonych optymalnych warunkach srodowiskowych.

Doswiadczenie 4 (P5) — Ocena wplywu powiekszenia skali hodowli na wzrost

i rozwoj mikroglonéw

Celem tej cze$ci badan byto okreslenie wptywu skali produkcji biomasy na wzrost
1 rozw0j mikroglonéw. Zmiana warunkow hodowli moze wplywac negatywnie zard6wno
na wzrost biomasy, jak i na metabolizm mikroglonéw. W badaniach wykorzystano sze$¢
szczepow: C. vulgaris, C. fusca, C. minutissima, O. submarina, Monoraphidium oraz
Scenedesmus. Zawarto$¢ biomasy w zawiesinie mikroglondw 0znaczono przy wykorzy-
staniu metody grawimetrycznej, natomiast zawartos¢ lipidow przy uzyciu metody Bligha
i Dyera. Procentowa zawarto$¢ popiotu w biomasie oszacowano wedlug normy PN-EN
ISO 18122:2016-01. Doswiadczenie przeprowadzono w fotobioreaktorach tubularnych
pionowych o trzech réznych pojemnosciach roboczych 2,5 L, 14 L, 100 L. Doswiadcze-
nie prowadzono przez 15 dni jako hodowla okresowa w ustalonych optymalnych warun-
kach.

ETAP Il — procesy posrednie (zbior i przygotowanie biomasy)

Doswiadczenie 5 (P5) — Ocena skuteczno$ci metod odwodnienia biomasy

Celem badan byto okreslenie najkorzystniejszej metody odwodnienia biomasy
mikroglonow. Proces ten nalezy do jednych z gldéwnych wyzwan zwigzanych z wykorzy-
staniem biomasy. W pracy analizowano skuteczno$¢ metody wirowania, filtracji, floku-
lacji przy uzyciu flokulantu nieorganicznego i organicznego, sedymentacji. Biomase¢ mi-
kroglonéw wirowano przy dwoch predkosciach: 2000 oraz 4000 rpm, w czasie 5, 30 oraz

60 minut. Proces filtracji przeprowadzono przy uzyciu siatki fitoplanktonowej o $rednicy
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oczek 1 mikrona. Efektywno$¢ metody oceniono po uptywie 24 godzin. W procesie flo-
kulacji biomasy wykorzystano siarczan cynku (ZnSO4) oraz chitosan w trzech dawkach:
100 mg-L 1,200 mg-L* 1400 mg-L . Efektywno$¢ metody sedymentacji po umieszcze-
niu zawiesiny mikroglonow w leju Imhoffa oceniano po uptywie 12 i 24 godzin. Skutecz-

nos¢ kazdej z metod oceniano na podstawie pomiaru grawimetrycznego.

Doswiadczenie 6 (P6) — Ocena efektywnosci metod ekstrakcji lipidow z bio-

masy

W tej cze$ci wykonano analize poréwnawczg metod ekstrakcji lipidow z biomasy
mikroglondw. Pozyskiwanie oleju to jeden z wazniejszych etapéw produkcji biopaliwa
z mikroglonéw, stad tez konieczno$¢ poszukiwania metod skutecznych oraz ekonomicz-
nych. Wykorzystane w badaniach mikroglony produkowano w fotobioreaktorze rurowym
o uktadzie wertykalnym o pojemnosci 850 L. Biomase po zakonczeniu hodowli odwod-
niono przy wykorzystaniu wirowki (8000 rpm), a nast¢pnie suszono w temperaturze 70
°C przez okres 24 godzin. Do oceny skutecznosci ekstrakcji wykorzystano najbardziej
popularng metode ekstrahowania heksanem, ktorg modyfikowano zastosowaniem ultra-
dzwiekow o czestotliwosci 50 kHz (30 minut) oraz promieniowaniem mikrofalowym
0 mocy 1000 W (5 minut). Biomas¢ mikroglonow ekstrahowano przez 4 godziny z czg-
stotliwoscig 20 cykli na godzing. Kolejng metoda byta ekstrakcja wg Bligha i Dyera
Z uzyciem chloroformu i metanolu. Po zakonczonej ekstrakcji rozpuszczalnik oddestylo-

wano a zawarto$¢ lipidow oznaczono metodg grawimetryczna.

Doswiadczenie 7 (P7) — Ocena jakosci oleju pozyskanego z mikroglonow jako

surowca do produkcji biodiesla

Przy ocenie potencjatu mikroglonow do wytwarzania biodiesla wazna jest nie
tylko ilos¢ lipidow, ale réwniez obecno$¢ odpowiednich kwasow tluszczowych (FA).
Zmiang sktadu FA mozna uzyska¢ poprzez modyfikacj¢ warunkéw uprawy, w tym ogra-
niczenie dawki sktadnikow pokarmowych. Mikroglony hodowano w podtozu ptynnym
F/2 (Guillard i Ryther 1962) o pelnym sktadzie (100%) oraz z dawka ograniczong 0 po-
towe (50%). Analizowano ograniczenia dawki sktadnikow pokarmowych na wzrost bio-
masy mikroglonow, akumulacje lipidow, zawarto$¢ popiotu, profil kwasow thuszczowych
oraz wybrane parametry fizyko-chemiczne biodiesla z alg. Zawarto$¢ biomasy, lipidow

oraz popiotu oceniono przy wykorzystaniu pomiaru grawimetrycznego. Ekstrakcje
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lipidéw przeprowadzono przy uzyciu metody Bligh i Dyera. llo§¢ popiotu w biomasie
oznaczono wedtug normy PN-EN 1SO 18122:2016-01. Biomas¢ mikroglonéw spopie-
lono w temperaturze 550°C i W czasie 6 godzin. Sktad kwaséw ttuszczowych oszacowano
metoda chromatografii gazowej. Analize¢ wybranych wtasciwosci uzytkowych biopaliw
wykonano przy wykorzystaniu programu komputerowego Biodiesel Analyzer© Version
2.2. Program ten szacuje wlasciwos$ci uzytkowe paliwa na podstawie profilu kwasoéw

thuszczowych.

Etap 111 — procesy koncowe (produkcja biopaliwa)
Doswiadczenie 8 (P8) — Produkcja biodiesla i ocena wybranych wskaznikow

pracy silnika zasilanego biopaliwem wyprodukowanym z oleju mikroglonow

Celem badan byta ocena wskaznikéw pracy silnika dla dwoch rodzajow paliwa:
oleju napgdowego z dodatkiem 7% biodiesla z mikroglonow (B/AME) oraz 7% biodiesla
z rzepaku (B/RME). Biodiesel z mikroglonow przygotowano w procesie transestryfikacji
oleju pozyskanego z biomasy tych organizméw 0 sktadzie Scenedesmus : Chlorella vul-
garis (udzial procentowy szczepéw w hodowli wynosit odpowiednio 70 : 30). Mieszane
kultury moga osiaga¢ wyzsza gestos¢ niz pojedyncze gatunki, co powinno sprzyjaé wiek-
szej produkcji oleju, a hodowle sg bardziej stabilne. Na podstawie wstgpnych testow po-
twierdzono, ze oba szczepy wykazywaly synergie w zakresie wzrostu i rozZwoju.

Najwazniejszymi cechami decydujacymi o przydatnosci danego surowca energe-
tycznego do produkcji biopaliw sa jego parametry energetyczne oraz parametry $wiad-
czace o jakosci spalania w silniku. W ramach badan wykonano analizy dotyczace jed-
nostkowego 1 godzinowego zuzycia paliwa, momentu obrotowego silnika, mocy uzytecz-
nej oraz pomiaru sktadnikéw spalin. Badania wykonano na stanowisku dynamometrycz-

nym wyposazonym w silnik wysokoprezny.
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5. OMOWIENIE WYNIKOW BADAN

Rozprawa doktorska sktada si¢ z cyklu o§miu prac spdjnych tematycznie, opubli-
kowanych w czasopismach naukowych z listy MNiSW. Opracowanie zawiera opis i wy-
niki badan dotyczacych ustalenia optymalnych warunkéw hodowli biomasy w zakresie
rodzaju i czasu oswietlania (fotoperiodu), odczynu podtoza hodowlanego, modyfikacji
sktadu podtoza hodowlanego w odniesieniu do zawartosci sktadnikow odzywczych,
a takze wprowadzania do podtoza dodatkow stymulujacych wzrost i rozwoj mikroglo-
néw. Przedstawiono zalezno$¢ miedzy skalg hodowli a wydajnos$cia produkcji biomasy.
Przedstawiono rowniez wyniki dotyczace efektywnosci metod zbioru i odwadniania bio-
masy mikroglonéw oraz metod ekstrakcji lipidow z biomasy. Wykonano analizg sktadu
kwasow tluszczowych lipidow jako istotnego parametru jakosci produkowanego z nich
biopaliwa. Przeprowadzono réwniez ocene wybranych wskaznikow pracy silnika zasila-
nego mieszankg oleju napedowego I biopaliwa z oleju mikroglonow, wraz z analizg emi-

sji spalin.

5.1. Optymalne warunki produkcji biomasy mikroglonow

P1. Ratomski, P.; Hawrot-Paw, M. Production of Chlorella vulgaris Biomass in
Tubular Photobioreactors during Different Culture Conditions. Appl. Sci. 2021,
11, 3106. https://doi.org/10.3390/app11073106.

Na podstawie analizy statystycznej wynikow badan stwierdzono, ze zarowno ro-
dzaj o$wietlenia, fotoperiod, jak i pH podtoza hodowlanego miaty istotny wplyw na przy-
rost biomasy C. vulgaris, zawartos¢ chlorofilu a oraz ggsto$¢ optyczng w zawiesinie mi-
kroglonow, nie odnotowano natomiast istotnej zaleznosci w odniesieniu do liczby komo-
rek.

Dhugos¢ fazy logarytmicznego wzrostu byta uzalezniona od pH podtoza hodow-
lanego oraz fotoperiodu i miescita si¢ w przedziale migdzy si6dmym a dziewigtym dniem
hodowli (Ryc. 2). Podobne wyniki dla analizowanych parametrow uzyskali rowniez Kim
i in. (2012), ktorzy analizowali optymalne warunki hodowli mikroglonow Chlorella sp.,
Dunaliella salina oraz Dunaliella sp. i stwierdzili, ze biomasa mikroglonow zwickszata
si¢ do 6smego dnia hodowli. W badaniach przeprowadzonych przez Hawrot-Paw i in.

(2019) stacjonarng faz¢ wzrostu w hodowli C. vulgaris odnotowano po 10 dniach
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hodowli. Wyniki przeprowadzonych badan wskazujg, ze dlugos¢ poszczegolnych faz
wzrostu oraz osiagnigcie fazy stacjonarnej w hodowli zalezato od rodzaju o$wietlenia.
W warunkach oswietlania hodowli lampami LED fazg¢ stacjonarng osiggni¢to wczesniej
niz w fotobioreaktorach oswietlanych lampg SonT Agro.

Podczas doswiadczenia najwyzsze wartosci dla biomasy odnotowano przy foto-
periodzie 18/6 h oraz przy obojetnym odczynie podtoza, odpowiednio 634 + 14,4 mg-L !
s.m. przy zastosowaniu o$wietlenia SonT-Agro oraz 600 + 14,4 mg-L™* s.m. przy zasto-

sowaniu o$wietlenia LED.
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Ryc. 2. Dynamika wzrostu biomasy mikroglonow dla fotoperiodu 18/6 h (w cyklu §wiatlo/ciemnosc)
i o$wietlenia LED (a) oraz SonT Agro (b)

Srednia ilo$é biomasy mikroglonéw w hodowli przedstawiono na Ryc. 3. Przy
zastosowaniu oswietlenia sodowego SonT Agro uzyskano maksymalnie 546 + 7,9
mg-L~? s.m., natomiast przy o$wietlaniu hodowli $wiattem LED maksymalnie 543 + 1,9
mg-L~? s.m. Na podstawie wynikoéw stwierdzono, ze niezaleznie od rodzaju o$wietlenia,
optymalne warunki dla produkcji biomasy C. vulgaris to fotoperiod 18/6 h w cyklu $wia-
tto/ciemnos¢ oraz pH 7 dla podtoza hodowlanego. Obojetny 0dczyn podtoza wptywa ko-
rzystnie na zdolnos$¢ pochtaniania ditlenku wegla, absorpcje jonow oraz sktadnikow od-
zywcezych, a takze efektywno$¢ procesu fotosyntezy (Juneja i in. 2013, Rokicka i in.
2014), a to oznacza wyzsza produkcje biomasy. Pozytywny wplyw wydluzenia czasu
o$wietlania hodowli na przyrost biomasy potwierdzili Amini i in. (2012), natomiast Atta
iin. (2013) odnotowali, ze ciggle naswietlanie hodowli C. vulgaris wptyneto nickorzyst-

nie na wzrost mikroglonow.
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Ryc. 3. Srednia zawarto$é biomasy przy zastosowaniu $wiatla LED (a) oraz SonT Agro (b); srednie w ko-
lumnach oznaczone tg samg literg nie r6znig si¢ istotnie od siebie (P <0.05)

Rodzaj zastosowanego oswietlenia wplywat na produktywnos¢ biomasy mikro-
glonow C. vulgaris. Najwyzszg produktywnos$¢ odnotowano podczas analiz wykonanych
w czwartym dniu do§wiadczenia (Ryc. 4). W optymalnych warunkach hodowli przy za-
stosowaniu o$wietlenia LED uzyskano 25,00 + 5,10 mg-L*-d! oraz 27,08 + 7,80
mg-L1-d ! przy uzyciu o§wietlenia SonT Agro. Podobne wyniki dla produktywnosci bio-
masy tego szczepu mikroglonéw, na poziomie 0,04 + 0,03 g-L™-d %, uzyskali Machado
i in. (2020).
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Ryc. 4. Dynamika produktywnosci biomasy mikroglonow dla fotoperiodu 18/6 h w cyklu $wiatto/ciem-
nos¢ dla o$wietlenia LED (a) oraz SonT Agro (b)

Poczatkowa zawartos¢ chlorofilu a w zawiesinie mikroglonow wynosita 46 + 6,17
mg-m . Najwyzsza zawarto$¢ barwnika asymilacyjnego odnotowano pigtego dnia do-
$wiadczenia. Dla hodowli o$wietlanej §wiattem LED, przy pH 6 oraz przy fotoperiodzie
18/6 h w cyklu $wiatto/ciemnos¢, zawartosé chlorofilu a wynosita 285 + 37,51 mg-m™3,
natomiast dla swiatta SonT-Agro, przy pH 7 i przy fotoperiodzie 18/6 h w cyklu §wia-
tlo/ciemno$¢, 274 + 30,83 mg-m 3. W kolejnych terminach pomiarowych obserwowano
istotng redukcj¢ zawartosci tego barwnika. Zbiezne wyniki dotyczace C. vulgaris, tj.
wzrost zawartosci chlorofilu a tylko do pigtego dnia doswiadczenia, a nastepnie redukcje
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niemal do zera, odnotowali rowniez Lakaniemi i in. (2011). Wedtug tych autoréw, tak
znaczacy spadek zawartosci barwnika asymilacyjnego w komorkach mikroalg zwigzany
byl ze zmniejszaniem si¢ zawartosci sktadnikow odzywczych w podtozu hodowlanym.
Analizujgc produkcje biomasy mikroglonow w niniejszym badaniu, faz¢ stacjonarng
wzrostu, ktora jest powigzana z wyczerpywaniem si¢ sktadnikow pokarmowych w pod-
tozu, zaobserwowano miedzy siédmym a dziewiatym dnia hodowli. Srednio najwyzsza
zawarto$¢ barwnika asymilacyjnego oznaczono dla fotoperiodu 18/6 h w cyklu $wia-
tlo/ciemno$¢ i przy pH 7 (136 + 14,1 mg-m°) dla $wiatta LED oraz dla fotoperiodu 12/12
h i przy pH 6 dla o$§wietlenia SonT (Ryc. 5).
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Ryc. 5. Srednia zawarto$¢ chlorofilu a przy zastosowaniu $wiatta LED (a) oraz SonT Agro (b); $rednie
w kolumnach oznaczone tg samgq literg nie roznig si¢ istotnie od siebie (P < 0.05)

Wyznaczenie optymalnego czasu o$wietlania hodowli jest wazne ze wzgledu na
powiazane z nim procesy fotochemiczne. Wytworzone w fazie jasnej fotosyntezy ATP
oraz NADPH, podczas fazy ciemnej wykorzystywane sa do przeksztatcenia ditlenku we-
glaw cukry, wtym m. in. w glukozg¢ (Rai i in. 2015). Okreslenie optymalnego pH podtoza
hodowlanego bgdzie miato wpltyw na wydajnos¢ wchtanianie sktadnikéw odzywczych.
Niewtasciwie dobrany odczyn moze powodowaé wytracanie si¢ wapnia w hodowli mi-
kroglonow (Sirisansaneeyakul i in. 2011, Morais i in. 2015). Badania przeprowadzone
przez Del Campo 1 in. (2000) wskazuja, ze dla niektorych szczepéw mikroglonéw pH
optymalne dla fotosyntezy moze by¢ nizsze w poréwnaniu do pH optymalnego dla pro-
dukcji biomasy.

Liczba komoérek w zawiesinie mikroglondw na poczatku doswiadczenia wynosita
9,3-10° komoérek/ml. Maksymalna liczbe komérek (2,1-10° komérek/ml) odnotowano
przy pH 7 i przy fotoperiodzie 18/6 h lub 12/12 h w cyklu §wiatto/ciemnos¢, odpowiednio
przy zastosowaniu o$wietlania hodowli lampa SON-T Agro lub oraz lampa LED. Na
podstawie analizy statystycznej sredniej liczby komorek mikroalg stwierdzono, ze czas

o$wietlenia i pH nie mialy istotnego wplywu na uzyskane wyniki (Ryc. 6). W
31



doswiadczeniu najwyzsza warto$é (20,8-10° komorek/ml) dla o$wietlenia SON-T Agro
I oswietlenia LED uzyskano odpowiednio przy fotoperiodzie 18/6 h w cyklu $wiatlo

ciemnos$¢ oraz przy fotoperiodzie 12/12 h.
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Ryc. 6. Srednia liczba komérek w 1 ml zawiesiny mikroglonéw przy zastosowaniu §wiatta LED (a) oraz
SonT Agro (b); érednie w kolumnach oznaczone tg samg literg nie r6znig si¢ istotnie od siebie (P < 0.05)
W kontekscie wykorzystywania biomasy mikroglonow jako substratu do produk-
cji biopaliwa, wybor metody jej oznaczania odgrywa wazng rol¢ dla oceny efektywnosci
calego procesu. Uzyskane wyniki wskazuja, ze metody te nie powinny by¢ wykorzysty-
wane zamiennie, a raczej powinny wynikaé ze specyfiki badan. Takg zaleznos¢ potwier-
dzaja rowniez badania przeprowadzone przez Griffithsa i in. (2011), ktorzy wykazali za-
lezno$¢ m. in. pomiedzy etapem wzrostu a wielkoscig komorek. Zmienna moze by¢ row-
niez zawarto$¢ chlorofilu w komorkach (Reynolds 2006). Pomiar grawimetryczny po-

zwala na bezposrednie okreslenie ilosci surowca dostepnego do przetwarzania.

5.2. Wplyw stresu pokarmowego na przyrost biomasy i poziom akumulacji
lipidow
P2. Ratomski, P.; Hawrot-Paw, M. Influence of Nutrient-Stress Conditions on

Chlorella vulgaris Biomass Production and Lipid Content. Catalysts 2021, 11,
573. https://doi.org/10.3390/catal11050573.

Wykorzystanie odpadow w hodowli mikroglondw przeznaczonej na cele energe-
tyczne pozwala na efektywng produkcj¢ biomasy przy obnizonych kosztach. Istotne jest,
aby w skladzie takich substratéw odpadowych znajdowaty si¢ niezbedne dla tych orga-
nizméw sktadniki odzywcze. W przeprowadzonych badaniach do tego celu wykorzy-

stano $cieki z akwakultury. Podstawowym skladnikiem pokarmowym w podtozu
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hodowlanym, niezbednym dla wzrostu i rozwoju mikroglonow, jest azot (Rendon i in.
2015). W $ciekach z akwakultury zawarto$¢ tego pierwiastka wynosita 31,8 mg-L 2. Juz
przy zastosowaniu AWW w najnizszej, 20-procentowej dawce, co odpowiadato zawar-
tosci N w podtozu hodowlanym na poziomie 6,7 mg-L ™%, odnotowano wzrost iloéci bio-
masy o niemal 90% w poréwnaniu do kontrolnego podtoza syntetycznego (Ryc. 7). Na
podstawie pomiaru suchej masy oraz gestosci optycznej ustalono, ze optymalng dawka
AWW dla produkcji biomasy mikroglonoéw C. vulgaris jest ich 80-procentowa zawartos$¢

w podtozu hodowlanym.
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Ryc. 7. Srednia ilo$¢ biomasy w hodowli mikroglonéw C. vulgaris w podtozu zawierajacym AWW oraz
w obiekcie kontrolnym; srednie w kolumnach oznaczone ta sama literg nie r6znig si¢ istotnie od siebie
(P <0.05)

Zmniejszenie dawki N, w stosunku do wartosci ustalonych jako optymalne,
moze zmniejszy¢ produkcje biomasy (Tang i in. 2011), ale jednocze$nie spowodowac
wzrost zawartosci lipidow w komoérkach mikroglonow (Sharma i in. 2012, Piligaev i in.
2019), co jest korzystne dla wytwarzania biopaliw. W badaniach wtasnych stwierdzono,
ze ograniczenie dostepnosci sktadnikow pokarmowych, w tym ilo$ci dostgpnego dla mi-
kroglonéw azotu, miato istotny wptyw na oba analizowane parametry. Zawarto$¢ bio-
masy, poczawszy od dawki AWWeo, zmniejszata sie w zakresie od 842 + 45,90 mg-L !
do 748 + 0.00 mg-L ! dla dawki AWWy, (Ryc. 8). Zalezno$¢ miedzy iloécig sktadnikow
pokarmowych w $ciekach a ilo$cig biomasy mikroglonéw potwierdzili w swoich bada-
niach Gao i in. (2016) oraz Hawrot-Paw i in. (2019). W badaniach wtasnych, w warun-
kach stresu pokarmowego, odnotowano wzrost zawartosci chlorofilu a. Przy nizszej kon-
centracji komorek w podtozu hodowlanym dostgpnos¢ §wiatla do komorek 1 ich aktyw-

nos$¢ fotosyntetyczna moze wzrastac.
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Ryc. 8. Srednia ilo§¢ biomasy w hodowli mikroglonéw C. vulgaris w podtozu zawierajagcym AWW; érednie

w kolumnach oznaczone tg sama literg nie rdznig si¢ istotnie od siebie (P < 0.05)

Woraz ze zmniejszeniem dawki AWW w podtozu obserwowano wzrost zawartosci
lipidow w biomasie (Ryc. 9), ktéra w warunkach deficytu pokarmowego miescita si¢
w zakresie od 5,75% (AWWso) do 11,81% (AWWo=). Przy najnizszej analizowanej
dawce $ciekow z akwakultury (AWW?2o, dawka 6,7 mg-L ™ N) iloé¢ lipidow w komorkach
mikroglonow wzrosta o 100% w poréwnaniu do dawki najwyzszej (AWWSsgo, dawka
24,7mg-L ! N). Podobne zalezno$ci miedzy ograniczeniem dawki azotu w podtozu ho-
dowlanym a wzrostem zawartos$ci lipidow odnotowali rowniez inni autorzy (Mutlu i in.
2011, Pribyl i in. 2012, Adenan i in. 2016). Indukowany stres pokarmowy prowadzi do
zmian w metabolizmie komoérkowym mikroglonow, sprzyjajac akumulacji lipidow
i skrobi w ich biomasie (Geider i in. 2002).
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Ryc. 9. Zawarto$¢ azotu w podtozu hodowlanym oraz zawarto$¢ lipidow w biomasie mikroglonow; srednie

w kolumnach oznaczone ta samg litera nie r6znig si¢ istotnie od siebie (P < 0.05)
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5.3. Wplyw suplementacji podloza hodowlanego wodoroweglanem sodu na plon
biomasy oraz zmiany jej skladu biochemicznego

P3. Ratomski, P.; Hawrot-Paw, M.; Koniuszy, A. Utilisation of CO, from So-
dium Bicarbonate to Produce Chlorella vulgaris Biomass in Tubular Photobiore-
actors for Biofuel Purposes. Sustainability 2021, 13, 9118.
https://doi.org/10.3390/su13169118.

Zwigkszenie wydajnosci produkcji biomasy mozna uzyskaé zwiekszajac dostep-
nos¢ wegla dla procesu fotosyntezy. W hodowli okresowej juz niewielki dodatek wodo-
roweglanu sodu do podtoza hodowlanego (0,025 g-L 1) wplywal korzystnie na wzrost
mikroglonéw. Dawka NaHCO3 miata istotny wptyw zar6wno na ilo$¢ biomasy, zawar-
to$¢ lipidow, zawartos¢ wegla w biomasie, jak i na szybko$¢ wigzania ditlenku wegla
przez mikroglony.

Srednia zawarto$¢ biomasy W hodowli miescila si¢ w przedziale od 511 + 2,31
mg-L~* w dawce 0,025 g-L.* NaHCO3 do 572 + 4,00 mg-L™* w dawce 2,0 g-L . W syn-
tetycznym podtozu kontrolnym F/2, bez dodatku NaHCOs, oznaczono 505 mg s.m.-L™!
(Ryc. 10). Srednia warto$¢ ODsgo miescila sie w zakresie od 0,107 + 0,00 w obecnosci
najnizszej dawki wodoroweglanu sodu do 0,181 + 0,00 dla dawki 2,0 g-L 1. W obiekcie

kontrolnym warto$¢ ODego byta najnizsza i wynosita 0,101 + 0,00.
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Ryc. 10. Srednia zawarto$¢ biomasy w hodowli mikroglonéw w zaleznosci od zastosowanej dawki

NaHCOs; srednie w kolumnach oznaczone tg sama literg nie r6znig sie istotnie od siebie (P < 0.05)

Uzyskane wyniki potwierdzaja mozliwo$¢ wykorzystywania wodoroweglanu
sodu jako dodatkowego zrodta wegla w hodowli mikroglonow C. vulgaris. W dawce 2,0
g-L ! odnotowano ponad 20-procentowy wzrost biomasy w odniesieniu do obiektu kon-

trolnego (F/2). Zalezno$¢ miedzy dawka wodoroweglanu sodu a iloScig biomasy
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W hodowli potwierdzajg rowniez wyniki badan przeprowadzonych przez innych autorow
(Yeh iin. 2010, Mokashi i in. 2016). Pozytywny wptyw NaHCO3 jako Zrédta nieorga-
nicznego wegla moze wynika¢ z jego wysokiej rozpuszczalnosci i przyswajalnosci
(Aishvaryaiin. 2012).

Zastosowanie wodoroweglanu sodu zmniejsza ewentualny koszt dostarczania nie-
zbednego w hodowli wegla, ale moze tez zwigksza¢ akumulacje cennych sktadnikow
(Zhu i in. 2022). Potwierdzajg to wyniki badan wtasnych (Ryc. 11), jednak kluczowe
znaczenie miata tutaj dawka wodoroweglanu. Zawarto$¢ lipidow miescita si¢ w zakresie
od 9 + 3,75% dla dawki 0,025 g-L. " NaHCO3 do 26 + 4,39% dla dawki 2 g-L. ! NaHCOs.
Istotne roznice w zawartosci lipidow w biomasie C. vulgaris, w porownaniu do warto$ci
kontrolnych, odnotowano po wprowadzeniu do hodowli 2,0 g-L* NaHCOs (zawartosé
lipidow wzrosta o 8% w odniesieniu do obiektu kontrolnego F/2). Zalezno$¢ migdzy
dawka wodoroweglanu sodu a wzrostem poziomu akumulacji lipidow odnotowali tez By-
waters i in. (2015) oraz Li i in. (2018). Zaleznos¢ ta nie jest jednoznaczna. W badaniach
przeprowadzonych przez Pimolrata i in. (2010) oraz Sampathkumara i Gothandama

(2019) podwyzszenie dawki powyzej 200 mM NaHCO3 zmniejszyto zawartos¢ lipidow.
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Ryc. 11. Srednia zawarto¢ lipidow w biomasie w hodowlach z réznymi dawkami NaHCOg; srednie w ko-

lumnach oznaczone ta sama litera nie r6znig si¢ istotnie od siebie (P < 0.05)

Dostepnos¢ dodatkowego zrodita wegla w podtozu hodowlanym wptywata pozy-
tywnie na stopien wigzania CO2 w biomasie. W zalezno$ci od dawki wodoroweglanu,
stopien wigzania CO, miescil sie w przedziale od 0,155 g-L*-d * do 0,925 g-L*-d},
odpowiednio przy najnizszej i najwyzszej dawce NaHCOs w podiozu hodowlanym.

W obiekcie kontrolnym, bez dodatku wodorowgglanu sodu, wspotczynnik wigzania
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ditlenku wegla byl najnizszy i wyniost 0,139 g-L*-d*. Zalezno$¢ pomiedzy wzrostem
dawki wodoroweglanu sodu a wzrostem zawarto$ci wegla w biomasie potwierdzili row-
niez Klinthong i in. (2015). Wskazuje to na wysoki potencjal asymilacji ditlenku wegla

przez komorki mikroglondw i biologicznej sekwestracji CO2 w ich biomasie.

5.4. Hodowla mikroglonéw w skali przemyslowej

P4. Hawrot-Paw, M.; Ratomski, P. Efficient Production of Microalgal Biomass
- Step by Step to Industrial Scale. Energies 2024, 17, 944.
https://doi.org/10.3390/en17040944.

Produkcja biomasy z mikroalg na skale komercyjng jest nadal istotnym wyzwa-
niem. Efektywnos¢ uzyskana w skali laboratoryjnej jest trudna do odtworzenia w foto-
bioreaktorach przemystowych. Najwicksza produktywnos$¢ biomasy, niezaleznie od skali

hodowli, odnotowano w ciggu pierwszych pigciu dni doswiadczenia (Tab. 1).

Tab. 1. Produktywno$¢ biomasy mikroglonow w zaleznosci od pojemnosci fotobioreaktora

Pojemnos¢ ) Produktywno$é biomasy, mg-L*-d*!
fotobioreaktora, L Mikroglony Dzien 5 Dzien 10 Dzien 15
Chlorella vulgaris 86.1+0.2 60.0+1.9 49.6+1.0
Chlorella fusca 100.8+2.2  62.0+3.9 574+0.5
Monoraphidium 85.6+0.7 53.7+£29 54.6+1.0

25 Oocystis submarina 948+1.2 53.6 £0.5 49.6+£2.1
Chlorella minutissima 89.1+1.6 69.8+24 572+1.0
Scenedesmus 113.5+4.1 746+34 57.4+0.5
Chlorella vulgaris 540+ 1.1 46.5+0.9 413+1.6
Chlorella fusca 487+ 1.4 346+£09 29.6+1.0
Monoraphidium 60.5+1.0 40.7+0.8 442+ 0.6
14 Oocystis submarina 79.1+2.7 88.1+1.2 534+04
Chlorella minutissima 55.7+1.0 495+ 1.8 374+28
Scenedesmus 60.1 £0.8 54.6+£0.9 29.6+1.0

Chlorella vulgaris 14.0+0.8 7.1£0.6 6.2+0.9

Chlorella fusca 189+1.6 11.9+0.8 53+0.9
Monoraphidium 20.0+2.8 16.6+ 1.5 142+0.5
100 Oocystis submarina 20.7+3.2 149+2.1 12.3+0.5
Chlorella minutissima 16.9+1.4 6.8+1.1 43+04
Scenedesmus 259+22 213+0.5 21.4+09
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W badaniach wtasnych odnotowano spadek ilosci biomasy w hodowli wraz ze
wzrostem pojemnosci fotobioreaktorow, niezaleznie od rodzaju szczepu wykorzystywa-
nego w hodowli. W fotobioreaktorach o pojemnosci 100 L, spadek produktywnos$ci bio-
masy juz w pierwszym terminie pomiarowym, w poréwnaniu do wartosci odnotowanych
w probkach pobranych z fotobioreaktorow o pojemnosci 2,5 L, miescit si¢ w zakresie od
77% do 88. Nizsza produktywnos$¢ biomasy w fotobioreaktorach o wigkszej pojemnosci
zwigzana moze by¢ z ograniczeniem dostgpnosci swiatta (Min i in 2011). Tak wysoka
redukcja wzrostu mogta by¢ réwniez powodowana uszkodzeniem komorek poprzez in-
tensywne mieszanie hodowli, ktore w fotobioreaktorach przemystowych jest szczegolnie
istotne aby zapobiega¢ sedymentacji komorek (Camacho i in. 2000).

Niewielka skala produkcji sprzyjata akumulacji lipidow w biomasie (Ryc. 12),
natomiast w fotobioreaktorach o wigkszej pojemnosci odnotowano redukcje ich zawar-
tosci. W probkach pobranych z fotobioreaktorow o pojemnosci 14 L, w zalezno$ci od
szczepu, spadek wynosit od 25% do 57%, w tym 29% dla mikroglonéw C. vulgaris. Jesz-
cze nizsze wartosci odnotowano w hodowlach prowadzonych w fotobioreaktorach prze-
mystowych o pojemnosci 100 L, gdzie spadek w odniesieniu do skali 2,5 L, miescit sig
w przedziale od 32% do 64%, w tym 42% dla mikroglonow C. vulgaris. Tak istotne r6z-
nice pomig¢dzy zawartoscig lipidow moga wynikac z réznic w wymianie gazowej w foto-
bioreaktorach o zmiennej geometrii czy z intensywno$ci mieszania hodowli (Xu i in.
2009, Amaro i in. 2011, Pham i in. 2017). W fotobioreaktorach przemystowych mogly
panowac stresowe warunki, co odzwierciedlatyby wyniki dotyczace produktywnosci bio-
masy, natomiast nie thtumaczy to odnotowanego spadku zawartosci lipidow w komorkach.
Ten etap produkcji biomasy mikroglonow, istotny dla skali przemystowej, wymaga prze-
prowadzenia dodatkowych, bardziej ztozonych badan.

Pojemnos¢ fotobioreaktora, L: m2.5 w14 m100
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Ryc. 12. Zawarto$¢ lipidow w biomasie mikroglondw; srednie w kolumnach oznaczone ta sama litera nie

r6znig si¢ istotnie od siebie (P < 0.05)

W zaleznosci od skali produkcji zwickszata si¢ tez zawarto$¢ popiotu w biomasie
(Ryc. 13). W biomasie mikroglonéw hodowanych w fotobioreaktorach o pojemnosci
2,5 L zawarto$¢ popiotu miescita si¢ w zakresie od 8 % dla C. fusca do 11 % dla szczepu
C. vulgaris. W fotobioreaktorach o pojemnosci 14 L, zawarto$§¢ popiotu w biomasie
zwiekszyta si¢ w poréwnaniu do wynikéw uzyskanych w hodowli prowadzonej w foto-
bioreaktorach o pojemnosci 2,5 L, | miescita si¢ w zakresie od 17 % dla szczepu C minu-
tissima do 22 % dla Monoraphidium, w tym 21% dla C. vulgaris. W fotobioreaktorach
0 pojemnos$ci 100 L najnizszg zawarto$¢ popiotu odnotowano dla mikroglonow O. sub-
marina (11 %). W przypadku szczepow C. minutissima oraz Scenedesmus popiot stano-
wit 25 % biomasy, natomiast dla mikroglonow C. vulgaris 23%. Zawarto$¢ popiotu jest
istotnym parametrem jakosci biomasy mikroglonow wykorzystywanej na cele energe-
tyczne i wptywa niekorzystnie na wlasciwosci produkowanego z niej biopaliwa (Vassilev
i in. 2015). Prace wielu autoréw wykazuja na zalezno$¢ pomigdzy sposobem hodowli
a zawarto$cig popiolu w biomasie (Adams i in. 2011, Laurens i in. 2012, Liu 2017).
Zwigkszona akumulacja zwigzkéw mineralnych w biomasie mikroglonow hodowanych
w skali przemystowej moze mie¢ zwigzek z mniej efektywnym mieszaniem. Niewyko-
rzystane sktadniki podtoza hodowlanego moga by¢ separowane razem z biomasa i pod-

nosi¢ ogdlng zawartos¢ popiotu.
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Ryc. 13. Zawartos$¢ popiotu w biomasie mikroglondw; srednie w kolumnach oznaczone ta samga litera nie

roznig si¢ istotnie od siebie (P < 0.05)
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5.5. Efektywnos$¢ metod odwadniania biomasy

P5. Ratomski, P.; Hawrot-Paw, M. Ocena efektywnosci metod odwadniania bio-
masy mikroglonéw. W: Doskonalenie technologii produkcji rolnej, w tym energii
odnawialnej, z uwzglgdnieniem wymagan zrownowazonego rozwoju. Wydaw-

nictwo ITP, Tom XXVII, Warszawa — Falenty, 2021.

Przy niewielkim stopniu zaggszczenia komorek mikroglonow w hodowli wazne
jest dobranie odpowiedniej i efektywnej metody separacji biomasy i jej odwodnienia,
utatwiajacej dalsze jej przetwarzanie. Wysokowydajna i optacalna metoda zbioru jest
szczegblnie wazna przy wykorzystywaniu biomasy mikroglonow na skalg przemystowa.
W badaniach whasnych, w ktorych testowano metodg separacji odsrodkowej (wirowanie),
flokulacj¢, sedymentacj¢ oraz filtracje, najkorzystniejsze wyniki odnotowano stosujac
metode wirowania. Zwigkszenie predkosci wirowania z 2000 rpm do 4000 rpm zwigk-
szyto efektywnos¢ separacji z 54% do 70% (Ryc. 14), a wydluzenie czasu wirowania -
do 99%. Zaleznos¢ pomiedzy wzrostem predkosci obrotowej a skutecznoscig metody wi-
rowania potwierdzaja badania przeprowadzone przez Japara i in. (2017).

Skutecznos¢ metody flokulacji byta zalezna od dawki flokulantu 1 wynosita mak-
symalnie 97% dla chitosanu oraz 99 % dla siarczanu cynku. Wysoka skutecznos¢ wyko-
rzystania ZnSOs potwierdzili w swoich badaniach rowniez Surendhirian i Vijay (2013),
ktorzy stosujac dawke 600 mg-L! osiggneli 92-procentows skutecznoéé flokulacji. Dzia-
tanie chitosanu nie jest tak jednoznaczne. Godos i in. (2011) oraz Cheng i in. (2011)
wskazuja na jego niewielka skutecznos$¢, jednak podatno$¢ na flokulacje moze wigzac si¢
z rodzajem hodowanego szczepu (Sirin i in. 2011). Wedtug Rashida i in. (2013), w od-
powiednich warunkach, skuteczno$¢ zastosowania chitosanu do separacji biomasy mi-
kroglonow C. vulgaris moze osiggna¢ nawet 99%. W badaniach wtasnych zdecydowanie
mniej efektywng metoda byta sedymentacja. Po 24 godzinach jej skuteczno$¢ byta na
poziomie 58%. Niska efektywnos¢ tej metody moze wynika¢ z malej ggstosci i mikro-
skopijnych rozmiaréw komorek alg (Mariam i in. 2015, Japar i in. 2017). Przyjeta w ba-
daniach obj¢to$¢ probki zawiesiny mikroglonéw okazata si¢ by¢ niewystarczajgca do
oceny efektywnosci filtracji. Nie udato si¢ zebra¢ wysuszonej biomasy z siatki fitoplank-

tonowej 1 okresli¢ skutecznosci tej metody.
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Ryc. 14. Efektywnos$¢ odwodniania biomasy metoda wirowania); srednie w kolumnach oznaczone ta sama

literg nie r6znig si¢ istotnie od siebie (P < 0.05)

5.6. Ekstrakcja lipidéw z biomasy mikroglonow

P6. Ratomski, P.; Hawrot-Paw, M. Poréwnanie efektywnosci metod ekstrakcji
lipidow z biomasy mikroglonéw Chlorella vulgaris. W: Innowacyjne Technolo-
gie Pozyskania Energii Odnawialnej. Wydawnictwo ITP, Tom XXVI, Warszawa
— Falenty, 2020.

Jednym z kluczowych etapow technologii produkcji biodiesla z oleju mikroglo-
now jest sposob jego pozyskiwania. W przeprowadzonych badaniach wykorzystano dwie
podstawowe metody ekstrakcji z modyfikacjami. Najnizsza skutecznosé¢ (4,99%) uzy-
skano wykorzystujac klasyczng metode z aparatem Soxhleta i z heksanem jako rozpusz-
czalnikiem (Ryc. 15). Zastosowanie ultradzwickow przed ekstrakcjg biomasy spowodo-
wato wzrost ilo$ci pozyskiwanych lipidow o niemal 30% w odniesieniu do podstawowej
metody. Fale ultradzwickowe generuja zjawisko kawitacji, czyli powstawania pecherzy-
kow, ktorych pekanie powoduje niszczenie struktury komorkowej mikroalg i uwalnianie
znajdujacego si¢ w nich oleju (Dae Yoon i in. 1998). Jeszcze wyzsza skuteczno$¢ uzy-
skano po zastosowaniu promieniowania mikrofalowego. Efektywnosc¢ ekstrakcji wzrosta
0 57% w pordéwnaniu do klasycznej ekstrakcji heksanem. Zastosowanie promieniowania
mikrofalowego moze wptywac korzystnie rOwniez na czas pozyskiwania oleju z komorek
mikroalg (Suali i Sarbatly 2012). Wysoka skutecznos¢ tej metody spowodowana jest po-
wstawaniem mikropeknie¢ w §cianach komorkowych (Sostracic i in. 2012). W przepro-

wadzonych badaniach najkorzystniejsze wyniki uzyskano wykorzystujac metode
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ekstrakcji lipidow wg Bligha i Dyera, poprzedzong uzyciem ultradzwiekéw. Oznaczona
zawartos$¢ lipidow w biomasie byta ponad 2-krotnie wyzsza w odniesieniu do warto$ci
uzyskanych metoda klasyczng w aparacie Soxhleta. Wedtug Araujo i in. (2012) zwigzane
jest to nie tylko ze zjawiskiem kawitacji, ktore wptywa korzystnie na uwalnianie lipidow
do roztworu, ale takze z wysoka selektywnoscig lipidow w stosunku do uktadu chloro-
form, metanol i woda. Chloroform dziata jako rozpuszczalnik lipidow, etanol skutecznie
pomaga rozbi¢ btong komorkowa umozliwiajac dostep do lipidow, natomiast obecnos¢
wody powoduje taczenie si¢ zanieczyszczen i tatwe ich usunigcie (Ramos-Bueno i in.
2016).
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Ryc. 15. Zawarto$¢ lipidow w biomasie w zaleznosci od metody ekstrakcji; $rednie w kolumnach ozna-

czone tg samg literg nie r6znig si¢ istotnie od siebie (P < 0.05)

5.7. Analiza profilu kwasow tluszczowych

P7. Hawrot-Paw, M.; Ratomski, P.; Koniuszy, A.; Golimowski, W.; Teleszko,
M.; Grygier, A. Fatty Acid Profile of Microalgal Oils as a Criterion for Selection
of the Best Feedstock for Biodiesel Production. Energies 2021, 14, 7334.
https://doi.org/10.3390/en14217334.

W obecnosci petnej dawki sktadnikéw pokarmowych w podiozu hodowlanym
ilo$¢ biomasy w poszczegdlnych fotobioreaktorach miescita sie zakresie od 292 mg-L !
s.m. do 525 mg-L ! s.m., w tym dla mikroglonéw C. vulgaris wynosita 508 mg-L™* s.m.
(Ryc. 16). Ograniczenie dawki sktadnikéw odzywczych 0 50% spowodowato redukcje
ilosci biomasy 0 9% - 23%, w tym 13% dla C. vulgaris. Kim i in. (2012) oraz Gigova

i lvanova (2015) prowadzili badania dotyczace wplywu ograniczenia sktadnikow
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pokarmowych na wzrost i rozwdj Chlorella sp., Dunaliella sp. Dunaliella salina i dla
wszystkich szczepéw hodowanych w niepeinej dawce sktadnikéw pokarmowych odno-

towali spadek zawarto$ci biomasy.

600 - Dawka skladnikow pokarmowych: m 100% u50%

Biomasa, mg-L™!

Chlorella vulgaris Chlorella fusca QOocystis submarina Monoraphidium

Szezepy mikroglonow

Ryc. 16. Srednia zawarto$¢ biomasy w zawiesinie mikroglonow; srednie w kolumnach oznaczone ta sama

literg nie r6znia si¢ istotnie od siebie (P < 0.05)

Wysoka zawarto$¢ sktadnikow nieorganicznych w biomasie mikroglonow
wplywa na jako$¢ pozyskiwanego oleju i produkowanego na jego bazie biodiesla (Vardon
i in. 2011, Gai i in. 2014). Badania wlasne wykazatly, ze $rednia zawarto$¢ popiotu mie-
Scita si¢ w przedziale od 19,74 + 1,70% do 43,19 + 0,24%, w tym 26,23 + 1,90% dla
mikroglonéw C. vulgaris (Ryc. 17). W warunkach stresu pokarmowego dla szczepu
C. vulgaris ilo$¢ popiotu zmniejszyta si¢ do poziomu 24,3%, natomiast dla pozostatych
szczepow miescita si¢ w zakresie od 11,2% do 37,0%. Zalezno$¢ miedzy dostgpnoscia
sktadnikow odzywczych a zawarto$cig popiolu w biomasie mikroglonéw przestawili
W swojej pracy rowniez Roostaei i in. (2018). Autorzy hodowali mikroglony Scenede-
smus dimorphus w warunkach autotroficznych oraz dla poréwnania w warunkach mikso-

troficznych, w ktorych uzyskali blisko 45-procentowa redukcje zawarto$ci popiotu.

s0 - Dawka sktadnikow pokarmowych: m 100% u50%

Zawarto$¢ popiolu, %

Chlorella vulgaris Chlorella fusca  Oocystis submarina ~ Monoraphidium

Szezepy mikroglonow
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Ryc. 17. Srednia zawarto$¢ popiotu w biomasie; srednie w kolumnach oznaczone ta sama litera nie r6znig

si¢ istotnie od siebie (P < 0.05)

Przy 100-procentowej dawce sktadnikéw pokarmowych w podtozu hodowlanym
zawarto$¢ lipidow w biomasie miescita si¢ w przedziale od 12% do 14%, w tym dla mi-
kroglonow C. vulgaris byto to 13% (Ryc. 18). Zawarto$¢ lipidow w komoérkach mikro-
glonoéw determinuje potencjat do produkcji biopaliw (Griffiths i Harrison 2009), a ogra-
niczenie dawki sktadnikéw pokarmowych (dawka 50%) sprzyjato akumulacji lipidow
w biomasie. Najkorzystniejsze wyniki uzyskano dla szczepu O. submarina (wzrost 0 91%
w odniesieniu do 100-procentowej dawki sktadnikow pokarmowych), natomiast dla
C. vulgaris bylo to 17%. Wyzszg zawarto$¢ lipidow w warunkach stresu pokarmowego
odnotowali rowniez Klin i in. (2018), ktorzy prowadzili badania wybranych szczepow
zielenic battyckich, w tym dla Chlorella sp. Zawartos¢ lipidow w komorkach C. vulgaris,
zarowno podczas hodowli w pelnej, jak i w ograniczonej dawce sktadnikow pokarmo-
wych, miescita si¢ w przedziale danych prezentowanych w literaturze (Mata i in. 2010).
W wielu pracach badawczych akumulacj¢ lipidow stymuluje si¢ gtdwnie poprzez zmniej-
szenie dawki azotu w podtozu hodowlanym (Converti i in. 2009, Prochazkova i in. 2014,
Singh i in. 2016). Dla technologii przemystowych wazne jest maksymalne zmniejszenie
kosztow operacyjnych, stad w prezentowanych badaniach stres wywotano ograniczajac

dostepnos¢ wszystkich sktadnikow podtoza hodowlanego.

30 - Dawka skladnikoéw pokarmowych: m 100% m50%

Zawarto$é lipidow %

Chlorella vulgaris Chlorella fusca  Oocystis submarina ~ Monoraphidium

Szezepy mikroglonow

Ryc. 18. Srednia zawarto$¢é lipidow w biomasie; $rednie w kolumnach oznaczone ta sama litera nie roznig

si¢ istotnie od siebie (P < 0.05)

W ocenie potencjatu mikroglonéw do wytwarzania biodiesla wazna jest nie tylko
ilo§¢ lipidow w ich komorkach, ale rowniez obecno$¢ odpowiednich kwasow ttuszczo-
wych (FA), ktore sg bezposrednimi prekursorami do produkcji biodiesla 3G (Chisti
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2007). Wysoka zawarto$¢ nasyconych kwasow tluszczowych (SFA) wptywa m. in. na
stabilnos$¢ oksydacyjna paliwa (Mostafa i EI-Gendy 2017). W prezentowanych badan naj-
wyzszg zawarto$¢ SFA odnotowano dla biomasy szczepu C. fusca oraz C. vulgaris, od-
powiednio 28,64% i 27,32% (Ryc. 19). Kolejnym waznym parametrem branym pod
uwage w ocenie wlasciwosci tego biopaliwa jest jego lepkos¢ w niskich temperaturach.
Zaten parametr odpowiadaja jednonienasycone kwasy thuszczowe, tzw. MUFA (Cao i in.
2014). Najwyzsza zawarto$¢ tych kwasow (24,18%) odnotowano w biomasie mikroglo-
now C. vulgaris. Stres pokarmowy na ogot zwigkszat ilo§¢ nasyconych i nienasyconych
kwasow tluszczowych, w tym MUFA, a oznaczone roznice zalezaly od rodzaju szczepu.

Zalezno$¢ ta w swoich badaniach potwierdzili rowniez Arora i Philippidis (2021).

ESFA "MUFA PUFA
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Chiorella fusca Monoraphidil

Chlorella vulgaris Qocystis submarina

Szczepy mikroglonow

Ryc. 19. Sumaryczny sktad kwasoéw thuszczowych w biomasie mikroglonow

Analiz¢ wybranych wtasciwosci uzytkowych biodiesla z mikroglonéw, na pod-
stawie profilu kwaséw ttuszczowych, przygotowano za pomocg programu komputero-
wego Biodiesel Analyzer© Version 2.2. (Tab. 2). Warto$¢ poszczegdlnych parametrow
zmieniata si¢ w zalezno$ci od dawki sktadnikéw pokarmowych oraz rodzaju szczepu wy-
korzystanego w badaniach. Dla mikroglonéw C. vulgaris pozytywne zmiany w warun-
kach stresu pokarmowego odnotowano w odniesieniu do liczby cetanowej (CN), tempe-
ratury blokowania zimnego filtru (CFPP), stabilnosci oksydacyjnej (OS) oraz liczby jo-
dowej (IV). Pod wzglgdem energetycznym, na podstawie wartosci opatowej (HHV), naj-
lepszym surowcem do produkcji biodiesla byt olej z biomasy gatunku C. vulgaris hodo-
wanego na podlozu z pelng dawka sktadnikoéw pokarmowych (35,483 MJ-kg™t). Wysoki
potencjat energetyczny tych mikroglonow potwierdzity tez badania Sakarika i in. (2019),

w ktorych autorzy analizowali wydajno$¢ energetyczng biodiesla, biometanu oraz
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biopaliwa statego wytworzonych z biomasy tego gatunku. W badaniach wtasnych row-
niez inne parametry reologiczne biopaliwa, takie jak gesto$¢ (D) i lepkos¢ kinematyczna
(KV), byly najkorzystniejsze dla biodiesla z oleju mikroglonéw C. vulgaris hodowanych
przy 100-procentowej dawce sktadnikow pokarmowych. Wynosity one odpowiednio
D =0.795 g-cm 2 oraz KV = 3.076 mm?-s! i byly najbardziej zblizone do parametrow
konwencjonalnego oleju napedowego, dla ktérego D = 0.82 - 0.85 g-cm ™ natomiast
KV =2 -45mm?s? (PN-EN ISO 12156-1:2004; PN-EN 1SO 3675:2018-03).

Tab. 2. Whasciwos$ci biodiesla wyznaczone na podstawie profilu kwasow tluszczowych

) Oocystis subma- .
Para-  Chlorellavulgaris  Chlorella fusca ) Monoraphidium
rina
metr

100% 50% 100% 50% 100% 50% 100% 50%

HHV* 35483 34,495 34,353 33,328 29,467 32,979 30,157 31,831
CN 48,401 52,013 49,704 53,83 53,361 52,507 57,601 50,651
D 0,795 0,772 0,771 0,747 0,665 0,74 0,676 0,717
KV 3,076 3,008 2,93 2,876 2,422 2,808 2,593 2,636
CFPP 0,388 -0,278 -3571 -7,482 -11,083 -8,199 -10,505 -9,201
oS S 6,408 5,82 5,872 5,212 5,994 5,536 5,799
v 122,302 109,386 120,04 105,354 126,696 112,896 104,603 126,491

*HHV: gorna warto$¢ opatowa (MJ-kg?), CN: liczba cetanowa, D: gestosé¢ (g-cm), KV: lepkos¢ kine-
matyczna (mm?-s), CFFP: temperatura zablokowania zimnego filtra (°C), OS stabilno$¢ oksydacyjna
(h), 1V: liczba jodowa

Wytypowanie najlepszego surowca do produkcji biodiesla jest trudne, poniewaz
istnieje szereg kryteriow oceny jego parametrow. W podjeciu decyzji pomocne moga by¢
modele programowania matematycznego. W prezentowanych badaniach wykorzystano
metod¢ PROMETHEE, a jej wyniki przedstawiono na Ryc. 20. Potozenie najblizsze tzw.
osi decyzyjnej wskazuje, ze z wyjatkiem szczepu Monoraphidium, stres pokarmowy miat

korzystny wpltyw na wtasciwosci biopaliwa.
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Ryc. 20. Analiza wielokryterialna PROMETHEE GAIA (C.v — C. vulgaris, C.f. — C. fusca, O. — O. sub-

marina, M. — Monoraphidium)

5.8. Ocena wybranych wskaznikéw pracy silnika zasilanego paliwem z dodat-
kiem biodiesla wyprodukowanego z oleju mikroglonow

P8. Ratomski, P.; Hawrot-Paw, M.; Koniuszy, A.; Golimowski, W.; Kwasnica,
A.; Marcinkowski, D. Indicators of Engine Performance Powered by a Biofuel
Blend Produced from Microalgal Biomass: A Step towards the Decarbonization
of Transport. Energies 2023, 16, 5376. https://doi.org/10.3390/en16145376.

Badania prowadzone w warunkach rzeczywistych, oceniajace wskazniki pracy
silnika zasilanego biodieslem z mikroglondw, sa kluczowe dla kompleksowej oceny tech-
nologii produkc;ji tego biopaliwa. W badaniach wtasnych analizowano wybrane parame-
try silnika zasilanego paliwem konwencjonalnym z dodatkiem biodiesla z oleju z mikro-
glonow oraz z rzepaku. Nie stwierdzono istotnych réznic w odniesieniu do momentu ob-
rotowego, mocy silnika, zuzycia paliwa, sprawnosci indykowanej, efektywnosci cieplnej.

Przy maksymalnym obcigzeniu 6 Nm, najwyzszg predko$¢ obrotowg silnika od-
notowano dla mieszanki paliwowej z dodatkiem biodiesla z mikroglonow (Ryc. 21). Byta
to warto$¢ o 6 rpm wyzsza w odniesieniu do mieszanki paliwowej B7/RME, jednak roz-
nica miedzy warto§ciami srednimi byta nieistotna statystycznie. Zmiany w predkosci ob-

rotowej moga wynikac ze zmiany liczby cetanowej mieszanki (Zhang i in. 2022).
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Ryc. 21. Zalezno$¢ migdzy moca silnika a predkoscig obrotowa (&) oraz moc silnika przy momencie obro-

towym 6 Nm (b); srednie w kolumnach oznaczone tg sama literg nie r6znig si¢ istotnie od siebie (P < 0.05)

Najwyzsza moc uzyteczng silnika, podobnie jak w przypadku predkosci obroto-
wej, odnotowano dla mieszanki B7/AME. W zaleznosci od obcigzenia oznaczone warto-
$ci miescily sie¢ w przedziale od 0,250 KW do 1,087 kW. Dla mieszanki paliwowej
B7/RME moc uzytkowa byta nizsza o ok. 0,5%. Generalnie dodatek biokomponentow,
ktore charakteryzujg si¢ nizsza warto$cig opatlowa, wptywa na spadek mocy silnika (Ser-
rano i in. 2023), natomiast wzrost lepkosci paliwa przektada si¢ na jego moc uzyteczna,
zwigksza wiec moc silnika (Adaileh i AlQdah 2012, Tiiccar i Aydin 2013). Przy najwyz-
szym momencie obrotowym korzystniejsze wyniki pod wzgledem godzinowego zuzycia
uzyskano dla mieszanki paliwowej B7/AME (Ryc. 22). Réznice pomi¢dzy godzinowym
zuzyciem dla roznych paliw zwigzane sg z ich warto$cig opatowa (Reis i in 2013), jednak
w badaniach wtasnych réznica miedzy srednimi dla obu mieszanek paliwowych, podob-

nie jak dla mocy uzytecznej silnika, nie byla istotna statystycznie.
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Ryc. 22. Zalezno$¢ migdzy sprawnos$cia ogolna silnia a pr¢dkoscig obrotowa (a) oraz sprawnos¢ ogélna
przy momencie obrotowym 6 Nm (b); srednie w kolumnach oznaczone tg sama litera nie r6znig si¢ istotnie
od siebie (P < 0.05)
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Najwyzsze jednostkowe zuzycie paliwa zaobserwowano przy najmniejszych ob-
cigzeniach silnika, co jest zgodne z wynikami prezentowanymi przez innych autorow
(Siqueira i in. 2013, Paula i in. 2016). Sposrdod analizowanych mieszanek paliwowych,
korzystniejsze warto$ci dla tego parametru uzyskano dla B7/AME. Przy obcigzeniu 6 Nm
jednostkowe zuzycie paliwa byto 0 0,95% nizsze w poréwnaniu do paliwa B7/RME. Mu-
rad i Al-Dawody (2022) stwierdzili, ze stosowanie mieszanek biodiesla z alg i oleju na-
pedowego zwigksza zuzycie paliwa podczas hamowania, natomiast wedtug Khiari i in.
(2016), przy niewielkim udziale biokomponentu nie odnotowuje si¢ wzrostu jednostko-
wego zuzycia paliwa.

Sprawnos$¢ indykowana silnika zasilanego mieszanka B7/AME byla wyzsza
w poréwnaniu do B7/RME w zakresie od 43,8 do 46,2%, jednak na podstawie analizy
warto$ci $rednich stwierdzono, ze rodzaj zastosowanego paliwa nie wptywat istotnie na
warto$¢ tego parametru. Lebedevas i in. (2021) réznice W sprawnosci indykowanej dla
analizowanych biopaliw okreslili na poziomie maksymalnie 2,0%.

Sprawnos$¢ ogolna silnika zasilanego mieszanka B7/AME mies$cita si¢ w zakresie
od 10% (1 Nm) do 28% (6 Nm), natomiast dla mieszanki B7/RME byta nizsza srednio
0 1,26%. Na sprawnos$¢ pracy silnika wptywa m. in. lepko$¢ paliwa. Wyzsza lepkos¢ pa-
liwa wplywa na jego gorsze rozpylenie, a to skutkuje nizszg wydajno$cig spalania
(Ahmed i in. 2017). Wyliczona w niniejszych badaniach lepkos¢ kinematyczna dla bio-
diesla wyprodukowanego z oleju mikroglonow jest nizsza w pordwnaniu do biopaliwa
RME, ktora miesci si¢ w granicach 3,5 mm?-s™* - 5,0 mm?-s™t (PN-EN 14214:2012).

Rodzaj mieszanki paliwowej nie miat istotnego wpltywu na przebieg ci$nienia
w cylindrze silnika w funkcji kata obrotu watu korbowego (Ryc. 23). Nieznacznie wyzsze
ci$nienie dla obu mieszanek paliwowych obserwowano dla wyzszego momentu obroto-

Wego.
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Ryc. 23. Cisnieniec w cylindrze silnika dla B/RME/1 Nm (a), B/RME/6 Nm (b), B/AME/1 Nm (c),

B/AME/6Nm (d)

Wszystkie emisje toksycznych sktadnikow dla silnika pracujacego w zakresie naj-

wigkszych ustawien momentu obrotowego miescity si¢ w granicach dopuszczalnej normy

dla urzadzenia zastosowanego w badaniach.

Emisja tlenkéw wegla w spalinach zmieniata si¢ wraz ze wzrostem obcigzenia.

Przy nizszych obciazeniach silnika emisja CO dla mieszanki paliwowej B7/AME byta
0 67% nizsza W poréwnaniu do mieszanki do B7/RME. Wraz ze wzrostem obcigzenia

I zmniejszaniem predkosci obrotowej wartosci emisji tlenku wegla dla B7/RME byly niz-

sze w porownaniu do B7/AME. Przy najwigkszym obciazeniu réznica ta wynosita mak-

symalnie 1.05 g'kWh?* (Ryc. 24).
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Ryc. 24. Emisja tlenku wegla w zalezno$ci od predkosci obrotowej (a) oraz emisja tlenku wegla przy mo-
mencie obrotowym 6 Nm (b); srednie w kolumnach oznaczone tg samg literg nie r6znig si¢ istotnie od
siebie (P <0.05)

Istotnym parametrem w ekologicznej ocenie biopaliw jest poziom emisji ditlenku
wegla. Dla analizowanych punktow charakterystyki silnika oznaczone poziomy emisji
miescily sie w zakresie od 1,0 do 2,0 kg-kWh! (Ryc. 25). Emisja ditlenku wegla dla
paliwa B7/RME byta wyzsza $rednio o 6,7%, natomiast przy obcigzeniu 6 Nm roznica
miedzy mieszankami paliwowymi wyniosta 8,1% na korzys¢ B7/AME. El-Baz i in.
(2016) podczas spalania mieszanki zawierajacej 20% biopaliw z oleju alg odnotowali
redukcje emisji CO2 maksymalnie o 8% w poréwnaniu do oleju napedowego, co zdaniem
autoréw wynika z nizszego w poréwnaniu do konwencjonalnego paliwa stosunku ato-
moéw wegla do wodoru. Ogoélny bilans emisji CO2, zwigzany z produkcja i uzytkowaniem
biodiesla wytworzonego z mikroglonow (AME), jest zdecydowanie nizszy w porownaniu
do biodiesla konwencjonalnego (RME). Wynika to z duzo wyzszej skutecznosci pochta-
niania COz z atmosfery w odniesieniu do roslin, w tym do rzepaku. Catkowita sekwestra-
cja wegla w biomasie mikroglonéw moze wyniesé nawet 513 MG CO2-ha™!, w poréwna-

niu do 15,6 MG CO2-ha! dla rzepaku ozimego (Bilanovic i in. 2009, KwiatkowskKi i in.
2023).
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Ryc. 25. Emisja ditlenku wegla w zaleznosci od predkosci obrotowej (a) oraz emisja ditlenku wegla przy

momencie obrotowym 6 Nm (b); érednie w kolumnach oznaczone tg sama literg nie r6znig si¢ istotnie od
siebie (P <0.05)

Nizszg emisje weglowodoréw odnotowano przy najmniejszej predkosci obroto-
wej silnika. Tylko w tym punkcie pomiarowym warto$¢ emisji byta nizsza dla mieszanki
paliwowej B7/RME byta nizsza w poréwnaniu do B7/AME. Srednie warto$ci dla HC nie
r6znily sig¢ statystycznie, w przeciwienstwie do poziomu emisji tlenkow azotu.

Emisja NOx byta nizsza w przypadku B7/RME i mie$cila si¢ w zakresie od 0,74
do 3,02 g-’kWh! (Ryc. 26). Wzrost emisji NOx podczas spalania mieszanki paliwowej
zawierajacej biodiesel z mikroglonéw odnotowali rowniez Sharif i in. (2020), co moze
wynikaé¢ m. in. z wigkszej zawarto$ci tlenu w biomasie (Debowski i in. 2021). Wysoka

temperatura w komorze spalania 1 i1lo$¢ tlenu to gléwne przyczyny powstawania tlenkow
azotu (Allasi i in. 2025).
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Predkosc¢ obrotowa, rpm Rodzaj paliwa

Ryc. 26. Emisja tlenkow azotu w zalezno$¢ od predkosci obrotowej (a) oraz emisja tlenkow azotu przy

momencie obrotowym 6 Nm (b); $rednie w kolumnach oznaczone tg sama literg nie r6znig sie istotnie od
siebie (P < 0.05)
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6. WNIOSKI

Uzyskane wyniki sg zgodne z zatozonymi celami badawczymi i pozwolity na we-

ryfikacj¢ postawionych hipotez. Wyniki te stanowig podstawe do sformutowania naste-

pujacych wnioskow:

1.

Parametry hodowli, w tym rodzaj oswietlenia, fotoperiod oraz pH podtoza, sg klu-
czowe dla wzrostu i rozwoju mikroglonow. Optymalne warunki produkcji bio-
masy dla gatunku Chlorella vulgaris to oswietlenie przez 18/6 h w cyklu $wia-
tto/ciemnos¢ i obojetny odczyn podtoza hodowlanego. Z uwagi na spodziewane
koszty operacyjne zwigzane z o$wietleniem hodowli sugerowane jest stosowanie
swiatla LED.

Sktadniki zawarte w $ciekach z akwakultury moga by¢ wykorzystywane przez
mikroglony jako zrodto biogenoéw. Zastosowanie odpadéw w hodowli oznacza
mozliwos¢ efektywnej produkcji przy obnizonych kosztach. Srednia ilo$¢ bio-
masy w hodowli przy 80-procentowej dawce AWW byta wyzsza o niemal 250%
w porownaniu do wartosci uzyskanych na kontrolnym podlozu syntetycznym.
Ograniczenie ilosci sktadnikow pokarmowych w podtozu hodowlanym do po-
ziomu 20% zwigkszyto akumulacje lipidow w komorkach o ponad 100% w sto-
sunku do AWWsgo, zwickszajac potencjat wykorzystania biomasy w produkcji
biopaliw.

Whprowadzenie dodatkowego nieorganicznego zrodta wegla do uprawy mikroglo-
now zwicksza stopien wigzania ditlenku wegla i poziom sekwestracji CO2 w bio-
masie, co wptywa pozytywnie na produkcj¢ biomasy oraz zawartos$¢ lipidow

w komorkach mikroglonow.

Zwigkszenie skali hodowli mikroglonéw prowadzi do obnizenia ilosci pozyski-
wanej biomasy, produktywnosci oraz zawartosci lipidow w komorkach, co wska-
zuje na istnienie ograniczen zwigzanych z warunkami uprawy w systemach wiel-
koskalowych. Optymalizacja parametréw hodowlanych w fotobioreaktorach

przemystowych bedzie kluczowa dla poprawy wydajnosci procesu.
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Wybor metody separacji i odwodnienia ma istotny wplyw na odzysk biomasy oraz
pézniejsze jej wykorzystanie. W badaniach najwyzsza skutecznos¢ (99%) uzy-

skano dla metody wirowania.

Metoda ekstrakcji wptywa na ilo$¢ lipidow pozyskiwanych z biomasy mikroglo-
now. Wspomaganie ekstrakcji ultradzwickami lub promieniowaniem mikrofalo-

wym ma pozytywny wplyw na efektywnos¢ procesu.

Warunki produkcji biomasy przeznaczonej na cele paliwowe wplywajg na wila-
sciwosci pozyskiwanego z niej oleju, a w konsekwencji na jako$¢ produkowanego
biopaliwa. W profilu kwasow tluszczowych odnotowano wzrost nasyconych

I nienasyconych kwasow ttuszczowych.

Pod wzgledem energetycznym nie odnotowano istotnych réznic pomiedzy bada-
nymi mieszankami paliwowymi, co potwierdza potencjat biodiesla produkowa-
nego z oleju mikroalg jako alternatywnego paliwa do zastosowania w silnikach
0 zaptonie samoczynnym. Réznice w mocy uzytecznej migdzy paliwami nie prze-
kraczaty 0,7%. Dla jednostkowego zuzycia paliwa maksymalna odnotowana roz-
nica wyniosta 2,3% na korzy$¢ mieszanki z dodatkiem biopaliwa z mikroalg,

a w przypadku ogoélnej 1 indykowanej sprawnosci silnika okoto 2,5%.

Paliwo zawierajagce dodatek biodiesla z mikroalg charakteryzowato si¢ wyzsza
emisja tlenku wegla (CO), tlenkow azotu (NOx) oraz weglowodoréw (HC), nato-
miast istotnie nizsza emisja ditlenku wegla (CO2) moze $wiadczy¢ 0 potencjale

wykorzystywania paliwa B/AME w dekarbonizacji sektora transportowego.

54



7. BIBLIOGRAFIA

10.

Abdullah, B.; Muhammad, S.A.F.a.S.; Shokravi, Z.; Ismail, S.; Kassim, K.A.;
Mahmood, A.N.; Aziz, M.M.A. Fourth generation biofuel: A review on risks and
mitigation strategies. Renew. Sustain. Energy Rev. 2019, 107, 37-50.

Adaileh, W.M.; AlQdah, K.S. Performance of Diesel Engine Fuelled by a Bio-
diesel Extracted from A Waste Cocking Oil. Energy Procedia 2012, 18, 1317—
1334.

Adams, C.; Godfrey, V.; Wahlen, B.; Seefeldt, L.; Bugbee, B. Understanding pre-
cision nitrogen stress to optimize the growth and lipid content tradeoff in oleagi-
nous green microalgae. Bioresour. Technol. 2013, 131, 188-194.

Adenan, N.S.; Yusoff, F.M.; Medipally, S.R.; Shariff, M. Enhancement of lipid
production in two marine microalgae under different levels of nitrogen and phos-
phorus deficiency. J. Environ. Biol. 2016, 37, 669-676.

Ahmed, A.; Campion, B.B.; Gasparatos, A. Biofuel development in Ghana: Poli-
cies of expansion and drivers of failure in the jatropha sector. Renew. Sustain.
Energy Rev. 2017, 70, 133-149.

Aishvarya, V.; Pradhan, N.; Nayak, R.R.; Sukla, L.B.; Mishra, B.K. Enhanced
inorganic carbon uptake by Chlorella sp. IMMTCC-2 under autotrophic condi-
tions for lipid production and CO> sequestration. J. Appl. Phycol. 2012, 24, 1455—
1463.

Al-Dailami, A.; Koji, I.; Ahmad, 1.; Goto, M. Potential of photobioreactors
(PBRs) in cultivation of microalgae. J. Adv. Res. Appl. Sci. Eng. Tech-
nol. 2022, 27, 32-44.

Alishah Aratboni, H.; Rafiei, N.; Garcia-Granados, R.; Alemzadeh, A.; Morones-
Ramirez, J.R. Biomass and lipid induction strategies in microalgae for biofuel
production and other applications. Microb. Cell Factories 2019, 18, 178.

Allasi, H.L.; Muragan, S.; Ananda, H.K.; Variravel, D. Enhancing diesel engine
performance and emissions with N-Butanol enhanced biodiesel derived from
Scenedesmus obliquus algae. Sci. Rep. 2025, 15, 12924.

Alvarez, A.; Lapuerta, M.n.; Agudelo, J.R. Prediction of flash-point temperature
of alcohol/biodiesel/diesel fuel blends. Ind. Eng. Chem. Res. 2019, 58, 6860—
6869.

55



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Amaro, H.M.; Guedes, A.C.; Malcata, F.X. Advances and perspectives in using
microalgae to produce biodiesel. Appl. Energy 2011, 88, 3402-3410.
Amini, K.Z.; Seyfadabi, J.; Ramezanpur, Z. Effect of light intensity and photo-
period on biomass and fatty acid composition of the microalgae, Chlorella vul-
garis. Aquac. Int. 2012, 20, 41-49.
AOCS. Official method for the determination of free fatty acids in oils and fats..
American Oil Chemists' Society 1997.
Aransiola, E.F.; Betiku, E.; Ikhuomoregbe, D.; Ojumu, T.V. Production of Bio-
diesel from Crude Neem Oil Feedstock and Its Emissions from Internal Combus-
tion Engines. Afr. J. Biotechnol. 2012, 11, 6178-6186.
Araujo, G.S.; Matos, L.J.B.L.; Fernandes, S J.O.; Cartaxo, S.J.M.; Gongalves,
L.R.B.; Fernandes, F.A.N.; Farias, W.R.L. Extraction of lipids from microalgae
by ultrasound application: Prospection of the optimal extraction method. Ultrason.
Sonochem. 2012, 20/1, 95-98.
Arora, N.; Philippidis, G.P. Insights into the physiology of Chlorella vulgaris cul-
tivated in sweet sorghum bagasse hydrolysate for sustainable algal biomass and
lipid production. Sci. Rep. 2021, 11, 6779.
Arpia, A.A.; Chen, W. H.; Lam, S.S. Rousset, P.; de Luna, M.D.G. Sustainable
biofuel and bioenergy production from biomass waste residues using microwave-
assisted heating: A comprehensive review. Chem. Eng. J. 2021, 403, 126233.
Atta, M.; Idris, A.; Bukhari, A.; Wahidin, S. Intensity of blue LED light: A po-
tential stimulus for biomass and lipid content in fresh water microalgae Chlorella
vulgaris. Bioresour. Technol. 2013, 148, 373-378.
Behera, B. C.; Mishra, R. R.; Dutta, S. K.; Thatoi, H. N. Sulphur oxidising bacte-
ria in mangrove ecosystem: a review. Afr. J. Biotechnol. 2014, 13(29), 2897-
2907.
Behera, S.S.; Ray, R.C. Solid State Fermentation for Production of Microbial Cel-
lulases: Recent Advances and Improvement Strategies. Int. J. Biol. Macromol.
2016, 86, 656-669.
Bessagnet, B.; Allemand, N.; Putaud, J.P.; Couvidat, F.; André, J.M.; Simpson,
D.; Pisoni, E.; Murphy, B.N.; Thunis, P. Emissions of Carbonaceous Particulate
Matter and Ultrafine Particles from Vehicles - A Scientific Review in a Cross-
Cutting Context of Air Pollution and Climate Change. Appl. Sci. 2022, 12, 3623.
56


https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!
https://www.sciencedirect.com/science/article/pii/S1350417712001721#!

22.

23.

24.

25.

26.

217.

28.

29.

30.
31.

32.

33.

Bhatia, S.; More Than Just No Conflict: Examining the Two Sides of the Coex-
istence Coin. Front. Conserv. Sci. 2021, 2, 688307.

Bilanovic, D.; Andargatchew, A.; Kroeger, T.; Shelef, G. Freshwater and marine
microalgae sequestering of CO> at different C and N concentrations - Response
surface methodology analysis. Energy Convers. Manag. 2009, 50, 262-267.
Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification.
Can. J. Biochem. Physiol, 1959, 37, 911-917.

Bywaters, K.F.; Fritsen, C.H. Biomass and neutral lipid production in geothermal
microalgal consortia. Front. Bioeng. Biotechnol. 2015, 2, 1-11.

Camacho Rubio, F.; Garcia Camacho, F.; Fernandez Sevilla, J.M.; Chisti, Y.; Mo-
lina — Grima, J.M. A mechanistic model of photosynthesis in microalgae. Bio-
technol. Bioeng. 2003, 81, 459-73.

Cao, Y.; Liu, W.; Xu, X.; Zhang, H.; Wang, J.; Xian, M. Production of free mon-
ounsaturated fatty acids by metabolically engineered Escherichia coli. Biotech-
nol. Biofuels 2014, 7, 1-11.

Chen, J.; Li, J.; Dong, W.; Zhang, X.; Tyagi, R.D.; Drogui, P.; Surampalli, R.Y.
The potential of microalgae in biodiesel production. Renew. Sustain. Energy Rev.
2018, 90, 336-346.

Cheng, Y.S.; Zheng, Y.; Labavitch, J.M.; Gheynst, J.S.V. The impact of cell wall
carbohydrate composition on the chitosan flocculation of Chlorella. Proc. Bio-
chem. 2011, 46(10), 1927-1933.

Chisti, Y. Biodiesel from microalgae. Biotechnol. Adv. 2007, 25, 294-306.

Chu, R.; Li, S.; Zhu, L.; Yin, Z.; Hu, D.; Liu, C.; Mo, F. A review on co-cultiva-
tion of microalgae with filamentous fungi: Efficient harvesting, wastewater treat-
ment and biofuel production. Renew. Sustain. Energy Rev. 2021, 139, 110689.
Converti, A.; Casazza, A.A.; Ortiz, E.Y.; Perego, P.; Del Borghi, M. Effect of
temperature and nitrogen concentration on the growth and lipid content of Nan-
nochloropsis oculata and Chlorella vulgaris for biodiesel production. Chem.
Eng. Process. 2009, 48, 1146-1151.

Corsini, A.; Marchegiani, A.; Rispoli, F.; Sciulli, F.; Venturini, P. Vegetable Oils
as Fuels in Diesel Engine. Engine Performance and Emissions. Energy Procedia
2015, 81, 942-949.

57


https://www.sciencedirect.com/science/article/pii/S1359511311002364#!
https://www.sciencedirect.com/author/55713163300/yi-zheng
https://www.sciencedirect.com/science/article/pii/S1359511311002364#!
https://www.sciencedirect.com/author/6603748800/jean-s-vandergheynst
https://www.sciencedirect.com/science/journal/13595113
https://www.sciencedirect.com/science/journal/13595113
https://www.sciencedirect.com/science/journal/13595113/46/10

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dae Yoon, B.; Moke Oh, H.; June Lee, S. Rapid method for the determination of
lipid from the green alga Botryococcus braunii. Biotechnol. Technig. 1998, 12
(7), 553-556.
De Godos, I.; Guzman, H.O.; Soto, R.; Garcia-Encina, P.A.; Becares, E.; Mufioz,
R.; Vargas V.A. Coagulation/flocculation-based removal of algal-bacterial bio-
mass from piggery wastewater treatment. Bioresour. Technol. 2011, 102(2), 923—
927.
De¢bowski, M.; Michalski, R.; Zielinski, M.; Kazimierowicz, J. A Comparative
Analysis of Emissions from a Compression—Ignition Engine Powered by Diesel,
Rapeseed Biodiesel, and Biodiesel from Chlorella protothecoides Biomass Cul-
tured under Different Conditions. Atmosphere. 2021, 12, 1099.
Del Campo, J.A.; Moreno, J.; Rodriguez, H.; Vargas, M.A.; Rivas, J.; Guerrero,
M.G. Carotenoid content of chlorophycean microalgae: Factors determining lu-
tein accumulation in Muriellopsis sp. (Chlorophyta). J. Biotechnol. 2000, 76, 51—
59.
Deora, P.S.; Verma, Y.; Muhal, R.A.; Goswami, C.; Singh, T. Biofuels: An alter-
native to conventional fuel and energy source. Mater. Today Proc. 2022, 48,
1178-1184.
Dey, S.; Reang, N.M.; Das, P.K.; Deb, M. A comprehensive study on prospects
of economy, environment, and efficiency of palm oil biodiesel as a renewable
fuel. J. Clean. Prod. 2021, 286, 124981.
dos Reis, E.F.; Cunha, J.P.B.; Mateus, D.L.S.; Delmond, J.G.; Couto, R.F. Per-
formance and emissions of a diesel engine-generator cycle under different con-
centrations of soybean biodiesel. Rev. Bras. Eng. Aagric. Ambient 2013, 17, 565—
571.
El-Baz, F.K.; Gadb, M.; Abdoc, S.M.; Abedd, K.; Mattere, I.A. Performance and
exhaust emissions of a diesel engine burning algal biodiesel blends. Int. J. Mech.
Mechatron. Eng. 2016, 16, 151-158.
Folch, J.; Lees, M.; Sloane Stanley, G.H.A. Simple method for the isolation and
purification of total lipids from animal tissues. J. boil. Chem. 226, 1, 497-5009.
Gali, C.; Zhang, Y.; Chen, W.T.; Zhang, P.; Dong, Y. Energy and nutrient recovery
efficiencies in biocrude oil produced via hydrothermal liquefaction of Chlorella
pyrenoidosa. RSC Adv. 2014, 4, 16958-16967.

58


https://ur.booksc.eu/g/Ignacio%20de%20Godos
https://ur.booksc.eu/g/Héctor%20O.%20Guzman
https://ur.booksc.eu/g/Roberto%20Soto
https://ur.booksc.eu/g/Pedro%20A.%20García-Encina
https://ur.booksc.eu/g/Eloy%20Becares
https://ur.booksc.eu/g/Raúl%20Muñoz
https://ur.booksc.eu/g/Virginia%20A.%20Vargas
https://www.sciencedirect.com/science/journal/09608524
https://www.sciencedirect.com/science/journal/09608524/102/2

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Gao, F.; Li, C.; Yang, Z.H.; Zeng, G.M.; Feng, L.J.; Liu, J.Z.; Liu, M.; Cai, H.W.
Continuous microalgae cultivation in aquaculture wastewater by a membrane
photobioreactor for biomass production and nutrients removal. Ecol. Eng. 2016,
92, 55-61.
Geider, R.; La Roche, J. Redfield revisited: Variability of C:N:P in marine micro-
algae and its biochemical basis. Eur. J. Phycol. 2002, 37, 1-17.
Gigova, L.; Ivanova, N.J. Microalgae respond differently to nitrogen availability
during culturing. J. Biosci. 2015, 40, 365-374.
Griffiths, M.J.; Garcin, C.; van Hille, R.P.; Harrison, S.T. Interference by pigment
in the estimation of microalgal biomass concentration by optical density. J. Mi-
crobiol. Methods 2011, 85, 119-123.
Griffiths, M.J.; Harrison, S.T. Lipid productivity as a key characteristic for choos-
ing algal species for biodiesel production. J. Appl. Phycol. 2009, 21, 493-507.
Guillard, R.R.L.; Ryther, J.J. Studies of marine planktonic diatoms in Cyclotella
nana Hustedt and Detonula confervacea. Cleve. Can. J. Microbiol. 1962, 8, 229—
239.
Hawrot-Paw, M.; Koniuszy, A.; Galczynska, M. Sustainable Production of Mon-
oraphidium Microalgae Biomass as a Source of Bioenergy. Energies 2020, 13,
5975.
Hawrot-Paw, M.; Koniuszy, A.; Galczynska, M.; Zajac, G.; Szyszlak-Bargtowicz,
J. Production of Microalgal Biomass Using Aquaculture Wastewater as Growth
Medium. Water 2019, 12, 106.
Imtenan, S.; Masjuki, H.H.; Varman, M.; Rizwanul Fattah, I.M.; Sajjad, H.;
Arbab, M.I. Effect of n-butanol and diethyl ether as oxygenated additives on com-
bustion—emission-performance characteristics of a multiple cylinder diesel engine
fuelled with diesel—-jatropha biodiesel blend. Energy Convers. Manag. 2015, 94,
84-94.
Igbal, J.; Theegala, C. Microwave-assisted lipid extraction from microalgae using
biodiesel as co-solvent. Algal Res. 2013, 2(1), 34-42.
Japar, A.S.; Azis, N.M.; Takriff, M.S. Application of different techniques to har-
vest microalgae. T. Sci. Technol. 2017, 4, 98-108.
Jeswani, H.K.; Chilvers, A.; Azapagic, A. Environmental sustainability of biofu-
els: A review. Proc. R. Soc. A. Math. Phys. Eng. Sci. 2020, 476, 20200351.

59



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Jogarao, B.; Kumari, A.S. Biodiesel Production Using Second-Generation Feed-
stocks: A Review. In: Recent Advances in Material Sciences, Springer, Ber-
lin/Heidelberg, Germany, 2019, 693-709.

Juneja, R.M.; Ceballos, G. S. Effects of environmental factors and nutrient avail-
ability on the biochemical composition of algae for biofuels production: a review.
Energies 2013, 6, 4607—4638.

Jungmin, K.G.Y.; LEE, H.; Lim, J.; Kim, K.; Woong, K.C.; Park, M.S.; Yang,
J.W. Methods of downstream processing for the production of biodiesel from mi-
croalgae. Biotechnol. Adv. 2013, 31, 862-876.

Karlsson, H.; Ahlgren, S.; Sandgren, M.; Passoth, V.; Wallberg, O.; Hansson, P.-
A. Greenhouse Gas Performance of Biochemical Biodiesel Production from
Straw: Soil Organic Carbon Changes and Time-Dependent Climate Impact. Bio-
technol. Biofuels 2017, 10, 217.

Khiari, K.; Awad, S.; Loubar, K.; Tarabet, L.; Mahmoud, R.; Tazerout, M. Exper-
imental investigation of pistacia lentiscus biodiesel as a fuel for direct injection
diesel engine. Energy Convers. Manag. 2016, 108, 392-399.

Kim, W.; Park, J.M.; Gim, G.H.; Jeong, S.H.; Kang, C.M.; Kim, D.-J.; Kim, S.W.
Optimization of culture conditions and comparison of biomass productivity of
three green algae. Bioprocess Biosyst. Eng. 2012, 35, 19-27.

Klin, M.; Pniewski, F.; Latata, A. Characteristics of the growth rate and lipid pro-
duction in fourteen strains of Baltic green microalgae. Oceanol. Hydrobiol. Stud.
2018, 47, 10-18.

Klinthong, W.; Yang, Y.-H.; Huang, C.-H.; Tan, C.-S. A review: Microalgae and
their applications in CO2 capture and renewable energy. Aerosol Air Qual. Res.
2015, 15, 712-742.

Kwiatkowski, C.A.; Pawlowska, M.; Harasim, E.; Pawlowski, L. Strategies of
Climate Change Mitigation in Agriculture Plant Production—A Critical Review.
Energies 2023, 16, 4225.

Lakaniemi, A.M.; Intihar, V.M.; Tuovinen, O.H.; Puhakka, J.A. Growth of Chlo-
rella vulgaris and associated bacteria in photobioreactors. Microb. Biotechnol.
2011, 5, 69-78.

60



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Lal, R.; Smith, P.; Jungkunst, H. F.; Mitsch, W. J.; Lehmann, J.; Nair, P. K. R,;
Ravindranath, N. H. The carbon sequestration potential of terrestrial ecosystems.
J. Soil Water Conserv. 2018, 73(6), 145-152.
Laurens, L.M.L.; Dempster, T.A.; Jones, H.D.T.; Wolfrum, E.J.; Van Wychen,
S.; McAllister, J.S.P.; Rencenberger, M.; Parchert, K.J.; Gloe, L.M. Algal bio-
mass constituent analysis: Method uncertainties and investigation of the underly-
ing measuring chemistries. Anal. Chem. 2012, 84, 1879-1887.
Levasseur, W.; Perré, P.; Pozzobon, V. A review of high value-added molecules
production by microalgae in light of the classification. Biotechnol. Adv. 2020, 41,
107545.
Li, F.; Liu, Z.; Ni, Z.; Wang, H. Effect of Biodiesel Components on Its Lubrica-
tion Performance. J. Mater. Res. Technol. 2019, 8, 3681-3687.
Li, J.; Li, C.; Lan, C.G.; Liao, D. Effects of sodium bicarbonate on cell growth,
lipid accumulation, and morphology of Chlorella vulgaris. Microb. Cell Facto-
ries. 2018, 17, 111.
Liu, K. Characterization of ash in algae and other materials by determination of
wet acid indigestible ash and microscopic examination. Algal Res. 2017, 25, 307—
321.
Maawa, W.N.; Mamat, R.; Najafi, G.; De Goey, L.P.H. Performance, Combus-
tion, and Emission Characteristics of a Cl Engine Fueled with Emulsified Diesel-
Biodiesel Blends at Different Water Contents. Fuel 2020, 267, 117265.
Machado, A.; Pereira, H.; Costa, M.; Carvalho, B.; Soares, M.; Quelhas, P.; Silva,
J.T.; Trovao, M.; Barros, A.; Varela, J. Development of an Organic Culture Me-
dium for Autotrophic Production of Chlorella vulgaris Biomass. Appl. Sci. 2020,
10, 2156.
Mandley, S.J.; Daioglou, V.; Junginger, H.M.; van Vuuren, D.P.; Wicke, B.EU
bioenergy development to 2050. Renew. Sustain. Energy Rev. 2020, 127.
Mariam, A.H.; Ghaly, A.; Amal, H. Microalgae harvesting methods for industrial
production of biodiesel: critical review and comparative analysis. J. Fundam. Re-
newable Energy Appl. 2015, 5(2), 1-26.
Mat Aron, N.S.; Khoo, K.S.; Chew, K.W.; Show, P.L.; Chen, W.H.; Nguyen,
T.H.P. Sustainability of the four generations of biofuels—a review. Int. J. Energy
Res. 2020, 44, 9266-9282.

61


https://ideas.repec.org/a/eee/rensus/v127y2020ics1364032120301520.html
https://ideas.repec.org/a/eee/rensus/v127y2020ics1364032120301520.html
https://ideas.repec.org/s/eee/rensus.html

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Mata, T.M.; Martins, A.A.; Caetano, N.S. Microalgae for biodiesel production
and other applications: A review. Renew. Sustain. Energy Rev. 2010, 14, 217—
232.
Medina-Medrano, J.R.; Torres-Contreras, J.E.; Valiente-Banuet, J.1.; Mares-Qui-
fiones, M.D.; Vazquez-Sanchez, M.; Alvarez-Bernal, D. Effect of the solid—liquid
extraction solvent on the phenolic content and antioxidant activity of three species
of Stevia leaves. Sep. Sci. Technol. 2019, 54, 2283-2293.
Min, M.; Wang, L.; Li, Y.; Mohr, M.J.; Hu, B.; Zhou, W.; Chen, P.; Ruan, R.
Cultivating Chlorellasp. in a Pilot-Scale Photobioreactor Using Centrate
Wastewater for Microalgae Biomass Production and Wastewater Nutrient Re-
moval. Appl. Biochem. Biotechnol. 2011, 165, 123-137.
Miyuranga, K.A.V.; Thilakarathne, D.; Arachchige, U.S.P.R.; Jayasinghe, R.A.;
Weerasekara, N.A. Catalysts for Biodiesel Production: A Review. Asian J. Chem.
2021, 33, 1985-1999.
Mokashi, K.; Shetty, V.; George, S.; Sibi, G. Sodium Bicarbonate as Inorganic
Carbon Source for Higher Biomass and Lipid Production Integrated Carbon Cap-
ture in Chlorella vulgaris. Achiev. Life Sci. 2016, 10, 111-117.
Morais, M.G.; Vas, B.S.; Morais, E.G.; Costa, J.A.V. Biologically active metab-
olites synthesized by microalgae. Biomed. Res. Int. 2015, 2015: 835761.
Morales, M.; Aflalo, C.; Bernard, O. Microalgal lipids: A review of lipids poten-
tial and quantification for 95 phytoplankton species. Biomass Bioenerg. 2021,
150, 106108.
Moriana, R.; Vilaplana, F.; Ek, M. Forest Residues as Renewable Resources for
Bio-Based Polymeric Materials and Bioenergy: Chemical Composition, Structure
and Thermal Properties. Cellulose 2015, 22, 3409-3423.
Mostafa, S.S.M.; EI-Gendy, N.S. Evaluation of fuel properties for microalgae
Spirulina platensis biodiesel and its blends with Egyptian petro-diesel. Arab.
J. Chem. 2017, 10, 2040-2050.
Murad, M.E.; Al-Dawody, M.F. Effect of microalgae biodiesel blending on diesel
engine characteristics. Heat Transf. 2022, 51, 6616—-6640.
Mutlu, Y.B.; Isik, O.; Uslu, L.; Koc, K.; Durmaz, Y. The effects of nitrogen and
phosphorus deficiencies and nitrite addition on the lipid content of Chlorella vul-
garis (Chlorophyceae). Afr. J. Biotechnol. 2011, 10, 453-456.

62



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Neupane, D. Biofuels from Renewable Sources, a Potential Option for Biodiesel
Production. Bioeng. 2023, 10, 29.
Palani, Y.; Devarajan, C.; Manickam, D.; Thanikodi, S. Performance and Emis-
sion Characteristics of Biodiesel-Blend in Diesel Engine: A Review. Environ.
Eng. Res. 2022, 27, 200338.
Patrice Didion, Y.; Gijsbert Tjalsma, T.; Su, Z.; Malankowska, M.; Pinelo, M.
What is next? the greener future of solid liquid extraction of biobased compounds:
Novel techniques and solvents overpower traditional ones. Sep. Purif. Technol.
2023, 320, 124147.
Patyna, A.; Witczak, S. Przeglad fotobioreaktoréw do produkcji biodiesla.
Chemik 2016, 70(10), 634-643.
Paula, V.R.D.; Barbosa, J.A.; Romanelli, T.L.; Volpato, C.E.S.; Salvador, N. Cur-
vas de desempenho motor de um trator agricola utilizando diferentes proporgdes
de biodiesel de soja. Rev. Agrogeoambiental 2016, 8, 119-127.
Pham, H.-M.; Kwak, H.S.; Hong, M.-E.; Lee, J.; Chang, W.S.; Sim, S.J. Devel-
opment of an X-Shape airlift photobioreactor for increasing algal biomass and
biodiesel production. Bioresour. Technol. 2017, 239, 211-218.
Piligaev, A.V.; Sorokina, K.N.; Samoylova, Y.V.; Parmon, V.N. Production of
Microalgal Biomass with High Lipid Content and Their Catalytic Processing Into
Biodiesel: A Review. Catal. Ind. 2019, 11, 349-359.
Pimolrat, P.; Direkbusarakom, S.; Chinajariyawong, C.; Powtongsook, S. The ef-
fect of sodium bicarbonate concentrations on growth and biochemical composi-
tion of Chaetoceros gracilis Schutt. Kasetsart Univ. Fish. Res. Bull. 2010, 34, 40—
47.
Pribyl, P.; Cepak, V.; Zachleder, V. Production of lipids in 10 strains of Chlorella
and Parachlorella, and enhanced lipid productivity in Chlorella vulgaris. Appl.
Microbiol. Biotechnol. 2012, 94, 549-561.
Prochazkova, G.; Branyikova, I.; Zachleder, V.; Branyik, T. Effect of nutrient
supply status on biomass composition of eukaryotic green microalgae. J. Appl.
Phycol. 2014, 26, 1359-1377.
Rai, M.P.; Gautom, T.; Sharma, N. Effect of salinity, pH, light intensity on growth
and lipid production of microalgae for bioenergy application. Int. J. Biol. Sci.
2015, 15, 260-267.

63



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Ramos-Bueno, R.P.; Gonzalez-Fernandez, M.J.; Sanchez-Muros-Lozano, M.J.;
Garcia-Barroso, F.; Guil-Guerrero, J.L. Fatty acid profiles and cholesterol content
of seven insect species assessed by several extraction systems. Eur. Food Res.
Technol. 2016, 242, 1471-1477.

Rashid, N.; Rehman, S.U.; Han, J.I. Rapid harvesting of freshwater microalgae
using chitosan. Process Biochem. 2013, 48(7), 1107-1110.

Rendén, L.; Ramirez, M.; Vélez, Y. Microalgas para la Industria Alimenticia;
Universidad Pontifica Bolivariana: Medellin, Colombia, 2015.

Reynolds, C.S. The Ecology of Phytoplankton. Cambridge University Press;
2006.

Rokicka, M.; Zielinski, M.; Debowski, M. Optymalizacja hodowli alg w kierunku
zwigkszenia efektywnosci konwersji CO2 w biomasg - przeglad metod sekwestra-
cji. Wydawnictwo UWM w Olsztynie, 2014, 688-698.

Roostaei, J.; Zhang, Y.; Gopalakrishnan, K.; Ochocki, A.J. Mixotrophic Microal-
gae Biofilm: A Novel Algae Cultivation Strategy for Improved Productivity and
Cost-efficiency of Biofuel Feedstock Production. Sci. Rep. 2018, 8, 12528.
Sakarika, M.; Kornaros, M. Chlorella vulgaris as a green biofuel factory: Com-
parison between biodiesel, biogas and combustible biomass production. Biore-
sour. Technol. 2019, 273, 237-243.

Sampathkumar, S.J.; Gothandam, K.M. Sodium bicarbonate augmentation en-
hances lutein biosynthesis in green microalgae Chlorella pyrenoidosa. Biocatal.
Agric. Biotechnol. 2019, 22, 101406.

Serrano, L.; Carvalho, P.; Bastos, D.; Pires, N. Effects on Performance, Effi-
ciency, Emissions, Cylinder Pressure, and Injection of a Common-Rail Diesel En-
gine When Using a Blend of 15% Biodiesel (B15) or 15% Hydrotreated Vegetable
Oil (HVO15) (No. 2023-01-0266); SAE Technical Paper; SAE International:
Warrendale, PA, USA, 2023.

Severo, I.A.; Siqueira, S.F.; Depra, M.C.; Maroneze, M.M.; Zepka, L.Q.; Jacob-
Lopes, E.J.R.; Reviews, S.E. Biodiesel facilities: What can we address to make
biorefineries commercially competitive? Renew. Sustain. Energy Rev. 2019, 112,
686-705.

64


https://www.sciencedirect.com/science/article/pii/S1359511313001943#!
https://www.sciencedirect.com/science/article/pii/S1359511313001943#!
https://www.sciencedirect.com/science/article/pii/S1359511313001943#!
https://www.sciencedirect.com/science/journal/13595113/48/7

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Sharif, S.K.; Rao, B.N.; Jagadish, D. Comparative performance and emission
studies of the CI engine with Nodularia Spumigena microalgae biodiesel versus
different vegetable oil derived biodiesel. Appl. Sci. 2020, 2, 858.

Sharma, J.; Kumar, S.S.; Bishnoi, N.R.; Pugazhendhi, A. Enhancement of lipid
production from algal biomass through various growth parameters. J. Mol. Liq.
2018, 269, 712-720.

Sharma, K.K.; Schuhmann, H.; Schenk, P.M. High Lipid Induction in Microalgae
for Biodiesel Production. Energies 2012, 5, 1532-1553.

Singh, P.; Kumari, S.; Guldhe, A.; Misra, R.; Rawat, I.; Bux, F. Trends and novel
strategies for enhancing lipid accumulation and quality in microalgae. Renew.
Sustain. Energy Rev. 2016, 55, 1-16.

Siqueira, W.C.; Fernandes, H.C.; Teixeira, M.M.; Santos, N.T.S.; Abrahao, S.A.
Desempenho na barra de tragdo de um trator agricola de pneus, alimentado com
misturas de 6leo diesel e 6leo de soja reutilizado. Rev. Ceres 2013, 60, 793-801.
Sirin, S.; Trobajo, R.; Ibanez, C.; Salvado, J. Harvesting the microalgae Phaeo-
dactylum tricornutum with polyaluminum chloride, aluminium sulphate, chitosan
and alkalinity-induced flocculation.J. Appl. Phycol. 2011, 24(5), 1067-1080.
Sirisansaneeyakul, S.; Singhasuwan, S.; Choorit, W.; Phoopat, N.; Garcia, J.L.
Photoautotrophic production of lipids by some Chlorella strains. Mar. Biotechnol.
2011, 13, 928-941.

Sostaric, M.; Klinar, D.; Bricelj, M.; Golob, J.; Berovic, M.; Likozar, B. Growth,
lipid extraction and thermal degradation of the microalga Chlorella vulgaris. New
Biotechnol. 2012, 29, 325-331.

Suali, E.; Sarbatly, R. Conversion of microalgae to biofuel. Renew. Sust. Ener.
Rev. 2012, 16, 4316-4342.

Sun, J.; Xiong, X.; Wang, M.; Du, H.; Li, J.; Zhou, D.; Zuo, J. Microalgae bio-
diesel production in China: A preliminary economic analysis. Renew. Sustain.
Energy Rev. 2019, 104, 296-306.

Surendhirian, D.; Vijay, M. Study on Flocculation Efficiency for Harvesting Nan-
nochloropsis oculata for Biodiesel Production. Int. J. Chemtech Res. 2013, 4,
1761-1769.

65


https://www.springer.com/journal/10811/

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Syahirah, N.; Aron, M.; Kuan, S.K.; Khoo, K.S.; Chew, K.W.; Show, P.L.; Chen,
W.-H.; Nguyen, T.H.P. Sustainability of the four generations of biofuels - A re-
view. Int. J. Energy Res. 2020, 44, 9266-9282.
Tang, D.; Han, W.; Li, P.; Miao, X.; Zhong, J. CO2 biofixation and fatty acid
composition of Scenedesmus obliquus and Chlorella pyrenoidosa in response to
different CO; levels. Bioresour. Technol. 2011, 102, 3071-3076.
Teh, K.Y.; Loh, S.H.; Aziz, A.; Takahashi, K.; Effendy, AW.M.; Cha, T.S. Lipid
accumulation patterns and role of different fatty acid types towards mitigating
salinity fluctuations in Chlorella vulgaris. Sci. Rep. 2021, 11, 438.
Tiron, O.; Bumbac, C.; Manea, E.; Stefanescu, M.; Lazar, M.N. Overcoming Mi-
croalgae Harvesting Barrier by Activated Algae Granules. Sci Rep. 2017, 7, 4646.
Tiwari, A.; Kiran, T.; Pandey, A. Chapter 14-Algal cultivation for biofuel produc-
tion. In Second and Third Generation of Feedstocks; Basile, A., Dalena, F., Eds.;
Elsevier: Amsterdam, The Netherlands, 2019, 383—403.
Tu, X.; Delgado-Calle, J.; Condon, K.W.; Maycas, M.; Zhang. H.; Carlesso, N.;
Taketo, M.M.; Burr, D.B.; Plotkin, L.I.; Bellido, T. Osteocytes mediate the ana-
bolic actions of canonical Wnt/B-catenin signaling in bone. Proc. Natl. Acad. Sci.
U.S. A. 2015, 112, 5.
Tiiccar, G.; Aydin, K. Evaluation of methyl ester of microalgae oil as fuel in a
diesel engine. Fuel 2013, 112, 203-207.
Udom, I.; Ram, M.K_; Stefanakos, E.K.; Hepp, A.F. Goswami, D.Y. One Dimen-
sional-ZnO Nanostructures: Synthesis, Properties and Environmental Applica-
tions. Mat. Sci. Semicon. Proc. 2013, 16, 2070-2083.
Vardon, D.R.; Sharma, B.K.; Scott, J.; Yu, G.; Wang, Z.; Schideman, L.; Zhang,
Y.; Strathmann, T.J. Chemical properties of biocrude oil from the hydrothermal
li-quefaction of Spirulina algae, swine manure, and digested anaerobic sludge. Bi-
oresour. Technol. 2011, 102, 8295-8303.
Vassilev, S.V.; Vassileva, C.G.; Vassilev, V.S. Advantages and disadvantages of
composition and properties of biomass in comparison with coal: An overview.
Fuel 2015, 158, 330-350.
Walkley, A.; Black, I.A. An examination of Degtjareff method for determining
soil organic matter and a proposed modification of the chromic acid titration
method. Soil Sci. 1934, 37, 29-37.

66



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Xu, L.; Weathers, P.J.; Xiong, X.-R.; Liu, C.-Z. Microalgal bioreactors: Chal-
lenges and opportunities. Eng. Life Sci. 2009, 9, 178-189.
Yang, J.; Wen, C.; Duan, Y.; Deng, Q.; Peng, D.; Zhang, H.; Ma, H. The compo-
sition, extraction, analysis, bioactivities, bioavailability and applications in food
system of flaxseed (Linum usitatissimum L.) oil: A review. Trends Food Sci.
Technol. 2021, 118, 252—260.
Yeh, K.L.; Chang, J.S.; Chen, W.M. Effect of light supply and carbon source on
cell growth and cellular composition of a newly isolated microalga Chlorella vul-
garis ESP-31. Eng. Life Sci. 2010, 10, 201-208.
Zhang, X. Microalgae removal of CO> from flue gas; IEA Clean Coal Centre:
London, UK, 2015.
Zhu, C.; Chen, S.; Ji, Y.; Schwaneberg, U.; Chi, Z. Progress toward a bicarbonate-
based microalgae production system. Trends Biotechnol. 2022, 40(2), 180-193.
Zhu, L.D.; Li, Z.H.; Hiltunen, E. Strategies for Lipid Production Improvement in
Microalgae as a Biodiesel Feedstock. BioMed Res. Int. 2016, 8792548.
Ustawa z dnia 25 sierpnia 2006 r. o biokomponentach i biopaliwach ciektych,
Dz.U. 2006 nr 169 poz. 1199 z p6zn. zm. (dostep: 20.03.2025).
PN-EN ISO 11905-1:2001. Jako$¢ wody — Oznaczanie azotu — Cze$¢ 1: Metoda
mineralizacji nadtlenodwusiarczanem. 2001. Warszawa, Polska (dostep:
20.03.2025).
PN-86 C-05560/02, Woda 1 $cieki. Badania chlorofilu w wodach powierzchnio-
wych, oznaczanie chlorofilu a w planktonowych algach metoda spektrofotome-
tryczng monochromatyczng z poprawka na feopigmenty. Polski Komitet Norma-
lizacyjny, Miar 1 Jakosci. 1986. Warszawa, Polska (dostep: 20.03.2025).
PN-EN 1SO 18122:2016-01. Biopaliwa Stale - Oznaczanie zawartosci Popiotu.
2016. Polski Komitet Normalizacyjny. Warszawa, Polska (dostep: 20.03.2025).
PN-EN 1SO 12156-1:2004. Paliwa silnikowe — Ocena smarno$ci przy uzyciu
urzadzenia o wysokiej czgstotliwosci ruchu posuwisto-zwrotnego (HFRR) —
Czegs¢ 1. 2004. Polski Komitet Normalizacyjny. Warszawa, Polska (dostep:
20.03.2025).
PN-EN ISO 3675:2018-03. Paliwa ptynne - Oznaczanie gestosci - Metoda pikno-
metryczna. 2018. Polski Komitet Normalizacyjny. Warszawa, Polska (dostep:
20.03.2025).

67



143.

144,

145.

146.

147.

148.

149.

150.

PN-EN 14214:2012. Paliwa odnawialne - Biodiesel - Wymagania jakoSciowe
I metody badan. 2012. Polski Komitet Normalizacyjny. Warszawa, Polska (do-
step: 20.03.2025).

PN-ISO 15550:2009. Silniki spalinowe tlokowe - Okreslanie i metoda pomiaru
mocy silnika - Wymagania ogdlne. 2009. Polski Komitet Normalizacyjny. War-
szawa, Polska (dostep: 20.03.2025).

PN-1SO 3046-1:2009. Silniki spalinowe tlokowe - Wtasnos$ci eksploatacyjne -
Cze$¢ 1: Deklarowanie mocy, zuzycia paliwa i oleju smarowego oraz metody ba-
dan - Dodatkowe wymagania dla silnikéw ogodlnego przeznaczenia. 2009. Polski
Komitet Normalizacyjny. Warszawa, Polska (dostgp: 20.03.2025).

PN-1SO 3046-5:2009. Silniki spalinowe tlokowe - Wtasnos$ci eksploatacyjne -
Czg$¢ 5: Drgania skretne. 2009. Polski Komitet Normalizacyjny. Warszawa, Pol-
ska (dostep: 20.03.2025).

PN-1SO 8178-1:1999. Silniki spalinowe ttokowe - Pomiar emisji zanieczyszczen
gazowych i czastek statych - Czg¢$¢ 1: Pomiar emis;ji sktadnikow gazowych i cza-
stek statych na stanowisku badawczym. 1999. Polski Komitet Normalizacyjny.
Warszawa, Polska (dostep: 20.03.2025).

PN-1SO 8178-6:2000. Silniki spalinowe ttokowe - Pomiar emisji zanieczyszczen
- Czes¢ 6: Sprawozdanie z wynikow pomiarow 1 badan. 2000. Polski Komitet
Normalizacyjny. Warszawa, Polska (dostep: 20.03.2025).

Parlament Europejski i Rada Unii Europejskiej. Dyrektywa Parlamentu Europej-
skiego i Rady UE 2018/2001 z dnia 11 grudnia 2018 r. w sprawie promowania
stosowania energii ze zrodet odnawialnych (wersja przeksztalcona). Dziennik
Urzgdowy Unii Europejskiej, L 328, 82—-209 (dostep: 20.03.2025)

Parlament Europejski i Rada Unii Europejskiej. Dyrektywa Parlamentu Europej-
skiego 1 Rady UE 2023/2413 z dnia 31 pazdziernika 2023 r. zmieniajaca dyrek-
tywe UE 2018/2001 w sprawie promowania stosowania energii ze zrodet odna-
wialnych, dyrektywe 2010/31/UE oraz rozporzadzenia UE 2018/841 i UE
2018/1999. Dziennik Urzedowy Unii Europejskiej, L, 2023/2413 (dostep:
20.03.2025)

68



KOPIE ARTUKULOW STANOWIACYCH JEDNOTEMATYCZNY
CYKL PUBLIKACJI

69



eieied applied
b SCiences

P1

Article

Production of Chlorella vulgaris Biomass in Tubular
Photobioreactors during Different Culture Conditions

Patryk Ratomski

check ror

updates
Citation: Ratomski, P.; Hawrot-Paw,
M. Production of Chlorella vulgaris
Biomass in Tubular Photobioreactors
during Different Culture Conditions.
Appl. Sci. 2021, 11, 3106. https://
doi.org/10.3390/app11073106

Academic Editors: Birthe

Vejby Nielsen and George Aggelis

Received: 23 January 2021
Accepted: 25 March 2021
Published: 31 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Malgorzata Hawrot-Paw *

Department of Renewable Energy Engineering, West Pomeranian University of Technology in Szczecin,
Pawla VI 1, 71-459 Szczecin, Poland; patryk.ratomski@zut.edu.pl
* Correspondence: Malgorzata.hawrot-paw@zut.edu.pl

Abstract: Biomass of microalgae and the components contained in their cells can be used for the
production of heat, electricity, and biofuels. The aim of the presented study was to determine the
optimal conditions that will be the most favorable for the production of large amounts of microalgae
biomass intended for energy purposes. The study analyzed the effect of the type of lighting, the time
of lighting culture, and the pH of the culture medium on the growth of Chlorella vulgaris biomass.
The experiment was carried out in vertical tube photobioreactors in three photoperiods: 12/12,18/6,
and 24/0 h (light/dark). Two types of lighting were used in the work: high-pressure sodium light
and light-emitting diode. The increase in biomass was determined by the gravimetric method, by
the spectrophotometric method on the basis of chlorophyll a contained in the microalgae cells. The
number of microalgae cells was also determined with the use of a hemocytometer. The optimal
conditions for the production of biomass were recorded at a neutral pH, illuminating the cultures
for 18 h a day. The obtained results were 546 + 7.88 mg'L~! dry weight under sodium lighting and
543 + 1.92 mg'L™" dry weight under light-emitting diode, with maximum biomass productivity
of 27.08 + 7.80 and 25.00 + 5.1 mg'L™""d~", respectively. The maximum content of chlorophyll a
in cells was determined in the 12/12 h cycle and pH 6 (136 + 14.13 mg'm~2) under light-emitting
diode and 18/6 h, pH 7 (135 £ 6.17 mg'm™~3) under sodium light, with maximum productivity of
26.34 + 2.01 mg'm~>+d~? (light-emitting diode) and 24.21 + 8.89 mg'm™~>:d™! (sodium light). The
largest number of microalgae cells (2.1 X 106) was obtained at pH 7 and photoperiod of 18/6 h under
sodium light, and 12/12 h under light-emitting diode. Based on the results, it can be concluded
that the determination of the optimal parameters for the growth and development of microalgae
determines the production of their biomass, and such research should be carried out before starting
the large-scale production process. In quantifying the biomass during cultivation, it is advantageous
to use direct measurement methods.

Keywords: photobioreactor; microalgal biomass; algae cultivation conditions; optimization

1. Introduction

Microalgae are among the most widespread organisms. According to Guiry [1], it is
estimated that there are up to 1 million species of algae on Earth. We meet them in the
entire biosphere, but above all in fresh, salt, and saline waters. A characteristic feature of
algae is the presence of chlorophyll [2,3], which enables photosynthesis to be carried out in
each individual cell [4]. The efficiency of this process and the related biomass production is
much higher compared to land plants [5].

Microalgae biomass has been widely used in various industries: pharmaceutical, food,
animal feed, water purification, and biofuel production [6-8]. Under suitable conditions,
microalgae convert solar energy into chemical energy of compounds accumulated in their
cells, including not only in carbohydrates and proteins but also in lipids, which are used in
the production of biodiesel [9,10]. The biomass yield and the biochemical composition of
microalgae depend on environmental and physiological factors such as culture temperature,
pH, lighting intensity and type, availability of nutrients, and carbon dioxide [11].
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Lighting directly influences the growth of microalgae through photosynthesis. Algae
cells, like most organisms, require not only access to light but also the dark phase, where
photochemical processes occur and both ATP and NADPH are formed in algae cells [12].
Research on determining the optimal photoperiod in microalgae cultivation indicates that
the efficiency of algal biomass production increases with the lengthening of the light to
dark ratio [12,13]. When selecting the optimal light, the quality of the spectrum and the
light intensity must be taken into account. The quality of the spectrum is defined by the
absorption spectrum of chlorophyll and other components present in algae cells, which
include phycobilins and carotenoids. The energy consumption of algae cells depends on
the chemical conditions of the constitutive pigments [14]. The assimilation pigments have
two main bands of blue-green light absorption with a wavelength of 450-475 nm and
red light, 630-675 nm [15]. Lighting should be evenly distributed throughout the reactor
allowing the photons to reach the cells. Excessive light intensity can lead to photooxidation
and photoinhibition, while low light levels will reduce the growth of microalgae [16].

The pH of a culture medium not only affects the composition and lifetime of mi-
croalgae cells but also determines the availability of nutrients, the proper course of the
photosynthesis process, and the uptake of carbon dioxide by cells [17]. The acidic condi-
tions adversely affect the absorption of nutrients and disrupt the functioning of microalgae
cells, while alkaline conditions reduce the ability to assimilate carbon dioxide. Research
indicates that for most microalgae, the optimal pH range is between 6 and 10 [18]. Op-
timization of cultivation conditions is crucial for industrial productivity of microalgae.
The objective aim of this work was to analyze some of the parameters important for algal
biomass production and methods suitable for estimating Chlorella vulgaris growth. In
this study, we hypothesized that optimization of basic culture conditions leads to higher
biomass concentration in the photobioreactors.

2. Materials and Methods

2.1. Material

Chlorella vulgaris microalgae (BA 002) were used in this research. The material
was obtained from Culture Collection of Baltic Algae (CCBA) (University of Gdansk,
Gdarisk, Poland).

2.2. Experimental Setup

The experiment was carried out in vertical tubular photobioreactors (Aqua Medic, Bis-
sendorf, Germany) with a capacity of 2.5 dm? (Figure 1), supplemented with 2 dm? of the F/2
culture medium [19] with the composition (g/L): NaNO;—0.075 g; NaH>PO,2H,O —0.00565 g;
stock solution of trace elements—1 mL/L (Na,EDTA 4.16 g, FeCl; 6H2O 3.15 g, CuSO4 5H,O
0.01 g, ZnSO4 7H,0 0.022 g, CoCl, 6H,O 0.01 g, MnCl, 4H,0 0.18 g, and NaMoO, 2H,0 0.18 g)
and stock solution of vitamin mix—1 mL/L (cyanocobalamin (vitamin B12) 0.0005 g, thiamine
HCI (vitamin B1) 0.1 g, biotin 0.0005 g). After sterilization of the medium with UV light, 200 cm?
of C. vulgaris microalgae inoculum was introduced into the photobioreactors.

In the study, we analyzed the effect of two types of lighting: high-pressure sodium
light (HPS-Son-T-Agro, 400 watt, light intensity of 660 pmol*s~'/56,000 lux; PHILIPS, Am-
sterdam, Netherlands) and light-emitting diode (LED light with white diodes, red diodes
(wavelength 600-700 nm, light intensity of 9.45 ymol‘s™) and blue diodes (wavelength
400-500 nm, light intensity of 2.25 pmol*s™). Total LED light intensity was 13.5 pmol‘s™
(HOLDBOX, 7 abia Wola, Poland). Three times of lighting culture were used: 12/12,18/6,
and 24/0 h in the light/dark cycle and four pH levels were used: 6, 7, 8, and 9.

Algae cells were kept suspended by mixing with gas using a 25 W pump (Aqua
Medic, Bissendorf, Germany) with a capacity of 0.9 m™'h™. At the same time, the
aeration made it possible to introduce carbon dioxide into the culture. The experiment was
carried out as a batch culture. To establish an adequately fast and accurate method for the
quantification of microalgae biomass, three comparative methods were used: biomass dry
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weight, measuring the content of chlorophyll a, and counting the number of cells using
a hemocytometer.

Figure 1. Vertical tubular photobioreactors used in the research.

The dry weight of microalgae has been determined by the gravimetric method de-
scribed by Ratha et al. [20] with modification. Biomass estimation was carried out using
a moisture analyzer (AXIS ATS, Gdarnsk, Poland). Aliquots of 40 cm?® were centrifuged
(Eppendorf, Hamburg, Germany) at 4000X ¢ for 15 min. The biomass after centrifuga-
tion was transferred to aluminum plates, dried at 105 °C to constant weight, cooled, and
weighed. The results were calculated and presented in mg L. The amount of biomass
was determined on the day the culture was established and at 24-h intervals for the next 15
days. The biomass productivity was calculated by the following equation

BP = Bf—Bo
d ’

where BP is the biomass productivity (mg'L™1*d—1) Bf and By are final and initial biomass
concentration (mg), respectively, and d is the cultivation time (day).

Chlorophyll concentration was determined according to the PN-86 C-05560/02 stan-
dard [21]. The pigment was extracted from biomass concentrated by filtration on a glass fiber
filter using 90% (v/v) acetone. The absorbance of acetone extract was measured at wavelength
of 665 nm, with a spectrophotometer (EMCO, Warszawa, Poland). The results are given
in mg m~3. The chlorophyll productivity was calculated using following equation:

ChP = Chy ;Cho[
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where ChP is chlorophyll productivity (mg'm™-d™), Chs and Chy are final and initial
content of chlorophyll (mg), respectively, and d is the cultivation time (day).

Microalgal cells were counted using Thoma hemacytometer [22]. Two chambers of
the hemacytometer were filled up with culture samples. Cells were counted under a light
microscope (Delta Optical Genetic Pro Bino, Warszawa, Poland). The average cell count
was multiplied by 10,000 to calculate the number of cells per milliliter of the microalgal
culture.

The chlorophyll concentration and cell counting analyzes were performed on the first
day of the experiment and then after 5, 10, and 15 days.

2.3. Statistical Analysis

All determinations were performed in triplicate. The results were statistically analyzed
using the statistical software package for Windows (Statistica version 13.3; Dell Inc., Tulsa,
OK, USA). Two-way analysis of variance was used. The significance of differences between
the means was assessed using post hoc Duncan test at statistical significance of p < 0.05.
The standard deviation was also determined.

3. Results and Discussion

Various methods are used to assess the efficiency of biomass production. The most
popular of them are the determination of dry matter [23], measurement of optical density,
determination of chlorophyll content using a spectrophotometer, and a method based on
counting cells using a counting chamber [24]. In the presented work, differences between
the optimal process conditions determined with the use of individual methods were noted.
Based on the statistical analysis of the test results, it was found that the photoperiod used,
and the pH of the culture medium had a significant effect on the amount of biomass and the
content of chlorophyll a in microalgae cells of the C. vulgaris species. However, the factors
analyzed in the study did not have a significant effect on the number of microalgae cells.

The amount of biomass in individual photobioreactors at the beginning of the ex-
periment was on average 417 + 14.43 mg'1™.. Under LED lighting conditions, the time
of the culture entering the stationary growth phase occurred slightly earlier than under
SON-T Agro lighting (Figure 2). Depending on other factors, it was generally between
the 7th and 9th day of breeding. Similar dependencies in their research were presented
by Kim et al. [25]), who assessed the optimal conditions for the production of microalgae
Chlorella sp., Dunaliella salina, and Dunaliella sp. biomass and found that the biomass content
increased by the 8th measurement day. Similar results were obtained by Hawrot et al. [26]
in a study on the production of Chlorella minutissima biomass using aquaculture wastewater.
After 10 days, the breeding entered the stationary phase. The inhibition of the growth
and development of microalgae between 8 and 10 days may be related to the depletion of
nutrients in the culture medium [27].

In optimal culture conditions, higher biomass productivity was obtained on day
4—27.08 £ 7.80 mg'L™1*d™* under SON-T Agro lighting and 25.00 + 5.10 mg'L™"*d ™ under
LED lighting (Figure 3). Similar results for C. vulgaris biomass productivity (0.04 + 0.03 g'L™1*d™)
were obtained by Machado et al. [28].

The average amount of biomass in the culture with SON-T Agro illumination ranged
from 506 £ 6.74 to 546 + 7.88 mg'L™! (Figure 4). The concentration of biomass in the
culture depends on the initial inoculum density, but the amount of biomass obtained in the
presented studies on the F/2 substrate was within the range of the results obtained by other
authors. Matos et al. [29] in the modified BBM medium obtained 0.59 g*L™! of biomass.
Similar results were presented by Travieso et al. [30], who cultivated microalgae biomass in
diluted nitrogen-rich waste and obtained a maximum of 510 mg'L™1. The highest amount
was determined in a photobioreactor illuminated for 18 h and at pH 7. Similar results
were obtained by Wahidin et al. [31], who investigated the effect of the irradiation cycle
on the growth of biomass of Nannochloropsis sp. In addition, the highest values were
recorded in 18/6 h cycle. In studies conducted by Amini et al. [32], the highest increase
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in the biomass of microalgae Chlorella vulgaris was recorded in the 16/8 h (light/dark)
photoperiod. Different results are presented by Atta et al. [33], who found in their research
that the optimal culture conditions for the microalgae C. vulgaris occurred in the 12/12 h
photoperiod (light/dark), while the lowest biomass increases with continuous lighting of

the culture.
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Figure 3. Biomass productivity under optimal culture conditions in SON-T Agro light (A) and LED light (B).
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Figure 4. The average amount of microalgae biomass in SON-T Agro light (A) and LED light (B) during different
light:dark cycle.

Under LED light conditions, the average amount of biomass ranged from 489 + 5.00
to 543 £ 1.92 mg'L™%. As in the case of sodium lighting, the highest values were recorded
in the 18/6 h cycle and pH 7. The amount of biomass obtained in a culture medium with a
neutral pH, regardless of the type of lighting and the time of lighting culture, was generally
significantly different from the other values. Khalil et al. [34] investigated the effect of pH
on the growth of Dunaliella bardawil and Chlorella ellipsoidea and found that although these
microalgae could grow over a wide pH range from 4 to 9/10, the greatest dry matter gain
for D. bardawil was at pH 7.5, and for C. ellipsoidea, at alkaline pH (9-10). In a study
by Qiu et al. [35], the highest increase in Chlorella sorokiniana biomass was obtained at
pH 6. These results indicate the need to conduct research on the optimization of biomass
production conditions, which change significantly depending on the type of microalgae.

According to Gong et al. [36], it is very important to keep the pH constant during
cultivation. Methods with control of optimal pH value increased the growth of microalgae
by over 56%.

Chlorophyll content at the beginning of the experiment in all objects was
46 + 6.17 mg'm™3 (Figure 5). In the photobioreactors illuminated by SON-T Agro light,
the highest values were determined on the fifth day of the experiment and a significant
decrease in the content of chlorophyll and in microalgae cells in subsequent dates. Similar
relationships were presented by Lakaniemi et al. [37] who, while examining the growth of
C. vulgaris in tubular photobioreactors, found that in the initial phase of growth, the content
of chlorophyll a increased, and then, after the 5th day of the experiment, the amount of
assimilation pigment decreased almost to zero. Such a significant decrease in chlorophyll
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content, according to these authors, was related to the reduction of nutrients in the culture
medium. In the presented research, a similar situation was observed in the conditions
of cultivating with LED light. A significant increase in the content of chlorophyll was
observed already with the second measuring time. The highest content of assimilated
pigment was determined in the photobioreactor at 18/6 h cycle and pH 7. Similar re-
sults were obtained by Eriksen et al. [38] while breeding Chlamydomonas reinhardtii and
Chlorella sp. in a gas-tight photobioreactor, and Perner-Nochta et al. [39] conducted a
photoautotrophic culture of C. vulgaris. According to Lakaniemi et al. [37], determining the
content of chlorophyll a is not a useful measure of biomass concentration due to the lack of
correlation between the content of chlorophyll and the optical density of the culture. The
content of chlorophyll a may also be misleading due to the differences in the size of the

analyzed cells [40].
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The highest chlorophyll productivity was on day 5 (Figure 6). Content of microalgal
chlorophyll in optimal condition was 24.21 £ 8.89 and 26.34 £ 2.01 mg'm™'d™", under
HPS and LED lightening, respectively.
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Figure 6. Chlorophyll productivity of C. vulgaris in SON-T Agro light (A) and LED light (B).
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The mean content of chlorophyll a with SON-T Agro illumination ranged from
70 +10.11 to 135+ 6.17 mg'L™" (Figure 7). The highest content of assimilated pigment for
this type of light was determined in a photobioreactor illuminated for 18 h and at pH7. In
the study by Khalil et al. [33], two strains of Dunaliella bardawil and Chlorella ellipsoidea at
different pH variants showed that the neutral pH of the culture medium favored the accu-
mulation of chlorophyll a and other assimilation pigments. The pH of the culture medium
affects the entire process of microalgae cultivation. Unfavorable pH values influence the
efficiency of nutrient absorption and metabolite production [41]. Additionally, pH condi-
tions can cause calcium precipitation in some microalgae cultures [42]. Del Campo [43]
found that the optimal pH for photosynthesis is generally lower than the requirements
for growth and showed that pH values ranging from 6 to 9 stimulate carotogenesis for
Muriellopsis sp. Under LED lighting, the mean amount of chlorophyll ranged from 62 + 6.72
to 136 + 14.13 mg'L™. Contrary to sodium lighting, the highest values were obtained
at the photoperiod 12/12 and pH 6. No significant differences were found between the
content of chlorophyll in microalgae cells at the highest values of chlorophyll a. The study
of Yan et al. [44] on the effect of different wavelengths of LED light on the cultivation of
C. vulgaris confirmed the effectiveness of this type of lighting in the production of biomass
from algae; the use of red light has a positive effect on the content of chlorophyll a. Mohsen-
pour et al. [45] confirmed the dependence of red light on the increase in chlorophyll content
and in C. vulgaris cells and the decrease in biomass content.

The initial number of microalgae cells in the culture was 9.3 x 105 (Figure 8). A
significant increase in the number was recorded between the first and second measurement
dates for SON-T Agro and LED light-illuminated photobioreactors. After this measurement
date, the culture entered the stationary growth phase. With LED illumination at the end
of the experiment in the two photoperiods, the culture had already reached the death
phase. Many authors have shown a similar relationship. La et al. [46], examining the effect
of glucose on the growth of C. vulgaris, showed that on the fifth day of the experiment,
cell growth entered the stationary phase (20 X 106 of microalgal cells). The studies of
Pagnanelli et al. [47] on the effect of the addition of nitrate and glucose to the culture
medium on the growth of C. vulgaris and Nannochloropsis oculata cells showed, as in the
presented work, a large increase in the initial phase of the experiment. The number of
C. vulgaris cells ranged from 9.4 x 10° to 12 x 10°. This was due to the addition of nutrients
to the medium, which stimulates the growth and development of microalgae [48]. On the
other hand, studies by Glacio et al. [49], concerning the effect of nutrients on the growth of
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Figure 7. The average amount of chlorophyll a in microalgal biomass in (A) SON-T Agro light and (B) LED light during

different light:dark cycle.

The mean values of the number of microalgae cells indicate that the time of lighting
culture, and the pH had no significant effect on the obtained values (Figure 9). Un-
der SON-T Agro lighting, the highest values were recorded at the 18/6 h photoperiod
(19.3 x 10°-20.8 x 10°), and under LED lighting, the highest average number of microalgae
cells was recorded at 12/12 h (18.9 x 105-20.8 X 105), however, as shown in Figure 5, they
did not differ significantly from other lighting conditions. There was also no significant
influence of medium pH on the analyzed parameters. On the other hand, the research
by Vaic“iulyte et al. [50] were carried out under constant lighting conditions and results
showed significant differences in the number of C. vulgaris cells depending on cultivation
conditions (batch growth or semi-continuous culture) and types of culture media. The
analysis of the number of cells used to quantify the biomass does not define the stage of
development of the culture and the size of the cells [51].

A positive correlation was found between the results of different methods of biomass
determination in culture, however, a high R-factor was obtained mainly between the gravi-
metric measurement and the determination of the number of microalgae cells in the Thoma
chamber, regardless of the type of lighting (r = 0.76 for sodium light and r = 0.83 for LED
light). Based on the results of own research and the results of other authors [52], it can
be concluded that the chlorophyll measurement method is not the best indicator of the
estimation of biomass. Chlorophyll is a nitrogen-rich compound [53]. During cultivation,
under N depletion in culture medium, chlorophyll is degraded to utilize nitrogen [54]. The
chlorophyll content will decrease, while the amount of biomass may increase. The direct
methods are more reliable. According to Rath et al. [20], such a method is a gravimetric
measurement performed with a moisture analyzer, similarly to the presented work. This
method is not only accurate but also much faster compared to the analyzes performed by
traditional biomass drying in the oven.
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4. Conclusions

The production of microalgae biomass requires the selection of optimal cultivation
conditions. The most important parameters are the type and the time of lighting, which
will also be important for the economy of the process. All factors used in the research had
a significant impact on the amount of biomass. Depending on the method used (direct,
indirect), different results were obtained. For dry mass measurement, the optimal culture
conditions were recorded using 18/6 h light/dark cycle and pH of 7 —546 £ 7.88 mg*L™1
for high-pressure sodium light and 543 + 1.92 mg L™ for light-emitting diode. The
maximum content of chlorophyll a was determined in the 12/12 h light/dark cycle, pH 6,
under light-emitting diode (136 + 14.13 mg m™3) and 18/6 h, pH 7, under sodium light
(135 £ 6.17 mg m™3). The biomass and chlorophyll productivity in optimal conditions
under HPS and LED light was 27.08+ 7.80 and 24.21 + 8.89 mg'm™'d™! and 25.00 + 5.1
and 2634 + 2.01 mg'm™'d™!, respectively. The highest number of microalgae cells
(2.1 x 10%) was obtained at pH 7 and photoperiod 18/6 h under sodium light, and 12/12 h
under light-emitting diode. The results for all measurements suggest that particular
methods can be used alternately during the determination of biomass content. However, if
other indicators (cell number and chlorophyll a content) are used for biomass validation,
the optimal culture parameters may change with different types of light. Considering
the results, the most accurate method for biomass evaluation is gravimetric dry weight
assessment > cell counting > chlorophyll content.
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Abstract: Microalgal biomass and its cellular components are used as substrates for the production
of fuels. A valuable group among the components of microalgal biomass is lipids, which act as a
precursor for the production of biodiesel in the transesterification process. Some methods, including
the creation of stressful conditions, are applied to increase the accumulation of lipids. This study
aimed to determine the effect of limited nutrient access on the growth and development of the
microalga Chlorella vulgaris and the amount of lipids stored in its cells. Aquaculture wastewater
(AWW) was used in the study as a source of nutrients at doses of 20%, 40%, 60%, 80% and 100%.
The amount of microalgal biomass, optical density, lipid content after extraction of the biomass in
Soxhlet apparatus and chlorophyll a content were determined. It was observed that the microalgae
efficiently used the nutrients contained in the AWW. The largest amount of biomass was obtained in
AWWsg (727 £ 19.64 mg'L_l). The ODegp (0.492 £ 0.00) determined under the same conditions was
almost five times higher in AWW than in the synthetic medium. Under nutrient-stress conditions, the
content of lipids in biomass ranged from 5.75% (AWWso) to 11.81% (AWWoay). The highest content of
chlorophyll a in microalgal cells was obtained in AWW2g (206 + 11.33 mg'm™3).

Keywords: nutrient limitation; stress conditions; microalgal biomass; lipid content; aquaculture wastewater

1. Introduction

The use of conventional energy sources leads to a number of problems including global
warming, environmental degradation and energy crises [1]. Due to these threats, there is
an urgent need to develop sustainable and novel environmentally friendly energy sources.
Microalgae seem to be an ideal raw material for the production of biofuels. Compared to the
biomass of terrestrial plants used for energy purposes, microalgal biomass is characterized
by a lower water footprint, higher photosynthetic efficiency, the ability to grow on marginal
soils and the possibility of using waste streams, including carbon dioxide, as a source of
nutrients for cell growth and development [2]. Moreover, a lack of competition with edible
plants for the cultivation area means improved food safety [3].

Despite many advantages, the use of microalgae for energy purposes is associated
with several limitations, including economic competitiveness and the feasibility of large-
scale biofuel production, as well as high investment costs which constitute a significant
barrier to potential investment [4,5]. Therefore, it is necessary to improve the production of
biofuels from algae and increase economic profitability. This can be achieved by developing
an appropriate technology through the optimization of growing conditions [6], taking into
account the nutrient availability, temperature changes, salinity, supplementation with plant
hormones and differentiation of light intensity [7-9].

Under optimal conditions of cultivation, microalgae show high biomass growth but
do not accumulate a large amount of reserve materials [10,11] such as carbohydrates or
lipids which are useful for biofuel production [12]. The typical abiotic stress factors that
significantly affect the biochemical composition of algal cells include lipid production, ex-
treme temperatures, lighting, the amount of carbon dioxide, UV exposure, salt content and
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nutrient starvation [13-18]. An unfavorable culture condition may change the metabolism
of fatty acids toward the biosynthesis and accumulation of triacylglycerols, which may
constitute up to 80% of the total lipid content in the cell. The main factor that influences
fatty acid metabolism is the limitation of nitrogen availability [19]. Under limited nitrogen
access, many microalgal species produce and accumulate a large amounts of lipids [20-22].
However, the lack of nitrogen, which is responsible for increasing the content of proteins
and assimilation pigments in cells, causes a reduction in the productivity of biomass. The
chlorophyll content in microalgal cells is an indicator of the intensity of photosynthesis and
photochemical processes during which the energy accumulated in ATP is generated [23].
Thus, an important element in the development of a technology for biofuel production
using microalgae is determining the appropriate doses of nutrients, which would enable
achieving a high production of lipids as well as a high efficiency of biomass growth [24].
Additionally, it is necessary to ensure optimal culture conditions, including temperature,
pH, mixing [25,26] and lighting, which should be evenly distributed to allow the photons
to reach the entire volume of the photobioreactor [27].

The supply of nutrients for the production of microalgae biomass [28] can be associ-
ated with the purification of the aquatic environment [29] and the removal of nutrients,
including nitrogen and phosphorus, which cause water eutrophication [30]. Microalgae
can be potentially used in the treatment of municipal industrial wastewaters, agricultural
wastewaters and post-cultivation waters. Moreover, the use of microalgae in disposal
processes has been economically justified [31].

This study assessed the growth and development of the microalga Chlorella vulgaris in
saline aquaculture wastewater (AWW) used in different doses. It was hypothesized that
diluting the wastewater and thus limiting the nitrogen content in the culture medium would
have a positive effect on increasing the content of lipids in microalgal cells. Additionally,
the content of chlorophyll a was determined in the microalgal biomass.

2. Results and Discussion
2.1. Production of Chlorella vulgaris Biomass in Aquaculture Wastewater

The biomass of C. vulgaris can serve as a source of valuable chemical components,
and as an additive to animal feed and human food. Its production can also be utilized
for the treatment of wastewaters [32]. Statistical analysis of the results obtained in this
study showed that the AWW doses had a significant effect on biomass production, and
also that the amount of biomass produced in the AWW was greater compared to that
produced in the F/2 synthetic medium (Figure 1A). This is in line with results of other
authors confirming the relationship between the content of nutrients in wastewater and
the increase in microalgal biomass [33,34].
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Figure 1. Dynamics of changes in biomass content (A) and the average biomass in culture (B).

The content of microalgal biomass is one of the most important parameters for eval-
uating the growth of microalgae. From the biomass content, it is possible to determine
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the time required to reach the maximum concentration of biomass as well as the growth
phase [35]. At the beginning of the experiment, the biomass content was 133 + 9.43 mg'L™.
In the following days, a linear growth with no growth inhibition phase was observed,
which indicates that C. vulgaris can adapt and grow well in saline effluent from fish farm-
ing. Similar results were obtained in a study by Liu et al. [36], in which C. vulgaris was
cultivated in AWW from a fishery and an increase in biomass was observed from the first
days of measurement. In the present study, the largest amount of biomass after 15 days was
determined in AWWso (1244 £ 62.85 mg'L™"), which indicates an increase of over 300%
compared to the control treatment (F/2). Similar positive results of microalgal cultivation
and C. vulgaris biomass growth in pre-treated, nutrient-rich municipal sewage were also
presented by Li et al. [37].

The average amount of biomass in this study ranged from 211 + 10.39 mg'L™* (F/2) to
727 £19.64 mg L™ (AWWyg), which is 345% of the values determined in the control treat-
ment (Figure 1B). Hawrot-Paw et al. [38] cultivated Monoraphidium and achieved a signifi-
cantly higher biomass content in AWW compared to the synthetic substrate F/2. Ferndndez-
Linares et al. [39] cultivated C. vulgaris in pre-treated municipal sewage and obtained an
amount of biomass of 1575 mg'L™". Such a high biomass content was achieved due to the
ability of the strain to adapt to the cultivation conditions (C. vulgaris strain was isolated
from the environment of treated municipal wastewater). However, Guldhe et al. [40] pre-
sented different results on the use of AWW for the cultivation of Chlorella minutissima. The
authors observed lower biomass productivity in AWW (0.35 g*L*day™) than in synthetic
BG11 medium (0.57 g'L-day™"). Mtaki et al. [41] added NPK fertilizer to AWW at a maxi-
mum dose of 1.0 g'L™, which resulted in a significantly increased amount of C. vulgaris
biomass compared to that obtained in synthetic bold basal medium (BBM).

The optical density of microalgal culture varied with the AWW dose (Figure 2A).
Tossavainen et al. [42] and Hawrot-Paw et al. [38] observed a decrease in the content of
microalgal biomass along with a decrease in nutrient contents in the culture medium. In the
present study, the optical density, with the exception of AWW4, increased throughout the
experiment. The mean optical density ranged from 0.246 + 0.00 in AWW> to 0.492 + 0.00
in AWWg (Figure 2B). The correlation coefficient between the OD680 values and the
amount of biomass was r = 0.941, which indicates a strong positive linear relationship.
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Figure 2. The dynamics of changes in optical density (A) and the average optical density in culture (B).

2.1. Effect of Nitrogen Content on the Biomass and Lipid Content
2.1.1. Production of Biomass under Nutrient-Stress Condition

Culture medium is one of the key factors influencing the production of microalgal
biomass [43]. In industrial-scale production, the supply of an appropriate amount of
nutrients constitutes an economic problem [44]. Therefore, the present study analyzed the
possibility of using AWW rich in basic nutrients for biomass production and the impact of
limiting the access to nutrients by AWW. It was observed that there was no phase delay
in growth (Figure 3A), which clearly indicated that the strain adapted well to growth
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under conditions of limited nutrient access and salinity. In the initial phase of growth, on
the fifth day of the experiment, the largest amount of biomass was recorded in AWWsg
(878 £ 15.71 mg'L™1). This could be related to the method of inoculum preparation and
the lack of the need to adapt to cultivation conditions. Similar results were obtained by
Gao et al. [33] for the cultivation of C. vulgaris in photobioreactors using AWW in a batch
culture. They obtained the maximum amount of biomass on the sixth day of the experiment
(0.07 g'L™1). Tang et al. [45] reported that inhibition of microalgal growth could be related
to a low content of nitrogen in the medium, which was fully taken up by algal cells in
the initial growth phase. In the presented study, the start of the stationary growth phase,
except in the case of AWWso, was observed after 10 days of cultivation. This could be
related to the higher content of nutrients and their accumulation in algal cells. Algae can
absorb excess nutrients and use them for growth in the later stages of cultivation [46].
In this study, the largest amount of biomass (1045 + 31.43 mg'L™") was determined in
AWWg. The efficiency of microalgal biomass production is influenced by the presence of
nitrogen [47]. The average amount of biomass ranged from 748 + 0.00 mg'L™" (AWWp) to
842 + 25.76 mg'L™! (AWWie) (Figure 3B). Ansari et al. [47] cultivated Scenedesmus obliquus,
Chlorella sorokiniana and Ankistrodesmus falcatus in two media—BG11 and AWW —with
lower nutrient content and observed a small amount of biomass in AWW. A similar
dependence for C. minutissima was presented by Sanchez-Garcia et al. [48], who found that
a higher nitrogen dose in synthetic culture medium (BBM) caused an increase in biomass
productivity. A higher content of microalgal biomass compared to the present study was
observed by Tossavainen et al. [42]. The authors used pike perch AWW with a nitrogen
content of 34 mg'L™ for the cultivation of Euglena gracilis and Selenastrum and obtained a
maximum amount of algal biomass (1.5 g'L™"). This suggests that the biomass content may
depend on the type of microalga, culture conditions, culture medium used and nutrient
availability [49,50].
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Figure 3. Dynamics of the growth of microalgal biomass (A) and the average amount of microalgal
biomass (B).

2.1.1. Optical Density of Microalgal Cultures

In the present study, it was observed that the amount of biomass correlated with the
optical density (r = 0.841). The largest amount was obtained on the 15th day in AWWeo
(0.333 £ 0.01), which is over 550% higher compared to the first day of measurement
(Figure 4A). The average optical density ranged from 0.140 + 0.00 (AWW,) to 0.201 + 0.00
(AWWyg) (Figure 4B). Similar values of optical density (OD 0.304) were obtained by Hawrot-
Paw et al. [34] during the cultivation of C. minutissima in the same type of salted AWW. This
may be a result of different nutritional requirements of microalgae [51,52]. The increase in
optical density with higher doses of AWW indicates that the high content of nutrients in
the medium promotes the growth and development of algal cells. This was also confirmed
by Bhatnagar et al. [53] when they cultivated microalgae in an organic enriched medium.
Mtaki et al. [41] cultivated C. vulgaris and determined a much higher optical density value
(OD 4.872), but in their study, AWW was supplemented with NPK.
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Figure 4. The dynamics of changes in optical density (A) and the average values of ODeso in culture (B).

2.1.2. Lipid Accumulation under Nitrogen Limitation

The mean lipid content of C. vugaris strains ranges from 14 to 22% [54,55], however,
depending on the environment, it may vary from 5% to 58% [56]. In this study, the
lipid content in biomass ranged from 5.75% (AWWsg) to 11.81% (AWWn) (Figure 5).
The effect on lipid accumulation in microalgal cells depends on the microalga species as
well as the composition of the culture medium [57]. Wong et al. [58] analyzed the effect
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of the composition of 13 different culture media on the growth of C. vulgaris and lipid
production. The authors observed that the maximum values for both these parameters
were obtained with BBM. Synthetic culture media are expensive and can be replaced by
AWW [41], which is not only cost-effective but also environmentally sustainable. The two-
fold increase in lipid content achieved in the present study was associated with nutrient
stress caused by dilution of AWW. The nitrogen content in the culture medium ranged from
6.67 £ 0.06 mg'L™1 (AWW2) to 24.73 £ 1.10 mg L™ (AWWso). Under nitrogen-deficient
conditions, the cellular metabolism of algae changes, resulting in the accumulation of lipids
and starch in the biomass [59]. In a study by Pribyl et al. [60], the lipid productivity by
C. vulgaris was higher at lower nitrate concentrations. Similar results were presented by
Mutlu et al. [61] and Adenan et al. [62]. The authors noted that, under the nutritional
stress caused by nitrogen limitation, lipid production significantly increased in C. vulgaris
cells. The relationship between the increase in lipid content and nitrogen limitation was
also reported by Ansari et al. [47]. The authors cultivated S. obliquus, C. sorokiniana and
A. falcatus in aquaculture effluent with lower nitrogen content compared to the synthetic
substrate and recorded increased lipid content for all algal species.

m Lipid = Nitrogen

Lipid content, %
Nitrogen content, mg:L™*

AWW,, AWW,, AWW,, AWW,,

Treatment

Figure 5. Nitrogen content in AWW and lipid content in microalgal biomass.

The results of this study thus showed a relationship between the nitrogen dose and
lipid content in the microalgal biomass. With nitrogen deficiency, the metabolic pathway
of carbon fixation changes from protein synthesis to lipid production [63]. It was found
that the lower the initial content of nitrogen in the culture medium, the greater the amount
of lipids in the biomass. The low lipid content observed in AWWsy could be caused by
the intense growth of microalgae. A distinct stationary growth phase was not noted in the
study, although it is in this phase that microalgae form lipids as an energy reserve [64].
This has been confirmed by other authors [65,66] for both marine and freshwater strains. A
much higher lipid accumulation was determined by Rai et al. [67] during the cultivation
of C. vulgaris in saline medium. While maintaining the nitrogen content at a level of
<5 mg'L71, these authors recorded a lipid content of 40%. An additional factor stimulating
lipid accumulation in microalgal cells may be the salinity level. This was supported by
the results of Mirizadeh et al. [68], who analyzed the effect of introducing NaCl into the
culture medium at doses ranging from 5 to 30 g L™. The authors found an increase in lipid
content in the biomass of C. vulgaris with increasing concentration of NaCl up to 25 g L™
(about 1.5-fold higher than without salt). In the study by Hawrot-Paw et al. [34], the lipid
content in the biomass of C. minutissima cultured on saline salmon AWW decreased while
the biomass content increased compared to the synthetic F/2 medium. The differences
between the nutrient content of the medium and the amount of lipids in the cells are related
to the type of microalga. The division of stress into three categories, from low to high, is
conceptually adopted, where the increase in lipids exceeds the decrease in biomass content,
the decrease in growth exceeds the increase in lipids, and the increase in lipid content is
compensated by the decrease in growth [11].
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2.1.1. Changes in PH during Microalga Cultivation

The pH of the culture medium affects the proper cell development, availability of
nutrients and ability of algal cells to carry out photosynthesis [69]. In the present study,
C. vulgaris was cultivated under uncontrolled pH conditions. At the start of the experiment,
the pH of the medium ranged from 8.3 (AWWpg) to 8.5 (AWW2) (Figure 6). After five
days of cultivation, an increase to a value of 9 was recorded, which was related to CO>
fixation [70] or the passage of air through the microalgal cultures and dissipation of carbon
dioxide by agitation [71]. After 15 days, the pH of the medium was in the range of
8.6-8.9. This is considered as the optimal range for algae, which is also supported by Rai
and Rajashekhar [67], who indicated that the optimal pH for algae ranges from 6 to 10.
Scherholz and Curtis [72] described that the pH of the culture medium may be related to
the influence of ammonium on the transport and reduction of nitrates.

95 [ — AWWg, AWWgq
AWW,, = AWW,,

9.0 |
x
Q

8.5 |

8.0

0 5 10 15
Time, days

Figure 6. The dynamics of pH changes in culture medium.

2.1.2. Chlorophyll A Content in Microalgal Biomass

The initial content of chlorophyll a in microalgal cells was determined to be
50 + 5.03 mg'm™ (Figure 7A). The highest content of pigment (328 + 21.95 mg'm™3) was
observed in AWWy after 10 days of cultivation. Depending on the dose of AWW, the mean
chlorophyll a content ranged from 160 + 17.84 mg'm™ (AWWso) to 206 + 11.33 mg'm™
(AWW2) (Figure 7B). The content of chlorophyll a in microalgal cells decreased with an
increase in the amount of nitrogen in the medium. Contrasting results were reported by
Ordog et al. [73] in their study on Chlorella minutissima, in which the content of chloro-
phyll increased after the addition of nitrogen. Similarly, Li et al. [74] observed a decrease
in chlorophyll content in Neochloris oleoabundans cells cultivated in medium with lower
nitrogen content and suggested that this may be related to the utilization of nitrogen com-
pounds in chlorophyll by microalgae. The availability of nutrients affects the concentration
of chlorophyll in microalgal cells, but it varies depending on the species [75]. The increase
in pigment content in diluted AWW could be due to a higher intensity of photosynthesis
caused by better light penetration into cells with lower biomass. The relationship be-
tween the increase in biomass and the decrease in chlorophyll in C. vulgaris cells was also
presented by Mohsenpour et al. [76].
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Figure 7. The dynamics of changes in the amount of chlorophyll a (A) and the average values of chlorophyll in culture (B).

3. Materials and Methods
3.1. Microalgal Culture

Green algae (C. vulgaris (BA 002)) were obtained from the Culture Collection of Baltic
Algae (University of Gdansk, Gdarisk, Poland). The microalgae were cultured in Guillard’s
(F/2) Marine Enrichment liquid medium [77] at a temperature of 4 °C under lighting with a
light-emitting diode (LED; 12/12 h light:dark cycle). The liquid medium had the following
composition (g'L™1): NaNO; —0.075 g; NaH2PO4'2H>O —0.00565 g; stock solution of trace
elements—1 mL L™ (Na;EDTA 4.16 g, FeCl; 6H,O 3.15 g, CuSO4 5H>0O 0.01 g, ZnSO4
7H>0 0.022 g, CoCl, 6H2O 0.01 g, MnCl, 4H,0 0.18 g and NaMoO, 2H,0 0.18 g) and stock
solution of vitamin mix—1 mL‘L™! (cyanocobalamin (vitamin B12) 0.0005 g, thiamine HCI
(vitamin B1) 0.1 g, biotin 0.0005 g).

3.2. Aquaculture Wastewater

AWW was obtained from Jurassic Salmon (Karnice, Poland), an ecological closed-
circuit salmon farm. The average content of nitrogen in the wastewater was 31.8 mg'L™,
while the content of phosphorus was 1.1 mg'L™" at a salinity level of 10%.. AWW was
collected from a storage tank and stored in a refrigerator at a temperature of 4 °C. Before
use, the wastewater was filtered twice through membrane filters to remove solid impurities,
and then filters with a pore diameter of 1.2 ym. Finally, the wastewater was sterilized with
UV-C (13 W waterproof lamp, 15 min).

3.3. Experimental Setup

The experiment was divided into two stages. In the first stage, the influence of
the AWW dose on the content of microalgal biomass was determined. Vertical tubular
photobioreactors with a capacity of 2.5 dm? (Aqua Medic, Bissendorf, Germany) were used
for the experiment. In these photobioreactors, 2 dm? of medium and 200 cm? of a 10-day
inoculum of microalgae (C. vulgaris) were added. AWW was used at doses of 20%, 40%,
60%, 80% and 100%. Commercial F/2 culture medium was used as a control treatment in
the experiment. All the photobioreactors were aerated with a 25 W pump (Aqua Medic,
Bissendorf, Germany) at a capacity of 0.9 m™h™, which allowed us to introduce carbon
dioxide and prevent biomass sedimentation. The pH of the medium was adjusted to 7
by adding 1N NaOH. The cultures were illuminated with LEDs: white, red (wavelength
600-700 nm, light intensity of 9.45 pmol s7!) and blue (wavelength 400-500 nm, light
intensity of 2.25 pmol's™). Lighting was maintained on an 18/6 h light:dark cycle. The
total LED intensity was 13.5 pmol s (HOLDBOX, Z abia Wola, Poland). The experiment
was carried out for 15 days, and then the amount of biomass and optical density of cultures
were determined.

In the second stage of the experiment, the influence of nutrient stress on the amount
of C. vulgaris biomass and on the content of lipids in biomass was assessed. Additionally,
optical density and chlorophyll a content were calculated. At this stage, the biological
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material that was obtained under optimal growth conditions for algal biomass was used
as an inoculum (for the AWW dose). The experiment was carried out in vertical tubular
photobioreactors with a capacity of 14 dm?, with 10.8 dm? of AWW (doses of 20%, 40%,
60% and 80%) and 1.2 dm?® of C. vulgaris inoculum. The cultures were illuminated with
LED light, and aerated using a pump with a power of 12 W at a capacity of 14 L min™.
The experiment was carried out as a batch culture for 15 days.

3.1. Analytical Methods
3.1.1. Biomass Quantification

The dry weight of microalgae was determined by a gravimetric method described
by Ratha et al. [78] with modification [79]. The amount of biomass was estimated using a
moisture analyzer (AXIS ATS, Gdansk, Poland). The results are presented in mg L.

The optical density of microalgal cultures was measured using a spectrophotometer
(EMCO, Warszawa, Poland) at a wavelength of A = 680.

3.1.2. Pigment Extraction and Analysis

The content of chlorophyll a in microalgal cells was measured according to PN-
86 C-05560/02 standards [80]. Briefly, the algal biomass was concentrated by vacuum
filtration on a glass fiber filter, and then the chlorophyll pigment was extracted with a
solution of 90% acetone. Absorbance was measured at a wavelength of A = 665 nm using a
spectrophotometer (EMCO, Warszawa, Poland). The results are presented in mg m™.

3.1.3. Determination of PH

The pH of the culture medium was measured using a CI-316 microcomputer pH-meter
(Conrad Electronic SE, Hirschau, Germany).

3.1.4. Lipids Extraction and Determination

The lipid content of the biomass was determined by Soxhlet extraction with hexane
using the modified method of Shin et al. [81]. The analyses were carried out after 15 days
of cultivation. Following sedimentation, the biomass was dried in a laboratory dryer
(WAMED, Warszawa, Poland) at 70 °C for 24 h. Then, 0.5 g of the dried sample were
transferred to a cellulose casing and extracted in a Soxhlet apparatus (Labmed HK, £6dz,
Poland) with hexane for 4 h (20 cycles per hour). The lipid content of the sample was
determined using the following formula (1):

rc= I g0 )
mDAB

where LC is the lipid content, mL is the mass of lipids (g) and mDAB is the mass of dry
microalgal biomass (g).

3.1.5. Determination of Total Nitrogen Content

The total nitrogen in the culture medium was determined using the spectrophotomet-
ric method according to PN-EN ISO 11905-1: 2001 standards [82]. The obtained results
were converted into mg'L™!. Nitrogen analyses were also performed once at the beginning
of the study.

3.2. Statistical Analysis

All analyses, except for lipid content, were performed in triplicate. The results were
statistically analyzed using a computer program for Windows (Statistica version 13.3, 2016;
Dell Inc., Tulsa, OK, USA). An analysis of variance was performed, followed by Tukey’s
significance tests at a level of p < 0.05. In addition, Pearson’s linear correlation coefficient
(r) and standard deviations were determined.
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4. Conclusions

This study confirmed the possibility of using saline wastewater from salmon farming
for the production of C. vulgaris biomass, which will allow for the simultaneous removal of
nutrients from AWW. The content of nutrients in the wastewater originating from fisheries
was identified as an important parameter influencing the amount of biomass produced.
The largest amount of biomass (727 + 19.64 mg'L™!) and the highest values of optical
density (0.492 + 0.00) were obtained at the higher doses of AWW (80%). On the other hand,
the highest content of chlorophyll was determined in AWW?2y. Due to the limited access to
nitrogen, the lipid content in the biomass increased. The highest lipid content (11.81%) was
determined in the most diluted culture medium (AWW2), in which the initial nitrogen
content was 6.67 £ 0.06 mg L. Considering that algal biomass can be used for energy
purposes, the cost of the growth medium, which accounts for a significant part of the total
production costs, is important for advanced biofuel production.
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Abstract: Microalgae are one of the most promising sources of renewable substrates used for energy
purposes. Biomass and components accumulated in their cells can be used to produce a wide range
of biofuels, but the profitability of their production is still not at a sufficient level. Significant costs
are generated, i.a., during the cultivation of microalgae, and are connected with providing suitable
culture conditions. This study aims to evaluate the possibility of using sodium bicarbonate as
an inexpensive alternative CO> source in the culture of Chlorella vulgaris, promoting not only the
increase of microalgae biomass production but also lipid accumulation. The study was carried out
at technical scale using 100 L photobioreactors. Gravimetric and spectrophotometric methods were
used to evaluate biomass growth. Lipid content was determined using a mixture of chloroform
and methanol according to the Blight and Dyer method, while the carbon content and CO; fixation
rate were measured according to the Walkley and Black method. In batch culture, even a small
addition of bicarbonate resulted in a significant (p < 0.05) increase in the amount of biomass,
productivity and optical density compared to non-bicarbonate cultures. At 2.0 g'L~!, biomass

content was 572 + 4 mg'L™?, the maximum productivity was 7.0 + 1.0 mg'L™ *d"!, and the optical

density was 0.181 £ 0.00. There was also an increase in the lipid content (26 + 4%) and the carbon

content in the biomass (1322 + 0.062 g*dw™1), as well as a higher rate of carbon dioxide fixation
(0.925 £ 0.073 g'L™'*d"Y). The cultivation of microalgae in enlarged scale photobioreactors provides
a significant technological challenge. The obtained results can be useful to evaluate the efficiency of
biomass and valuable cellular components production in closed systems realized at industrial scale.

Keywords: sodium biocarbonite; carbon dioxide; biofixation; microalgal biomass; lipids content

1. Introduction

The main source of energy in the world, also used for fuel production, is still crude
oil [1]. Limited fossil fuel resources and adverse environmental impact due to greenhouse
gas emissions increased interest in advanced fuel production technologies [2]. The primary

feedstocks used for their production are obtained from energy crops or lignocellulosic
wastes. Less conventional sources include the biomass of macroalgae and microalgae [3,4].
Microalgae are unicellular or multicellular simple organisms that are metabolically
diverse, but most of them are photoautotrophs [5]. A valuable property of theirs is that
their fast biomass growth, which per hectare is several times higher compared to terrestrial
plants [6], but just like plants, microalgae require nutrients, light and carbon dioxide to
grow [7]. Under appropriate conditions, microalgae convert solar energy into chemical
energy stored as starch or lipids [5,8,9], which are precursors for bioethanol and biodiesel
production [10]. Given the higher photosynthetic efficiency, higher biomass production per
unit area and faster growth rate compared to energy crops, microalgae are good alternative
as feedstock for biofuel production [8]. An additional advantage of microalgae is the lack
of competition for nutrients with food crops [11]. Furthermore, biomass production can
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be located on marginal lands [6]. The negative environmental impact associated with the
cultivation of microalgae for energy purposes is described as potentially negligible [12,13].
The main problems of algal biofuel production are related to cultivation costs and
biomass dehydration processes [14,15]. To increase the cost-effectiveness of biomass produc-
tion, nutrients contained in municipal wastewater [16,17] or in aquaculture wastewater [18],
are used in cultivation. Microalgae have a high ability to remove nitrogen and phosphorus
compounds, thus biomass production can be more sustainable and can be used in the
bioremediation of the aquatic environment [19].

Commercial cultivation of microalgae requires the supply of significant amounts
of inorganic carbon for photosynthesis [20]. This is mainly provided by carbon dioxide
from the air and eventually from industrial emissions [21]. This may be a method for its
biological sequestration [22], especially considering that some microalgae are capable of
assimilating up to 1.83 Mg of CO. during the production of 1 Mg of their biomass [23].
Higher CO; concentration promotes lipid accumulation in the cells [24]. Atmospheric
carbon dioxide concentration depends on anthropogenic activities [25] and industrial
development stage [26] and may increase above 400 PPM [27]. Concentrations of CO2 may
be an important factor to limit growth and development of some microalgal species [28],
however, minimum and maximum concentrations CO, dissolved in the culture medium
for microalgae cultivation vary from one species to another [29]. Some microalgae can
grow under atmospheric air [30], others in extremely high CO, concentrations ranging
from 40 to 100 vol% [31]. Compressed CO; can also be used in cultivation [32], but this
increases the costs, which are related to the capture, compression, transport or storage
of this gas [33]. The cost of using compressed carbon dioxide in microalgae culture can
account for up to half of the total cost of biomass production [34]. An alternative option may
be using of bicarbonate salts [35]. These compounds have much higher solubility in water
than CO; and higher efficiency in biomass production compared to compressed carbon
dioxide [28]. A review of the recent progress in bicarbonate-based microalgae cultivation
suggested potential to significantly reduce production cost. The use of sodium bicarbonate
reduces the cost of carbon supply, increases the accumulation of valuable components,
and is energetically efficient [36]. New technologies make it possible to produce sodium
bicarbonate from carbon dioxide, including from industrial CO, emissions, which are
responsible for the negative effects of climate change [37].

The aim of this study was to evaluate the ability of Chilorella vulgaris microalga to
utilize bicarbonate as a carbon source and find out the sodium bicarbonate concentration
to produce higher biomass and higher lipid contents in microalgae. Its effectiveness was
assessed by the amount of biomass, optical density of the culture, lipid accumulation
rate, carbon content in the biomass and CO, fixation rate. Most of the available literature
presents the results of studies carried out at small-scale, so it is important to know the
mechanism of microalgae growth at the industrial scale, which changes as the capacity of
the photobioreactor increases. The potential benefits of using NaHCO; were assessed on a
technical not laboratory scale. It is crucial for industrial application of microalgae, especially
for biofuel production, and to the best of our knowledge, this is the first such study.

2. Materials and Methods
2.1. Microalgae

The strain of C. vulgaris (BA 002) green microalga was obtained from the Culture
Collection of Baltic Algae. The material was stored in F/2 liquid medium [38] with
the following composition [g'L-1]: NaNO;—0.075 g; NaH.PO,'2H,0O—0.00565 g; stock
solution of trace elements: 1 mL*L-! (NaEDTA 4.16 g, FeCl; 6H,0 3.15 g, CuSO4 5H,0O
0.01 g, ZnSO4 7H>O 0.022 g, CoCl, 6H20 0.01 g, MnCl, 4H20 0.18 g and NaMoO, 2HO
0.18 g) and stock solution of vitamin mix: 1 mL‘L-! (cyanocobalamin (vitamin B12) 0.0005 g,
thiamine HCI (vitamin B1) 0.1 g, biotin 0.0005 g). Microalga were stored at 4 “C, with a
photoperiod of 12 h under light-emitting diode (LED).
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2.1. Experimental Setup

C. vulgaris strain was grown in synthetic medium F/2. In the study, vertical tubular
photobioreactors with a total volume of 100 L were used, which were supplemented with
80 L of culture medium F/2 and an appropriate dose of sodium bicarbonate (NaHCO3):
0.025, 0.5, 1.0, 1.5 i 2.0 g'L-1. After sterilization of the medium with UV-C light, 8 L of
microalgae inoculate were introduced into the photobioreactors. The control object in the
experiment was a commercial culture medium without bicarbonate —0 (F/2). The pH of
the medium was set at 7 using 1 N NaOH.

LED lighting with red and blue LEDs (5:1 ratio), with a photoperiod of 18/6 h
(light/dark cycle) was used. The microalgae cells were kept in suspension by mixing
with gas using a membrane pump (HAILEA ACO-300A, Guangdong, China) with a power
of 160 W and a capacity of 240 L'min-1. The experiment was carried out as batch cultures
and ran for 20 d.

Biomass growth was estimated by gravimetric method [39], using a moisture ana-
lyzer (AXIS ATS60, Gdansk, Poland). The optical density of the microalgae suspension
was determined by spectrophotometry at wavelength A = 680 using a spectrophotometer
(SPEKOL 11, Jena, Germany). Measurements were made at the beginning and on the 5th,
10th, 15th and 20th day of the experiment.

The lipid content of the biomass was determined using a solvent mixture (chloroform-
methanol) according to the method of Blight and Dyer [40]. The lipid content was calculated

using following equation:

rc= L g, (1)

mDAB
where LC is the lipid content, mL is the mass of lipids (g) and mDAB is the mass of dry
microalgal biomass (g).

The carbon content and CO; fixation rate of microalgae cells were determined accord-
ing to the method of Walkley and Black [41], with some modification [42]. The carbon
content was calculated using following equation:

a:3.951 1_1 ) ©
g S
where a is the carbon content, g is the mass of the microalgae sample (g) and T and S are

the blank and test sample iron-ammonium sulfate, respectively (mL).
The rate of CO fixation was calculated from the following equation:

M
RCOz = Cc * Pmax ]\SI(CDZ ’ (3)

where Rcop is the rate of CO; fixation (g*L-1"d-?), Cc is the carbon content of microalgae
cells (%), Pmax is the maximum biomass productivity (mg'L-1*d-') and Mco, and Mc are
the molecular weight of CO; and C, respectively.

During cultivation, the pH was controlled by a pH-meter CI-316 (Conrad Electronic
SE, Hirschau, Germany).

2.2. Statistical Analysis

All analyses were carried out in triplicate. Results were statistically analyzed using
Statistica software (version 13.3, 2016; Dell Inc., Tulsa, OK, USA). Two-factor analysis of
variance was used. The significance of differences between means was assessed using
Tukey’s test at p < 0.05. Pearson’s linear correlation coefficient (r) and standard deviations
(SD) were also determined.
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3. Results and Discussion
3.1. Biomass Production with CO2 from Sodium Bicarbonate

The effect of the NaHCO; dose on the growth dynamics of C. vulgaris is shown in
Figure 1A. The initial amount of biomass was, on average, 480 + 6 mg'L-. High bicarbon-
ate doses influenced the cell growth and biomass production and prolonged the logarithmic
growth phase. After 20 days, the highest biomass (620 + 16 mg'L-!) was determined in
the photobioreactor with a dose of 2.0 g'L-* NaHCOs (over 20% more than in control
0 (F/2) object). Similar results were presented by Yeh et al. [43], who, in the culture of
C. vulgaris, used NaHCO;3 at a dose ranging from 100 to 1600 mg'L-! and obtained the
maximum biomass at the highest dose. The same results (0.769 g*L-!) were obtained by
Mokashi et al. [44], who applied NaHCO; in the culture of C. vulgaris in a range from
0.025 do 1.0 g'L-1. Molazadeh i in. In addition, [45] cultivated C. vulgaris in wastewater
with compressed CO; at 16% and obtained 0.790 g*L-!. An equally high biomass content
(0.740 g'L-') was obtained by Rodas-Gaitan et al. [46], who cultured C. vulgaris in 15-L
photobioreactors and used sodium bicarbonate at 8 g'L ™! as a carbon source. The high solu-
bility of bicarbonate in the culture medium [47] promotes the absorption of inorganic carbon
and the production of biomass. In the present study, the average biomass concentration
ranged from 505 £ 6 mg'L-! in the culture medium without bicarbonate —0 (F/2) object, to
572 £ 4 mg'L-! in a medium enriched with NaHCOs at a dose of 2.0 g'L-! (Figure 1B). An
increase in biomass was also observed at lower doses of bicarbonate, which may be due to
the beneficial effect of NaHCO; on photosynthesis and cellular component accumulation.
A study by Salbitani et al. [48] confirmed the positive relationship between bicarbonate,
the chlorophyll a content and the photosynthetic activity of Chlorella sorokiniana. The use of
NaHCO; may be an alternative to CO,, which decreases the pH of culture medium and
may reduce the availability of carbon for photosynthesis [49].

A 600 B

~0.025 0.5 10 =15 =20 <

550 +

500 -

Biomass, mg-L!

e 0(F/2) 0.025 0.5 1.0 1.5 2.0

Time, days NaHCO, concentration, g-L™!

Figure 1. Dynamics of changes in biomass content (A) and average biomass content in the culture (B). Mean over each
column not marked with the same letter is significantly different at p < 0.05.

The biomass productivity changed as a function of the bicarbonate dose and time
(Table 1). The highest values were observed at the beginning of the study at a dose of 2.0
g'L1 (13.3 £ 2.3 mg'L-1"d-1). The productivity decreased with time. The changes could be
due to the time-limited availability of nutrients as observed in batch cultures [50] or to the
level of carbon dioxide utilisation.

Table 1. Biomass productivity in relation to bicarbonate dose.

Level of Sodium Bicarbonate Biomass Productivity (mgLd~)

(g'LY) Day5 Day 10 Day 15 Day 20
0 (F/2) 27 %23 33+23 3108 1.7 £ 06
0.025 53 %23 6.0 £ 0.0 2208 1.7 £ 06
05 93 +£23 8.0+20 44£08 3.0%00
1.0 10.7 £23 73+12 44£20 33+12
15 12.0 £ 0.0 10.0 £20 7.6 +08 53+12
20 13.3+£23 11.3+£12 93 +00 70+10
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Optical density in culture, as well as biomass content, changed with bicarbonate dose.
Higher values were observed at higher doses of NaHCO;. After 20 days, ODsso in the
culture medium ranged from 0.215 + 0.00 at a dose 2.0 g'L-! to 0.239 + 0.01 at a dose
1.0 g'L-1, more than 300% in relation to 0.056 £ 0.00 in control 0 (F/2) object (Figure 2A).
The amount and the availability of nutrients affects the growth of microalgae [51]. The
mean optical density ranged from 0.101 + 0.0 in control 0 (F/2) object to 0.181 + 0.0 ata
dose 2.0 g'L-! (Figure 2B). Similar results were presented by Jegan et al. [52], who obtained
the highest optical density (0.477) in C. vulgaris cultures at the highest dose of sodium
bicarbonate (2 M). Different results were presented by Salbitani et al. [48], who analysed
the effect of three doses of NaHCO; (1, 2 and 3 g'L-!) on the growth of the microalgae
Chlorella sorokiniana and found no significant differences between the values obtained at
the highest dose and in the control object. The experiment was conducted over 72 h; it
represents the short-term effect of bicarbonate addition on algae cultures. According to
Chi et al. [53], a high NaHCO; content in the culture medium can affect the growth and
development of some microalgae, especially freshwater species. The authors studied the
effect of NaHCO;3 concentration (from 0.01 to 0.60 M) on the growth of C. sorokiniana and
observed a significant decrease in optical density with increasing NaHCO; concentration
(from about 1.3 to 0.1). This may be associated with Na+ ions, increase with increasing
NaHCOs dose [54]. This ion can support the growth of some halotolerant algal strains [55],
which can also include the Chlorella strain tested in the present study.

A

0.250 B
LA~ - — -~
Dose, g-L™: 0 (F/2) 0.025 0.5 1.0 1.5 2.0 . 0.200 £
£ e d
&
5 0150 ¢
5 a b
= 0.100 4
0.050
0.000
0(F/2) 0.025 0.5 1.0 1.5 2.0
0 5 10 15 20
Tithe, davé NaHCO, concentration, g-L~!

Figure 2. Dynamics of changes in optical density (A) and mean ODggo values in the culture (B). Mean over each column not
marked with the same letter is significantly different at p < 0.05.

3.1. Effect of Sodium Bicarbonate on Lipid Accumulation in Microalgal Biomass

The presence of bicarbonate in the culture medium, in excess of carbon storage in
algal cells, can promote lipid accumulation [56]. According to Figure 3, adding low
concentrations of bicarbonate from 0.5 g'L-! to 1.5 g*L-! had no distinct effect on the lipid
production of C. vulgaris. From own research indicate that lipid synthesis in cells requires a
higher dose of inorganic carbon in the medium. In the present study, a significant increase
in lipids in the presence of NaHCO;, compared to the control 0 (F/2) object, was observed
in the culture at a highest dose of 2.0 g*L-1. The lipid content was 26 + 4% and this was 8%
higher than the values obtained without bicarbonate. Li et al. [57] observed an increase in
lipid content in C.vulgaris cells with increasing NaHCO; dose, but a decrease in the amount
of biomass. Ata dose of 160 mM the authors obtained approx. 450 mg*g-! of lipids. A linear
dose-dependent increase in lipid content of algal biomass was reported by Bywaters and
Fritsen [58]. A too-high concentration of NaHCO; may adversely affect lipid accumulation
in microalgae cells. Significantly reduced lipid accumulation capacity in C. pyrenoidosa
biomass, after introduction of 200 mM NaHCO;, was observed by Sampathkumar and
Gothandam [59]. This is also confirmed by Pimolrat et al. [60], who analyzed the effect
of NaHCOs at doses ranging from 0.05 to 5 g'L™! on the stimulation of triacylglycerol
production in Chaetoceros gracillis cells.
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Figure 3. Lipid content in microalgal biomass. Mean over each column not marked with the same
letter is significantly different at p < 0.05.

Changes in the pH of the culture medium are shown in Figure 4. Initially, the values
ranged from 7.00 (at control 0 (F/2) object) to 8.04 (at 2.0 g'L™?). The study presented
here was carried out as a batch culture, without adjusting the pH of the medium. An
increase in pH was observed which was associated with microalgae cell growth, carbon
dioxide fixation, and dissolution of bicarbonate salts in the culture [61,62], therefore pH
regulation can be an important parameter during cultivation [63]. In continuous cultures
with recirculation of the culture medium, it would be necessary to evaluate whether the
introduction of bicarbonate would lead to a possible accumulation of Na in the medium.

Dose, gL =0 (F/2) —0.025 —05 10 ——15 —2.0

10.5 -
95
m& 85
75 ¢
65 1 1 1 1 L ]
0 S 10 15 20
Time, days

Figure 4. Dynamics of changes in pH during cultivation.

3.1. Carbon Content and CO, Fixation Rate in Microalgal Biomass

The carbon content in microalgal biomass ranged from 0.832 + 0.127 g*dw-! in control
0 (F/2) object t0 1.322 0.062 g*dw-! at a dose 2.0 g'L-! NaHCO; (Figure 5). With increasing
carbon in biomass, there was an increase in CO, fixation, which in the study ranged
from 0.139 + 0.047 g'L71*d™* to 0.925 + 0.073 g'L™'*d™'. (Figure 4B). A high carbon
content and rate of fixation indicate a high potential for CO; sequestration in C. vulgaris
biomass [64]. Similar results were reported by Prabakaran and Ravindran [65], who
cultured three different algae strains (Chlorella sp., Ulothrix sp. and Chlorococcum sp.) and
obtained the highest carbon content and CO:; fixation rate for Chlorella sp. at 0.486 g*dw-!
and 0.68 g'mL~1d™, respectively. Some authors indicate a linear relationship between
NaHCOs dose and carbon accumulation in algal biomass [56,57]. Mokashi et al. [44]
applied bicarbonate in C. vulgaris cultures at dose from 0.25 to 1 g'L™! and determined
the highest carbon content and CO; fixation rate of 0.497 g'dw-! and 0.69 g'mL-1d-,
respectively, at the highest dose. The level of carbon dioxide fixation varies depending
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on the microalgae strain and the carbon source (Table 2). The efficiency of the process
carried out at the technical scale was higher compared to the results obtained by other
authors, regardless of whether sodium bicarbonate or carbon dioxide was used in the
microalgae cultivation.

1600 1 Carbon content B CO, biofixation rate 1 120 _
!
_ b b b d ?
z v l ] =
° c &0
8y 1.200 + I 4 0800 4
=1 E
Q
= a a a
g I b 2
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£ 0.800 | 4 0400 &
= 8
a :
a s
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0.400 0.000
0 (F/2) 0.025 0.5 1.0 15 2.0

NaHCO;concentration, g-L!

Figure 5. Carbon content and CO; fixation rate in C. vulgaris biomass. Mean over each column not
marked with the same letter is significantly different at p < 0.05.

Table 2. CO; fixation of microalgae biomass.

Strain Carbon Source Experimental Scale CO, Fixation, g'L” References
and Dose 1.4-1
Chlorellavulgaris NaHCO3, 2.0 g'L™! 100L 0.93 This study
Chlorella vulgaris NaHCOs3, 1.0 g'L'1 100 mL 0.69 [44]
Chlorella sp. NaHCO3, 7.5 g'L™! 500 mL 0.21 [66]
Scenedesmus abliquus CO,, 10% 1L 0.26 [67]
Scenedesmus almeriensis CO2, 3% 285L 0.24 [68]

The optical density used to determine biomass growth does not always correlate
with actual biomass content [69]; however, in the presented study, there was a significant
and positive correlation between these parameters (r = 0.863) and moreover between the
amount of biomass and the carbon content of microalgae cells (r = 0.785), as well as CO>
fixation rate (r = 0.806).

4. Conclusions

The present study confirmed that the addition of NaHCO; to culture medium provides
effective carbon source and facilitates cell growth and C. vulgaris biomass production. The
highest biomass content (572 + 4 mg'L™) and productivity (7.0 £ 1.0 mg'L™1"d™?) were
obtained with bicarbonate at a dose of 2.0 g'L™1. Under these conditions, the average
optical density in culture was also the highest (ODego 0.181 % 0.00). An increase in NaHCO;
dose increased lipid accumulation, carbon content in microalgae cells and carbon dioxide
fixation rate. The highest values were observed at the highest dose of NaHCOs. The average
lipid content of the biomass was 26 + 4%. The carbon content of the biomass increased to
1.322 + 0.062 g'dw™1, while the rate of CO; fixation increased to 0.925 + 0.073 g'L™1"d ™.
There was a positive correlation between the biomass amount and the optical density and
between the biomass, the carbon content and the CO fixation rate.

The study was carried out in photobioreactors used in the industrial production of
microalgae biomass and therefore the results obtained showed the real values that are
possible to achieve at this scale. The lipid content in the biomass increased with the
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increasing dose of sodium bicarbonate. Future research should focus on determining the
maximum dose of NaHCO; for optimal microalgal growth. It is important for the economic
sustainability of microalgae cultivation for fuel purposes. The commercial production
of microalgae biomass is carried out as a semi-continuous or continuous culture, so the
correlation between the NaHCO; dose and the overaccumulation of Na* ions and the
possibility of limiting microalgal growth should be verified.
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Abstract: The production of microalgal biomass on a commercial scale remains a significant challenge.
Despite the positive results obtained in the laboratory, there are difficulties in obtaining similar results
in industrial photobioreactors. Changing the cultivation conditions can affect not only the growth
of microalgae but also their metabolism. This is of particular importance for the use of biomass
for bioenergy production, including biofuel production. The aim of this study was to determine
the biomass production efficiency of selected microalgal strains, depending on the capacity of the
photobioreactor. The lipid and ash content of the biomass were also taken into account. It was found
that as the scale of production increased, the amount of biomass decreased, irrespective of the type
of strain. The change in scale also affected the lipid content of the biomass. The highest values
were found in 2.5 L photobioreactors (ranging from 26.3 £ 2.2% for Monoraphidium to 13.9 = 0.3%
for Chlorella vulgaris). The least favourable conditions were found with industrial photobioreactors,
where the lipid content of the microalgal biomass ranged from 7.1 % 0.6% for Oocycstis submarina to
10.2 £ 1.2% for Chlorella fusca. The increase in photobioreactor capacity had a negative effect on the
ash content.

Keywords: microalgae; biomass; photobioreactor; laboratory scale; technical scale; productivity;
bioenergy; advanced biofuel

1. Introduction

The use of microalgae for energy purposes depends on the possibility of obtaining
sufficient amounts of biomass. An appropriate scale-up strategy is therefore essential
for the gradual multiplication of microalgae from the laboratory stage to the industrial
production stage. The first step is to create a culture in small-volume shake flasks. Typically,
ten percent of the inoculate that is prepared in this way constitutes the input in the next
step. In the intermediate stages, photobioreactors with volumes of a few litres and several
litres, respectively, are used. Such prepared biological material can be used to inoculate
industrial photobioreactors.

The efficiency of biomass production under laboratory conditions is generally high,
which is related to the ease of providing suitable conditions for microalgal growth. In
large-scale photobioreactors, liquid flow processes and mass exchange may be slower,
potentially affecting biomass production efficiency. The average productivity of industrial
strains has been found to be lower compared to maximum theoretical estimates [1].

Optimising the culture medium composition prevents the reduction in microalgae
growth associated with mineral deprivation [2]. A more significant problem is the abiotic
factor. One of the most important cultivation parameters is light, which affects the rate
of photosynthesis [3] and biomass production. The optimum irradiance for different al-
gal strains is approximately 26-400 pmol photons m™2 s™1 [4]. To maximise production
efficiency, a single microalgae cell should be exposed to a light intensity of approximately
0.2-0.4 pmol'm™2's71. At this value, the photosynthetic rate in relation to light intensity
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starts to equalise. Due to the self-darkening of the cells, this is difficult, especially at high
culture densities [5]. The cells inside the culture receive only part of the radiation, which
reduces the light efficiency compared to cells in the outer, light-exposed zone [6]. When
cells stay in the illuminated zone for a short time, they are unable to absorb enough photons
for photosynthesis, and the rate of volumetric biomass production decreases [7]. Due to the
geometry of the different types of photobioreactors, the light pathway and, therefore, the
light intensity in the different zones of the photobioreactor will be different. At increasing
distances from the exposed side, the light intensity decreases almost exponentially. Both
an excess of light, causing photoinhibition, and a deficiency of light, i.e., photolimitation,
are disadvantageous for the culture [8]. Light should be distributed throughout the photo-
bioreactor to allow the photons to penetrate the cells [9]. Reducing the light pathway can
significantly increase the biomass yield [10]. Microalgae require light for the production
of ATP and NADPH and for the synthesis of molecules essential for their growth [11].
Industrial cultures should have a high biomass concentration and the ability to absorb
high levels of light, thus limiting losses due to photoinhibition [12]. The efficiency of
microalgal biomass production is also determined by the time of illumination. Increasing
the light/ dark ratio can increase productivity [13,14].

The growth of microalgae depends on the nutrient supply. Elements such as nitrogen
and phosphorus are responsible for the metabolic regulation processes. The availability
of nutrients is determined by adjusting the pH of a culture medium [15]. The optimum
pH range for most microalgae is between six and ten. At acidic conditions, a decrease
in nutrient uptake is observed, while high values reduce the ability to assimilate carbon
dioxide [16].

It is also possible that, due to modifications in the design of photobioreactors, gas
transport may become inefficient [17], so another important parameter in culture is stirring.
This process prevents cell sedimentation [18]. Stirring is also important for carbon dioxide
transport to photosynthesis [2] and oxygen removal, limiting photorespiration [19]. Culture
stirring allows for the efficient use of available light by frequently changing the cell position
between zones with appropriate and limited lighting [12]. In photobioreactors, there is a
three-phase system: liquid (medium)-gas-solid phase, i.e., microalgae cells [20]. Changing
the rate of liquid flow inside the photobioreactor can have a negative effect on the cells
related to shear stress. Excessive shear stress can result in reduced cell growth rates and
cell viability [21]. The typical linear flow rate in tubular bioreactors is 0.3-0.5 m*s™ [22].
Increased cell density in culture can affect the culture medium’s properties, including gas
retention, but the nature of these changes is not clear [23]. In vertical tubular photobioreac-
tors, large gas bubbles rising rapidly can direct smaller bubbles towards the walls. Due
to the high shear rate, they can break up [24], which can affect the stability of the flow
throughout the volume. As a result of the stirring process in photobioreactors, microalgal
cells are also subject to rapid changes in the light-dark cycle [2].

The aim of this study was to determine the biomass yield of selected microalgal
strains in relation to the scale of production. Vertical tubular laboratory photobioreactors
and those used on an industrial scale were used in the experiments. The capacity of the
photobioreactors was selected according to the successive stages of culture on an enlarged
scale, ranging from a few to several tens of litres. This study assessed the efficiency of the
biomass production at each stage, as well as the content of lipids and ash, the amount of
which is important in the energetic use of biomass.

2. Materials and Methods
2.1. Microalgae Strains

A total of six strains of microalgae were used in the study. The genus Scenedesmus
was from the Department of Renewable Energy Engineering’s own collection; the other
five strains (Chlorella vulgaris, Chlorella fusca, Oocystis submarina, Chlorella minutissima, and
Monoraphidium) were obtained from the Culture Collection of Baltic Algae (CCBA).
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2.1. Preincubation

Microalgae cultures were stored in F/2 liquid medium at 4 ‘C under LED illumination
for a 12/12 h cycle (light/dark). The inoculum culture was prepared in 1000 mL culture
bottles containing 500 mL of F/2 medium, pH 7, which was inoculated with 50 mL of
individual microalgae suspension. Preculture conditions were 23 + 1 °C, with a light
intensity of 125 pmol m™2 s™! and illumination for 12/12 h cycle (light/dark). SonT Agro
sodium lamps (High Pressure Sodium, HPS; PHILIPS, Amsterdam, The Netherlands) were
used to illuminate the culture. Carbon dioxide for photosynthesis was supplied with
atmospheric air using a 7.2 L'min~! membrane pump (HAILEA ACO-9602, Guangdong,
China). The cultures were continued for 7 consecutive days.

2.2. Experimental Setup

During the experiment, vertical tubular photobioreactors of various total volumes
were used: 2.5 L, 14 L, and 100 L with diameters of 80, 200, and 242 mm. Depending on
the total volume, the photobioreactors were filled with 2 L, 12 L, or 80 L of F/2 nutrient
solution at pH 7. Next, a 7-day inoculum was introduced in volumes of 0.2 L, 1.2 L, and
8.0 L, respectively. The changes in the culture medium pH were not analysed during the
experiment. Mixing in the photobioreactors was provided by 2 L'min™ membrane pumps
(Aqua Medic Mistral 2000, Bissendorf, Germany) for the 2.5 L photobioreactor, 14 L'min™!
(HAILEA ACO-9620, Guangdong, China) for the 14 L photobioreactor, and 240 L*min™!
(HAILEA ACO-300A, Guangdong, China) for the 100 L photobioreactor. All cultures were
carried out at 23 £ 1 °C. An LED light at 285 pmol m™2 s™1 was used for illumination, with
an 18/6 h light/dark cycle. The light sources were 1200 X 50 mm light bars placed above
the photobioreactors at a height that provided appropriate illumination. The experiment
was carried out as a batch culture for 15 days. The study determined biomass growth
dynamics, average biomass content, biomass productivity, and lipid and ash content.

2.3. Analytical Methods

The biomass content of the culture was assessed by the gravimetric method using a
moisture analyser (AXIS ATS60, Gdansk, Poland). The methodology was described in an
earlier paper [14]. The results were converted and reported in mg'L™.. The measurement
was carried out at the beginning of the experiment and then after 5, 10, and 15 days
of culture.

Lipid content was determined by gravimetric analysis after extraction of the biomass
with a solvent mixture (chloroform-methanol) using the method according to Bligh and
Dyer [25]. The analysis was carried out after the evaporation of the extracting solvents,
based on the equation given below:

mL
LC = mDAB 100
where LC = lipid content; mL = lipid mass (g); mDAB = dry biomass of microalgae (g).
The ash content of the biomass was determined gravimetrically according to PN-EN
ISO 18122:2016-01 [26]. A total of 0.2 grammes of microalgal biomass, dried at 105 °C, was
weighed into porcelain crucibles and placed at 550 °C for 6 h. The results were recalculated
and given as a percentage.

2.4. Statistical Analysis

The data were presented as mean values + standard deviation of the mean. The results
were evaluated using an analysis of variance (ANOV A) with Statistica ver. 13.1 by StatSoft.
A post hoc Tukey’s tests was performed at a statistical significance of p < 0.05.
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3. Results and Discussion
3.1. Algal Biomass Concentration

The growth of microalgal biomass in the 2.5 L photobioreactors is shown in Figure 1A.
At the beginning of the experiment, the biomass content in particular photobioreactors
ranged from 135 + 0.8 mg' L™ for C. minutissima to 212 + 1.0 mg L™ for C. vulgaris and
C. fusca. On the first measurement date, after 5 days of cultivation, the highest biomass
increase was observed for Scenedesmus (770 £ 20.4 mg'L™). A slightly lower value was
obtained for C. fusca (716 * 11.1 mg'L™"). During the following days, the biomass grad-
ually increased in all photobioreactors. After 15 days of culture, the highest values were
determined for C. fusca (1072 + 7.0 mg'L™") and Scenedesmus (1063 = 7.0 mg'L™). No lag
phase was observed in the 2.5 L photobioreactors, indicating favourable environmental
conditions after the inoculation of the culture medium. This could have been the result
of efficient stirring of the culture medium [27] and appropriate light transmission [28],
parameters that characterise cultures cultivated in smaller capacity photobioreactors [29].
Nguyen et al. [30] achieved a stationary growth phase for C. vulgaris as late as day 18 of
culture. In contrast, Han et al. [31], in a 3 dm? photobioreactor, observed biomass growth
for S. quadricauda up to day 13 of the experiment. In an earlier study [14] in a C. vulgaris
culture, the stationary phase was determined as early as day 10 of culture, with cultures
illuminated with a SON-T Agro sodium light.

A B
—C. vulgaris —C. fusca = Monoraphidium u C. wulgaris ®C. fusca W Monoraphidium
Oocystis submarina ~C. minutissima ——Scenedesmus o. c .S
800 d
c
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= 1 3w 2
E 8
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E 400
@
200
0
0 10 15
Time, days Microalgae strain

Figure 1. Dynamics of changes in biomass content (A) and average biomass content in the culture,
(B) fotobioreaktor 2.5 L; mean over each column not marked with the same letter is significantly
different at p < 0.05).

The mean microalgal biomass content, shown in Figure 1B, ranged from 59 + 10.6 mg'L™
(O. submarina) to 747 £ 15.4 mg L™ (Scenedesmus).

The dynamics of microalgal biomass changes in 14 L photobioreactors are shown in
Figure 2A. Although the parameters of the culture medium pH, temperature, and light in-
tensity were the same, differences in the growth of the individual microalgal strains were ob-
served. The highest biomass was found after 10 days for O. submarina (1039 + 12.2 mg*L™).
In the other photobioreactors, the values were lower and ranged from 558 + 9.2 mg'L™!
for C. fusca to 749 £ 9.2 mg L™ for Scenedesmus. After 15 days, biomass growth was
observed for C. vulgaris, C. fusca, C. minutissima, and Monoraphidium. For O. submarina and
Scenedesmus strains, the amount of biomass decreased from the 10th day of incubation
onwards. These differences are a result of the nutritional requirements of the individual
algal species [32]. The main variable parameters in this stage were the volume of the
photobioreactor and the related requirements for a higher flow rate pump. The biomass
production can therefore be increased by selecting a suitable culture medium composition.
Another way to achieve high growth rates is to optimise the environmental conditions [33].
In the present study, culture-relevant parameters such as pH and temperature were in
ranges that are considered suitable for most microalgae.
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Figure 2. Dynamics of changes in biomass content (A) and average biomass content in the culture,
(B) fotobioreaktor 14 L; mean over each column not marked with the same letter is significantly
different at p < 0.05).

The average amount of microalgal biomass in the 14-litre photobioreactors is shown
in Figure 2B. It ranges from 469 * 16.3 mg'L™ for C. minutissima to 677 + 8.0 mg*L™ for
O. submarina.

In the 100 L photobioreactors, the growth rate was lower compared to the smaller
photobioreactor volumes presented in this study (Figure 3A). The highest growth was
observed for the genus Scenedesmus, from 203 £ 0.8 mg'L™! (day 0) to 524 + 13.3 mg'L™
(day 15). Significantly lower values were recorded for C. vulgaris, Monoraphidium, and
O. submarina. The biomass content on the last day of culture was 305 + 14.0, 396 + 8.1,
and 343 £ 7.0 mg'L™, respectively. For C. fusca and C. minutissima, the stationary phase
of growth started between days 5 and 10 of cultivation. A similar relation was also pre-
sented by Kim et al. [34], who analysed the optimal conditions for Chlorella sp., Dunaliella
salina, and Dunaliella sp. and observed growth up to day 8 of culture. According to Min
etal. [35], a much larger culture volume complicates light availability, but theoretically, in
barbotage-based columns, as in the study presented here, the cross-shading of cells with
constant stirring of the photobioreactor should not affect the results so much. Gas exchange,
including carbon dioxide fixation in the culture medium, may be more important. Oxygen
accumulation in photobioreactors also has a negative impact on microalgal growth [36,37].
In industrial photobioreactors, higher efficiency pumps are used to prevent cell sedimen-
tation and ensure proper CO; and O; transfer. The hydrodynamic stresses under such
conditions may also be responsible for the reduced growth rate of microalgae. The cell
damage due to intensive stirring is confirmed by Camacho et al. [38]. In the case of animal
cells, damage occurred during the bursting of gas bubbles [39]. A similar mechanism
cannot be excluded for microalgae grown in photobioreactors.

The average biomass content in the individual photobioreactors over the entire exper-
imental period is shown in Figure 3B. Biomass amounts ranged from 189 + 5.9 mg L™
(C. minutissima) to 369 £ 7.3 mg'L™1 (Scenedesmus). There are many possibilities to increase
the production of microalgal biomass, including by increasing the amount of nutrients in
the culture medium or increasing the light intensity of the culture [32,40]. In the present
study, the composition of the culture medium and the same environmental parameters for
cultivation were maintained at each stage, but the microalgal biomass decreased.

The highest productivity of microalgal biomass (Table 1), irrespective of the scale
of culture, was observed during the first 5 days of the experiment. The values range
from 85.6 £ 0.7 mg'L™1"d™! (Monoraphidium) to 113.5 £ 4.1 mg'L™1'd™" (Scenedesmus).
These values decreased on subsequent days, and after 15 days, a maximum value of
574 £ 0.5 mg'L™1"d™! was determined for Scenedesmus and C. fusca. An increase in pho-
tobioreactor volume up to 14 L generally reduced productivity. A similar situation was
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observed in 100 L photobioreactors. The results obtained were below the data available in
the literature [41].
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Figure 3. Dynamics of changes in biomass content (A) and average biomass content in the culture
(B) 100 L; mean over each column not marked with the same letter is significantly different at
p <0.05).

Table 1. Comparison of biomass productivity obtained with different microalgal strains.

Photobioreactor Biomass Productivity (mg'L~1'd"Y)
Capacity, L Microalgae Day 5 Day 10 Day 15

Chlorella vulgaris 86.1 £ 0.2 ¢ 60.0 £ 1.9 b 496+£102
Chlorella fusca 1008 £2.28 62.0%£3.9°¢ 57405
. Monoraphidium 85.6+0.7° 537 £29% 546 1.0
Oocystis submarina 948 +12% 53.6 +£0.5 2 496212
Chlorella minutissima 89.1 £ 1.6 °f 69.8 244 572+1.0%%
Scenedesmus 1135+ 410 746 344 574+ 05
Chlorella vulgaris 540+ 11" 465+ 09 ¢ 413+16

Chlorella fusca 487 +14fF 346+09° 296+1.0°
1 Monoraphidium 605+1.0! 407 £0.8°4 442 £0,6%
Oocystis submarina 791 +2.71 881+ 1.2 53.4 + 0.4 8
Chlorella minutissima 55.7 £1.0 P 495+1878 374+28"b

Scenedesmus 60.1+081 546+ 09" 296 £1.0°

Chlorella vulgaris 14.0 £ 0.8 bcd 71£06° 62+09°2

Chlorella fusca 189 £ 1.6 *f 11.9+08° 53+09°2
100 Monoraphidium 200281 16.6 + 1.5 «def 142+ 0.5 %4
Oocystis submarina 207 +£3.218 14.9 % 2.1 bede 12305

Chlorella minutissima ~ 16.9 + 1.4 4f 68+11° 43+042
Scenedesmus 259 22N 213+058 214 +0.98h

* Means marked with the same letters in each column do not differ significantly at p < 0.05, according to Tukey’s
test. Data are presented as mean + SD.

3.1. Lipid Content

The lipid content of the biomass is shown in Figure 4. The high lipid content of the
microalgal biomass determines its potential utilisation in biodiesel production [42]. The
highest values were found for cultures cultivated in photobioreactors of 2.5 L capacity.
In general, increasing the volume of the photobioreactor decreased the lipid content of
the biomass. There was one exception for the C. fusca strain, where the lipid content in
the 100 L volume photobioreactor was higher compared to the 14 L capacity, 10.2 £ 1.2%
versus 6.4 + 1.1%, respectively. The decrease in lipids in the biomass of microalgae grown
in the 14 L photobioreactor ranged from 25% (Scenedesmus) to 57% (C. fusca). In 100 L
photobioreactors, lipid reduction ranged from 32% (C. fusca) to 64% (Monoraphidium). The
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lower lipid content in higher capacity photobioreactors may be related to the differential
transmission of light in the culture medium. According to Amaro et al. [43], the appropriate
kind of lighting and light intensity can potentially increase lipid content between 25 and
42%. Also, the shape of the photobioreactor and the method of culture stirring could have
a strong influence on the lipid accumulation potential [44,45] In the present study, the
highest lipid accumulation rate for the highest photobioreactor capacity was observed for
Monoraphidium (10 £ 1.2%). The average amount of lipids for this strain ranged from 5 to

58% [46].
M C. vulgaris M C. fusca W Monoraphidium = O. submarina W C. minutissima W Scenedesmus
30 i
x® h ok
€ 20 I .1
] gh
c i
8 efg o efg
3 defg gef
5 ot
10 1
a
0 L 1
2.5 14 100

Photobioreactor capacity, L

Figure 4. Lipid content in microalgal biomass; mean over each column not marked with the same
letter is significantly different at p < 0.05.

In different capacity photobioreactors, the optimal conditions for the growth of the
same microalgal strains may be significantly different (Table 2); thus, Rodolfi et al. [47]
indicate that a more important property than the high lipid content of the cells may be the
lipid yield per unit area.

Table 2. Comparison of microalgal biomass production and lipid yield during different
cultivation conditions.

Microalgal Cultivation system and capacity; L Max dry biomass, Max lipid content, % References
strain mg 11
conical flask; 0.2 - 56.6 [48]
tubular; 2.0 1700 42 [49]
conical flask; 2.0 1420 17.6 [50]
C. vulgaris tubular; 2.5 656 + 8.7 13.9+03 this study
tubular; 14 551 £ 9.7 99+ 18 this study
flat-plate; 25 1200 - [51]
tubular; 100 271 £ 6.0 8111 this study
tubular; 100 572 26 [52]
Erlenmeyer flasks; 0.25 6500 31 [53]
cylindrical reactors; 1.5 - 16.7 [54]
tubular vertical; 2.0 1940 13.2 [55]
C. fusca tubular; 2.5 708 + 14.3 149 £09 this study
tubular; 14 470 £ 7.8 6411 this study
tubular; 100 286 £ 73 102 +12 this study
tubular; 100 292 14 [56]
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Table 2. Cont.
Microalgal Cultivation system and capacity; L Max dry biomass, Max lipid content, % References
strain mg L1
Erlenmeyer flasks; 0.5 1518 52.8 [57]
bottles PET; 0.5 481 17.8 [58]
tubular; 2.5 629 +11.8 263 +22 this study
Monoraphidium vertical glass botltles; 3 - 234 [59]
tubular; 14 526 £ 5.2 136 £1.1 this study
tubular; 14 3790 185 [60]
tubular; 100 303 £93 93+ 08 this study
tubular; 100 525 14 [56]
Erlenmeyer flasks; 0.1 2.80°106 [cells mL™] 43.47 [mg'L_l] [61]
tubular; 2.5 596 + 10.6 193 +14 this study
Oocycstis submarina tubular; 14 677 £ 8.0 9313 this study
tubular; 100 267 £11.0 7106 this study
tubular; 100 508 12 [56]
conical flask; 0.65 1240 50.0 [62]
vertical tubular, 2.0 1550 - [63]
) tubular; 2.5 636 + 11.8 193 +14 this study
C. minutissima tubular; 14 469 + 163 125+1.1 this study
ILIPBR; 20 443 214 [64]
tubular; 100 369 £73 7414 this study
bootles PET; 0.5 1264 103 [58]
bootles; 1 560 32 [65]
tubular; 2.5 747 £ 154 16 £ 0.7 this study
Scenedesmus tubular; 14 526 + 7.1 12+08 this study
column air-lift; 80 900 25 [66]
tubular; 100 369+73 85+ 10 this study

3.1. Ash Content

The microalgal biomass ash content is shown in Figure 5. This parameter is important
when the biomass is intended as feedstock for biofuel production. An excessive ash content
has a negative impact on biofuel properties [67]. In the presented study, the lowest values
were recorded for strains grown in 2.5 L photobioreactors and ranged from 7.8 + 0.2% for
C. fusca to 11.3 + 0.5% for C. vulgaris. When the culture scale was increased to 14 L, there
was an increase in ash biomass, with values ranging from 17.3 £ 1.1% for C. minutissima to
21.6 £ 0.3% for Monoraphidium. Metsoviti et al. [68] cultivated C. vulgaris in a 25 L photo-
bioreactor and determined an ash content of approximately 12%. In this study, compared
to the 14 litre capacity, the ash content for C. vulgaris, Monoraphidium, C. minutissima, and
Scenedesmus increased by 11, 1, 45, and 33%. In the biomass of C. fusca and O. submarina,
the ash content decreased slightly to 11.1 + 0.3 and 13.4 + 0.4%, respectively. The ash
content of the biomass varied depending on the microalgae species and the culture methods
and growing conditions [69-71]. In our previous studies, the decrease in ash content was
associated with a limited nutrient availability [56]. In the present study, the culture medium
was used in complete composition at all steps, and a reduction in ash content was noted
at the industrial stage for only two microalgae species. However, at the same time, the
increase in lipid content that is reported under stress conditions was not observed.
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Figure 5. Ash content in microalgal biomass; mean over each column not marked with the same letter
is significantly different at p < 0.05.

4. Conclusions

In this study, the relation between the photobioreactor capacity and microalgae growth
was analysed according to the amount of biomass. As the scale of cultivation increased,
there was a decrease in biomass production and cellular lipid content with an increase in
ash content. In the case of the Scenedesmus strain, the large increase in biomass did not
result in significant differences in lipid and ash content. The highest lipid content and lower
ash content of the biomass in the highest capacity 100 L photobioreactor were recorded
for C. fusca. The data presented here represent the real amounts of biomass that can be
obtained during biomass cultivation on an industrial scale compared to yields obtained
under laboratory conditions. According to the authors, they can be useful in assessing the
potential for commercial-scale biomass production.
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OCENA EFEKTYWNOSCI METOD ODWADNIANIA BIOMASY MIKROGLONOW

Streszczenie

Ze wzgledu na rosngce zainteresowanie biomasg mikroglonéw, konieczne jest doskonale-
nie technologii jej produkcji na duza skale. Istotnym problemem jest stosunkowo niewielkie
zageszczenie komorek mikroglondw w hodowli. Koszty zwigzane z odwodnieniem i zaggsz-
czeniem biomasy moga stanowi¢ do 60% kosztow otrzymanego z niej produktu. Celem prze-
prowadzonych badan byto okreslenie skutecznosci separacji komorek mikroglonow z medium
hodowlanego metoda wirowania, flokulacji, sedymentacji oraz filtracji. Najwyzsza efektyw-
nos¢, rzedu 99%, uzyskano przy zastosowaniu metody wirowania, a nieco nizsze wartosci
(97%) w procesie flokulacji, po wprowadzeniu do hodowli mikroglonéw siarczanu cynku
oraz chitosanu w dawce 400 mg-L ™.

Stowa kluczowe: mikroalgi, wirowanie, flokulacja, sedymentacja, filtracja

WPROWADZENIE

Biomasa mikroglonéw zyskuje na znaczeniu ze wzgledu na mozliwo$¢ zastosowania jej
jako paszy dla zwierzat, suplementu diety, jako zroédto nutraceutykdéw oraz farmaceutykow
[EIDA 1IN. 2018, CHEM I IN 2019]. Nie sa to jedyne kierunki jej wykorzystania. Rosngce z roku
na rok zapotrzebowanie na paliwa oraz wzrost emisji CO2 zwigzany z ich spalaniem, przy-
czynity si¢ do poszukiwania alternatywnych odnawialnych zrodet energii, do ktorych zaliczy¢
mozna réwniez biomas¢ mikroglonow [OH 1 IN. 2018]. W procesie transformacji biochemicz-
nej oraz termochemicznej z biomasy tej wytworzy¢ mozna m.in. biodiesel, bioetanol, butanol,
biowodor oraz biometan [ENAMALA | IN. 2018]. Istotng zaleta mikroglondéw przeznaczonych
na cele energetyczne jest ich znacznie szybszy przyrost w odniesieniu do roslin ladowych
i w przeliczeniu na hektar [BEER I IN. 2009]. Komorki mikroglonéw do wzrostu wymagaja
jedynie dostepu do podstawowych sktadnikow pokarmowych, §wiatla oraz ditlenku wegla.
Istnieje mozliwo$¢ powigzania hodowli z biologicznym oczyszczaniem srodowiska wodnego
poprzez usuwanie sktadnikoéw biogennych, ktére w znacznej mierze odpowiedzialne sg proces
eutrofizacji wod, [ABDEL-RAOUF 1 IN. 2012], a dla mikroglonow sg cennym zrodtem azotu
i fosforu [CHIsTI 2013]. Wykorzystujgc jako pokarm sktadniki obecne w $ciekach przemy-
stowych, rolniczych czy wodach pohodowlanych nie stanowig konkurencji dla roslin upra-
wianych na cele spozywcze [MARKOU I IN. 2011, ToMmEI, HELLIWELL 2016]. Pozwala to nie
tylko na efektywne oczyszczanie $ciekow, ale rOwniez ograniczenie kosztow produkcji bio-
masy [WHITTON I IN. 2015]. Ponadto uprawy mikroglonéw moga by¢ zlokalizowane na grun-
tach marginalnych [BEER 1 IN. 2009].

Hodowle prowadzi si¢ w systemach otwartych oraz zamknictych, tj. w fotobioreaktorach
[PATYNA, WITCZAK 2016], ktore pozwalajg na kontrole i sterowanie procesem produkcji
i uzyskiwanie znacznie wyzszego plonu biomasy [COGNE I IN. 2005]. Zbiér biomasy stanowi
jedno z gléwnych wyzwan zwigzanych z jej wykorzystywaniem. Gtownie ma ono charakter
ekonomiczny. Etap zwiazany z odwodnieniem biomasy alg moze pochtong¢ 30% catkowitych
kosztow produkcji biopaliw [BRENNAN, OWENDE 2010], a nawet 60%, w zaleznosci od ga-
tunku alg i zastosowanej technologii uprawy [UDom 1 IN. 2013]. Komorki mikroglonéw cha-
rakteryzujg si¢ mikroskopijnym rozmiarem, od jednego do dziesigciu mikrometrow, i niskim
ciezarem wiasciwym, od 1,0 do 1,1 g-L™! [LAL 1 IN. 2018]. Produkcja na skale przemystowa
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w fotobioreaktorach czy otwartych stawach hodowlanych charakteryzuje si¢ wigc duza obje-
toécig przy znacznym rozcienczeniu, od 1,0 do 2,0 g-L™! [XIONG I IN. 2015, UMMALYMA I IN.
2016]. Opracowanie wysokowydajnej i optacalnej metody zbioru jest kluczem do zwigksze-
nia stopnia wykorzystania biomasy mikroglonéw na skale komercyjna. Podczas zbioru bio-
masy uwzglednienia si¢ metody m.in. wirowania, filtracji, sedymentacji, flotacji oraz flokula-
cji. Nie ma jednak jednej uniwersalnej technologii zbioru dla wszystkich gatunkow, a jest to
etap, ktory ma wplyw na ekonomi¢ produkcji biomasy [BEHERA,VARMA 2016; TIRON I IN.
2017].

Wirowanie nalezy do fizycznych metod odwadniania biomasy mikroglonéw i polega na
wytworzeniu sity od$rodkowej dziatajacej promieniowo, co powoduje rozdzielanie czastek na
podstawie réznicy gestosci miedzy komoérkami a otaczajacym je medium hodowlanym [PAHL
1IN, 2013]. Wirowanie jest niezawodne w oddzielaniu silnie rozcienczonych roztwordéw przy
uzyciu odpowiedniej predkosci obrotowych. Metoda ta charakteryzuje sie krotkim czasem,
w ktorym osigga si¢ zwiekszong koncentracje biomasy. Wydajnos¢ procesu uzalezniona jest
od charakterystyki osadzania komorek, czasu retencji zawiesiny w wirowce oraz gltebokosci
osadzania, ktéra zwigzana jest z konstrukcjg wirowki [SHOW I IN. 2017]. Wirowanie moze
osiggna¢ skuteczno$é na poziomie nawet 80-90% przy czasie wirowania 2-5 minut [JAVED
I IN. 2019]. Dodatkowa zaleta wykorzystania wirowania do odwaniania biomasy jest brak
koniecznos$ci stosowania odczynnikow chemicznych, nie wptywa wigc na jakos$¢ pozyskane;j
biomasy oraz wydtuza czas jej przechowywania [RADIN I IN. 2019]. Poczatkowo metoda ta ze
wzgledu na duze koszty bylta stosowana przede wszystkim przy pozyskiwaniu wysokowarto-
sciowych produktow, gltéwnie w przemysle spozywczym i farmaceutycznym, natomiast
obecnie rowniez do pozyskiwania biomasy na cele energetyczne [KiM 1IN, 2013].

Inng metoda separacji biomasy mikroglonow jest filtracja. Komodrki mikroglonéw zatrzy-
muja si¢ i zageszczaja na filtrze. Do zalet tej metody nalezy m. in. mozliwos$¢ zbioru komoérek
mikroglonéw o bardzo matej gestosci oraz brak stosowania odczynnikéw chemicznych [MIL-
LEDGE I IN. 2013]. Gloéwne problemy zwigzane ze stosowaniem filtracji polegaja na tym, ze
przeplyw medium hodowlanego jest ograniczony do matych objgtosci i na zatykaniu/zanie-
czyszczaniu filtrow przez osadzone komorki. Jednym ze sposobdéw na zmniejszenie tych
ograniczen jest zastosowanie prozni z przeplywem wstecznym, lub tez wykorzystanie podci-
$nienia nad filtrem [UDUMAN 1 IN. 2010]. Technika ta charakteryzuje si¢ skuteczno$cig od-
wodnienia biomasy alg na poziomie 70-89% [DANQUAH I IN. 2009].

Najprostszym sposobem odwadniania biomasy mikroglondéw jest sedymentacja komorek
pod wpltywem sity grawitacji [SALIM I IN. 2011]. Szybko$¢ tego procesu uzalezniona jest
gtdwnie od gestosci hodowli i wielkosci komorek alg [MILLEDGE 1 IN. 2013]. Oddzielenie si¢
biomasy moze odbywac si¢ przy wykorzystaniu separatora lamelowego lub osadnika.

W procesie flotacji wykorzystuje si¢ przeptyw pgcherzykow powietrza, ktore wprowadzo-
ne do hodowli powoduja wyptywanie komorek mikroglonow na powierzchni¢ co znacznie
utatwia ich zbior [SINGH 1 IN. 2011]. Skutecznos$¢ tej metody uzalezniona jest od stopnia roz-
drobnienia fazy gazowej, trwatosci i ggstosci pecherzykow oraz wielkosci komoérek [BARROS
IIN. 2015]. W zaleznosci od sposobu wytwarzania pecherzykdéw powietrza wyrdznia sie flota-
cj¢ rozproszonego powietrza, flotacje rozpuszczonego powietrza, generowanie mikropgche-
rzykow oraz flotacj¢ elektrolityczna [JEEVANANDAM 1 IN. 2020]. Wielkos¢ czastek jest bardzo
istotna w tej technice, gdzie mniejszy rozmiar czastek utatwi podnoszenie pecherzykow na
powierzchnie [AL-HATTAB I IN. 2015].

Celem flokulacji jest tworzenie w roztworze agregatow czastek statych, co bedzie sprzyja-
o ich sedymentacji. Metoda ta charakteryzujacych si¢ wysoka skutecznos$cia przy stosunko-
wo niskim koszcie jej przeprowadzenia. Zastosowanie flokulacji pozwala zagesci¢ zawiesing
biomasy mikroglonéw zawierajaca od 2 do 7% materiatu statego [BRENNAN, OWENDE 2010].
Substancje chemiczne wykorzystywane w tymz procesie nazywane sa flokulantami. Jest
to
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grupa zwiazkoéw polimerowych pochodzenia naturalnego oraz syntetycznego. Do najczesciej
stosowanych flokulantow zaliczamy wielowartosciowe sole metali w tym siarczan glinu,
chlorek zelazowy oraz siarczan glinu [BARROS I IN. 2015]. O mozliwosci zastosowania floku-
lantow na duzg skale poza skuteczno$cig, powinny decydowac kwestie zwigzane z kosztem
stosowania i brakiem toksyczno$ci [GRIMA I IN. 2003].

W prezentowanej pracy oceniono skuteczno$¢ czterech metod odwadniania biomasy mi-
kroglonow, w tym wirowania, flokulacji, sedymentacji, filtracji. Efektywnos$¢ kazdej z metod
oceniono na podstawie ilo$ci uzyskanej biomasy przy wykorzystaniu pomiaru grawimetrycz-
nego.

MATERIAL | METODYKA BADAN

Do oceny skutecznos$ci metod odwadniania biomasy mikroglonéw wykorzystano szczep
mikroglonéw stodko-stonowodnych z gatunku Chlorella vulgaris o $redniej zawarto$ci bio-
masy w hodowli na poziomie 808 mg-L™t. Wstepny pomiar biomasy przeprowadzono przy
wykorzystaniu wagosuszarki (AXIS ATS60, Gdansk, Poland). Do aluminiowej szalki wpro-
wadzono 30 mL zawiesiny mikroglondw, ktdrg suszono do statej wagi w temperaturze 105°C.
Materiat do badan pochodzit z Kolekcji Kultur Glonéw Battyckich (CCBA — Culture Collec-
tion of Baltic Algae). Doswiadczenie prowadzono w stozkowych cylindrach miarowych
o pojemnosci 100 mL.

Biomase mikroglonéw wirowano przy 2000 oraz 4000 rpm-min~!, w czasie 5, 30 oraz 60
minut. W procesie flokulacji zastosowano dwa rodzaje flokulantow: siarczan cynku (ZnSO4)
oraz chitosan. Kazdy z nich wprowadzono do hodowli w trzech dawkach: 100 mg-L2, 200
mg-L! i 400 mg-Lt. Dawki chitosanu wprowadzono po ich uprzednim rozpuszczeniu
w 1 mL 1% roztworu kwasu octowego, po 60 minutach, po uzyskaniu jednolitego roztworu.
Dawki siarczanu cynku rozpuszczono w 1 mL wody destylowanej. Do kolb stozkowych
0 pojemnosci 250 mL wprowadzono 100 mL hodowli, a nastgpnie odpowiednig dawke floku-
lanta. Cato$¢ umieszczono w wytrzasarce na okres 3 min., mieszano z czgstotliwoscig 300
rpm-min~’, a nastgpnie zawarto$¢ przelano do pojemnikéw sedymentacyjnych. Skutecznos$é
flokulacji analizowano po uptywie 15, 30 oraz 60 minut. Efektywno$¢ metody sedymentacji
oceniano po uplywie 12 i 24 godzin. Proces filtracji prowadzono przy uzyciu siatki fitoplank-
tonowej o $rednicy oczek wielkosci 1 mikrona po uptywie 24 godzin.

Skuteczno$¢ kazdej z metod oceniano na podstawie pomiaru grawimetrycznego z wyko-
rzystaniem wagosuszarki. Po przeprowadzeniu wstgpnego etapu odwodnienia biomasy usu-
wano nadmiar ptynu, a pozostatg biomase suszono w temperaturze 105°C do statej wagi. Wy-
niki przeliczono i podano w pracy w procentach.

Wszystkie analizy przeprowadzono w trzech powtdrzeniach. Wyniki poddano analizie sta-
tystycznej przy uzyciu oprogramowania Statistica (wersja 13.3, 2016; Dell Inc., Tulsa, OK,
USA). Zastosowano dwuczynnikowa analize wariancji. Istotno$¢ réznic miedzy Srednimi
oceniano testem Tukeya przy P < 0,05. Wyznaczono rowniez odchylenia standardowe (SD).

WYNIKI | DYSKUSJA

Zastosowana metoda odwadniania miata statystycznie istotny wptyw na skutecznos$¢ od-
wodnienia biomasy mikroglonéw C. vulgaris. Wyniki dotyczace efektywnosci poszczegol-
nych metod przedstawiono na rysunkach 1-4.

Proces wirowania charakteryzuje si¢ wysoka skutecznoscia oddzielania komoérek mikro-
glonéw z medium hodowlanego [JAVED I IN. 2019], co potwierdzaja rowniez wyniki uzyskane
W niniejszej pracy. Zageszczeniu biomasy sprzyjato zwigkszenie predkosci wirowania.
W zaleznosci od czasu wirowania, przy obrotach na poziomie 2000 rpm-min?, efektywno$é
odwadniania miescita si¢ w zakresie od 39% (po 5 minutach) do 54% (po 60 minutach) (rys.
1). Dwukrotne zwigkszenie predkosci wirowania zwigkszyto efektywnos¢ odwadniania
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w zakresie od 70% do 99%, odpowiednio po 5 minutach i po 60 minutach. Podobng zaleznos¢
W swojej pracy przedstawili UDUMAN 1 IN. [2010], ktorzy wydajno$¢ zbioru biomasy zwick-
szyli wraz ze wzrostem liczby obrotow wirowki osiggajac skuteczno$¢ odwadniania powyzej
95%. Rowniez JAPAR I IN. [2017], ktorzy badali efektywno$¢ wirowania w zakresie od 1000
do 7000 rpm-min~t, najwyzsza skuteczno$é (98% odzysku biomasy C. vulgaris) odnotowali
przy 7000 rpm-min ™1,

Wirowanie
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Rys. 1. Efektywno$¢ odwadniania biomasy C. vulgaris metoda wirowania

Dodanie chemicznego flokulanta zmienia fadunek powierzchniowy i indukuje agregacje
komorek mikroglonéw powodujac ich gromadzenie poprzez flokulacje [OH 1 IN. 2001].
W niniejszej pracy efektywnos¢ procesu flokulacji zmieniata si¢ w zaleznosci od rodzaju flo-
kulanta, dawki i czasu. Skuteczno$¢ odwadniania biomasy C. vulgaris z wykorzystaniem siar-
czanu cynku miescita sic w przedziale od 8% (100 mg-Lt, po 5 minutach) do 97% (400
mg-L™L, po 60 minutach) (rys. 2). Wysoka skutecznos¢ ZnSO4 W procesie flokulacji potwier-
dzaja rowniez badania SURENDHIRIAN i VIJAY [2013], ktorzy maksymalng wydajno$¢ flokula-
cji uzyskali przy dawce 0,6 g-L ! (skuteczno$é na poziomie 92%). Chemiczne koagulaty wy-
korzystywane sg do flokulacji wielu rodzajéw gatunkow mikroglonéw [LEE I IN. 1998]. PA-
PAZI | IN. [2010] przy siarczanie glinu uzyskali 85-procentowsg efektywno$¢é odwadniania
biomasy gatunku Chlorella minutissima. Wysoka skuteczno$¢ odwodnienia dla rodzaju Chlo-
rella (powyzej 90%) po zastosowaniu FeCly osiagngli rowniez WYATT 1 IN. [2012]. Rownie
wysoki poziom, powyzej 90%, potwierdzity badania XUAN [2009], w ktérych w procesie flo-
kulacji zamiast siarczanu cynku wykorzystano chlorek zelaza.

Coraz wicksze zainteresowanie budzi chitosan, ktory jest naturalnym flokulantem. Istotne
znaczenie ma rowniez jego niski koszt oraz nietoksyczny charakter [LERSUTTHIWONG I IN.
2009]. W niniejszych badaniach chitosan charakteryzowat si¢ nieznacznie wyzsza skuteczno-
$cig odwadniania niz flokulant chemiczny. W zaleznosci od dawki oraz czasu prowadzenia
procesu efektywnos¢ odwadniania biomasy mikroglonéw miescita si¢ w granicach od 33%
(100 mg-L™, po 5 minutach) do 97% (400 mg-L™%, po 60 minutach) (rys. 3). GoDOS I IN.
[2011] przy zastosowaniu chitosanu osiagneli znacznie nizszg skuteczno$¢ odwadniania bio-
masy w odniesieniu do flokulanow chemicznych mikroglonéw (nawet do 58%). Mata sku-
teczno$¢ odwodnienia dla niskich dawek chitosanu obserwowali réwniez CHENG I IN. [2011].
Dla mikroglonéw z rodzaju Chlorella sp., przy dawce 69,6 mg-L™, autorzy ci odnotowali
wydajno$¢ flokulacji w przedziale od 42,4 do 68,8%. RASHID I IN. [2013] dla chitosanu zasto-
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sowanego w dawce 120 mg-L ! uzyskali skuteczno$¢ flokulacji na poziomie 99% dla C. vul-
garis, natomiast GRANADOS | IN. [2012] dla dawki 100 mg-L* zaledwie 20% dla Chlorella
sp. Niskie wartosci dla procesow flokulacji przy wykorzystaniu chitosanu zwigzane mogg by¢
z odczynem podtoza. Wedtug SIRIN I IN. [2011] optymalng wydajnos$¢ separacji uzyskuje sie
przy pH alkalicznym, jednak uzaleznione moze to by¢ od rodzaju uprawianego szczepu.
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Rys. 2. Efektywnosé¢ odwadniania biomasy C. vulgaris metodg flokulacji przy uzyciu ZnSO4
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Rys. 3. Efektywnos$¢ odwadniania biomasy C. vulgaris metoda flokulacji przy uzyciu chitosanu
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W procesie sedymentacji biomasa mikroglonéw osadza si¢ pod wpltywem sily grawitacji
[SALIM 1 IN. 2013], a jej skuteczno$¢ uzalezniona jest m.in. od gestoSci i wielkosci komodrek
w hodowli, temperatury, nat¢zenia $wiatta, oraz czasu [MARIAM i in. 2015]. Uzyskane w ni-
niejszej pracy wyniki swiadczg 0 niskiej skutecznosci tej metody w odniesieniu do biomasy
C. vulgaris. Po 12 godzinach prowadzenia procesu uzyskano efektywno$¢ odwadniania na
poziomie 31%, natomiast po 24 godzinach niespelna 58%. Niska efektywno$¢ sedymentacji
dla komoérek mikroglonow (27%) odnotowali rowniez JAPAR | IN. [2017]. Efektywnos¢ tej
metody mozna zwigkszy¢ poprzez zastosowanie flokulantu [GRIMA I IN. 2003], co obserwo-
wano réwniez w niniejszych badaniach.
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Rys. 4. Efektywno$¢ odwadniania biomasy C. vulgaris metoda sedymentacji

PODSUMOWANIE

Dobdr odpowiedniej metody odwadniania biomasy jest waznym elementem technologii
produkcji biopaliw z mikroglonéw. Istotne jest opracowanie metody o wysokiej skutecznosci,
charakteryzujacej si¢ stosunkowo niskim kosztem. Na podstawie uzyskanych wynikoéw
stwierdzono, Ze najbardziej efektywng metoda odwodnienia biomasy mikroglonéw C. vulga-
ris byto wirowanie. Przy predkosci 4000 rpm-min~., po 60 minutach, skuteczno$¢ tej metody
to 99%. Nieco nizsze warto$ci (97%) uzyskano metoda flokulacji, dla obu badanych flokulan-
tow zastosowanych w dawce 400 mg-L%, po 60 minutach od ich wprowadzenia do hodowli
C. vulgaris.
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EFFECTIVENESS ASSESSMENT
OF MICROALGAE BIOMASS DEWATERING METHODS

Patryk Ratomski, Matgorzata Hawrot-Paw

Summary

Due to the increasing attention to microalgae biomass, it is necessary to improve the tech-
nology for its large-scale production. A significant problem is the relatively low density of
microalgae cells in culture. Costs related to dewatering and concentration of biomass may
constitute up to 60% of the cost of the product obtained from it. The aim of the study was to
determine the efficiency of separation of microalgae cells from the culture medium by cen-
trifugation, flocculation, sedimentation and filtration. The highest efficiency (99%) was ob-
tained by centrifugation, while a slightly lower value (97%) was obtained by flocculation,
after the introduction of zinc sulphate and chitosan at a dose of 400 mg-L 2.

Key words: microalgae, centrifugation, flocculation, sedimentation, filtration
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i Rolnictwa, Katedra Inzynierii Odnawialnych Zrodet Energii

POROWNANIE EFEKTYWNOSCI METOD EKSTRAKCJI LIPIDOW
Z BIOMASY MIKROGLONOW Chlorella vulgaris

Streszczenie
Biopaliwa zyskujg coraz wigkszg popularno$¢ i maja stosunkowo wysoki udzial w ogodlnej
produkcji paliw na $wiecie. Olej sojowy, rzepakowy, palmowy oraz kukurydziany naleza do
podstawowych surowcow wykorzystywanych przy produkcji biodiesla. W zwigzku z ograni-
czona dostgpnoscia gruntdw ornych, zmiennym klimatem, a takze problemami $rodowisko-
wymi i spotecznymi zwigzanymi z wykorzystywaniem roslin spozywczych i paszowych na
cele energetyczne, produkcja biodiesla przy ich udziale b¢dzie ograniczana. Alternatywa nie-
watpliwie sa mikroorganizmy oleiste (bakterie, drozdze, grzyby) a takze mikroalgi, ktéore mo-
g3 by¢ produkowane z wysoka zawartoscig lipidow a w konsekwencji wykorzystane jako
obiecujacy surowiec do wytwarzania biodiesla. Jednym z wazniejszych etapéw w technologii
produkcji tego paliwa z organizmow jest pozyskiwanie oleju, stad tez konieczno$é poszuki-
wania skutecznych oraz ekonomicznych metod jego ekstrakcji bedzie miata kluczowe zna-
czenie.
Celem prezentowanej pracy byla analiza efektywnosci metod pozyskiwania lipidow z komo-
rek mikroglonow jako prekursoréw do produkcji biodiesla. Zastosowano najbardziej popular-
ng metode ekstrahowania heksanem, ktéra modyfikowano zastosowaniem ultradzwiekow
i mikrofalowaniem oraz metode Bligh-Dyer'a z uzyciem mieszaniny chloroformu i metanolu.
Skuteczno$¢ kazdej z metod oceniano na podstawie pomiaru iloéci uzyskanych lipidow.
W zaleznosci od zastosowanej metody ekstrakcji uzyskano od 4,99 do 11,07% lipidow w od-
niesieniu do suchej masy mikroglonéw Chlorella vulgaris. Sposrod przebadanych metod me-
toda Bligh-Dyer’a zostata zidentyfikowana jako najbardziej skuteczna w ekstrakcji lipidow
z mikroalg.

Stowa kluczowe: mikroalgi, biomasa, lipidy, biodiesel, ekstrakcja

WPROWADZENIE

Zmniejszajace si¢ zasoby paliw kopalnych, niestabilne ceny, a takze niekorzystny wplyw
na $rodowisko podczas uzytkowania paliw konwencjonalnych, sprzyjaty poszukiwaniom pa-
liw alternatywnych [DEMIRBAS, DEMIRBAS 2011]. Dobrym ich Zrodtem jest biomasa, z ktorej
uzyskuje si¢ nie tylko biopaliwa stale, gazowe, ale rowniez ciekle, w tym biodiesel.

Biopaliwa ciekte, w zaleznosci od rodzaju surowca wykorzystywanego do ich produkc;ji,
dzieli si¢ na cztery podstawowe generacje. Paliwa pierwszej generacji sa wytwarzane z su-
rowcoOw jadalnych (kukurydza, soja, trzcina cukrowa, rzepak), natomiast drugiej generacji
przede wszystkim z odpadow lignocelulozowych lub tez roslin uprawianych na nieuzytkach,
niewykorzystywanych do celow spozywczych czy tez paszowych (wierzba energetyczna,
miskant). Biopaliwa trzeciej generacji produkowane sg z biomasy mikro i makroalg. W zato-
zeniu paliwa czwartej generacji beda wytwarzane przy udziale organizmow fotosyntetyzuja-
cych, poddanych odpowiednim modyfikacjom metabolicznym [DAROCH I IN. 2013].

Mikroglony naleza do mikroskopijnych organizméw, w komoérkach ktérych zachodzi pro-
ces fotosyntezy. Wystepuja one w srodowisku wodnym, morskim i stodkowodnym. Niektore
z nich podczas wzrostu i produkcji 1 Mg swojej biomasy moga wigza¢ nawet do 1,8 Mg
ditlenku wegla z atmosfery [BRENNAN, OWENDE 2010]. Mikroglony nalezg do jednokomor-
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kowych organizméw autotroficznych, miksotroficznych lub heterotroficznych o zréznicowa-
nych cechach pod wzgledem metabolizmu. W sprzyjajacych warunkach hodowli ich biomasa
moze podwoi¢ si¢ zaledwie w ciggu kilkunastu godzin. Biomasa mikroglonéw wykorzysty-
wana jest jako dodatek do zywnosci oraz pasz, w przemysle farmaceutycznym, kosmetycz-
nym. Ze wzgledu na wyzszag wydajnos¢ fotosyntezy, produkcji biomasy i szybsze tempo
wzrostu w odniesieniu do pozostatych roslin energetycznych, mikroglony stanowia dobra
alternatywe jako surowiec do produkcji biopaliw [CHEN I IN. 2011]. Kolejng ich zaleta jest
mozliwos$¢ wykorzystywania w uprawie réznego rodzaju Sciekow i wod pohodowlanych,
a takze mozliwos$¢ lokalizacji upraw na terenach nieodpowiednich dla rolnictwa [MATA I IN.
2010].

Niektore szczepy mikroglonow posiadajg wysoka zdolnos¢ do akumulacji lipidow na po-
ziomie od 25 do 75% suchej masy, ktora uzalezniona jest gtéwnie od warunkéw hodowli
[MALCATA 2011]. Zawarto$¢ lipidow w biomasie mozna zwigkszy¢ poprzez zastosowanie
stresu srodowiskowego zwiazanego m.in. z ograniczeniem dostepnosci sktadnikow pokar-
mowych, rodzajem i czasem os$wietlania hodowli, a takze temperaturg hodowli [FENG I IN.
2011; FUENTES-GRUNEWALD I IN. 2012].

Proces technologiczny zwigzany z produkcja biodiesla przy udziale mikroalg obejmuje
pie¢ kluczowych etapow:

— uprawa;

— zbidr;

— przetwarzanie biomasy (odwodnienie);
— ekstrakcja lipidow;

— transestryfikacja otrzymanego oleju.

Ekonomiczna produkcja biodiesla z mikroglondéw zalezy gtdéwnie od energii wykorzysty-
wanej do przetwarzania biomasy i rodzaju zastosowanego procesu ekstrakcji lipidow
[JUNGMIN 1 IN. 2013], ktorych sktad oraz profil kwasow tluszczowych uwarunkowany jest
takim czynnikami jak sktad podtoza hodowlanego, temperatura hodowli, intensywnos$¢ i ro-
dzaj o$wietlenia, a takze cykl $wietlny [HALIM I IN. 2012].

Wyrodznia si¢ dwie podstawowe metody ekstrakcji lipidow:

— chemiczne;
— mechaniczne [HALIM 1IN. 2012].

Do metod chemicznych nalezy ekstrakcja za pomocg aparatu Soxhleta, ktora wykorzystuje
rozpuszczalniki organiczne takie jak np. n-heksan oraz destylacj¢ prozniowa. Przy ekstrakcji
tej mozliwa jest tez eliminacja uzycia toksycznych zwigzkéw i stosowanie ptynow nadkry-
tycznych. Z powodzeniem mozna wykorzysta¢ ditlenek wegla. Do ekstrakcji stosuje si¢ za-
rowno rozpuszczalniki polarne, jak i niepolarne, a ich wybor zalezy od polarnosci docelowe-
go zwigzku, poniewaz dyktuje on wzajemna rozpuszczalno$¢. Zwiazki polarne sg lepiej eks-
trahowane przy uzyciu rozpuszczalnikow polarnych i odwrotnie [BALASUBRAMANIAN | IN.
2011]. Ekstrakcja lipidow z komorek mikroglondéw jest procesem energochtonnym i kosztow-
nym réwniez z uwagi na uzycie dodatkowej energii do odzyskania zastosowanych rozpusz-
czalnikow. Zastosowana metoda ekstrakcji nie powinna uszkadza¢ wyekstrahowanych lipi-
dow [IQBAL, THEEGALA 2013].

Do mechanicznych metod pozyskiwania oleju zalicza si¢ tloczenie, a takze ekstrakcje
wspomagang mikrofalami oraz ekstrakcje ultradzwickowa [KHOO 1 IN. 2011]. Ekstrakcja
wspomagana mikrofalami znana jest juz od lat osiemdziesigtych XX wieku. Stosowano ja
jako metode odzyskiwania lipidow z nasion, zywnosci, pasz oraz gleby. Z powodzeniem me-
toda ta znalazta swoje zastosowanie rowniez przy ekstrakcji lipidow z komorek mikroglondw.
Prace nad jej wdrozeniem wykazaty, ze nie tylko jest ona stosunkowo bezpieczna, szybka
i ekonomiczna [LEE 1 IN. 2010]. Na skutek kontaktu miedzy materialem polarnym a szybko
oscylujacym polem elektrycznym wytwarza sie ciepto w wyniku sity tarcia powstajacego
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z ruchéw migdzy 1 wewnatrzczasteczkowych. Gdy wytwarzane jest ciepto, w komorce zaczy-
na tworzy¢ si¢ para wodna, ktéra ja rozrywa i nastgpuje uwalnianie zawarto$ci komorki
[AMARNI, KaDi 2010]. Obecnie ekstrakcje wspomagang mikrofalami ocenia si¢ jako skutecz-
ng i optacalng metod¢ w oparciu o krétkie czasy reakcji.

Podczas ekstrakcji wspomaganej ultradzwickami generowane sg fale dzwickowe, ktore
rozprzestrzeniajg si¢ W ciektych mediach i skutkujg naprzemiennymi cyklami wysokiego
i niskiego ci$nienia. Podczas niskiego ci$nienia, ultradzwickowe fale o duzej intensywnosci
wytwarzaja mate pecherzyki prézniowe lub puste przestrzenie w cieczy. Kiedy pecherzyki
osiagaja objetos¢ przy ktorej nie moga juz absorbowac energii, podczas cyklu wysokiego ci-
$nienia, sity §cinajace wokot komoérek mikroglonéw mechanicznie niszcza ich strukture
i wspomagajg ekstrakcje lipidow [SUALI, SARBATLY 2012].

MATERIAL | METODYKA BADAN

W badaniach wykorzystano glony stodkowodne z gatunku Chlorella vulgaris BA 002 (fot.
1). Material pochodzit z Kolekcji Kultur Glonéw Baltyckich (CCBA — Culture Collection of
Baltic Algae).

Fot. 1. Chlorella vulgaris BA 002 culture [P. Ratomski]

Mikroglony hodowano w podtozu syntetycznym F/2 (tab. 1) o pH 7,3%0,2. Zastosowano
oswietlenie LED z diodami bialymi, czerwonymi o dhugosci fali od 600 do 700 nm (9,45
umol-s) i niebieskimi, gdzie dhugos$¢ fali miescita si¢ w przedziale od 400 do 500 nm (2,25
umol-s?) oraz fotoperiod 18/6 h (§wiatto/ciemnos$¢).

Biomas¢ mikroglonéw produkowano w skali utamkowo technicznej, w fotobioreaktorze
rurowym o ukltadzie wertykalnym i pojemnosci 850 dm?® (Fot. 2), z automatyczna kontrolg
procesu w odniesieniu do o$wietlenia, odczynu podtoza hodowlanego, dozowania ditlenku
wegla.

Biomase mikroglonow po zakonczeniu hodowli odwadniano za pomoca wiréwki a nastep-
nie suszono w temperaturze 70°C przez 24 h.

Ekstrakcje oleju z biomasy przeprowadzono czterema metodami:

1. przy uzyciu aparatu Soxhleta za pomocg n-Heksanu; do gilzy ekstrakcyjnej odwazono 15 g
suchej masy mikroglonow i ekstrahowano przez okres 4 godzin z zachowaniem 20 cykli na
godzing; po zakonczonej ekstrakcji rozpuszczalnik oddestylowano;

2. przy uzyciu aparatu Soxhleta za pomoca n-Heksanu i wspomaganej ultradzwickami; przed
ekstrakcja biomase¢ mikroglonéw poddano na mokro dziataniu ultradzwigkéw o czestotli-
wosci 50 kHz przez okres 30 minut;
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Tabela 1. Sktad pozywki F/2 [GUILLARD, RYTHER 1962]

Sktadnik Roztwor Tlos¢
NaNOs; 75¢g- 1 dH0 lcm?
NaH2PO4' Hzo 5 g |71 deO 1 cm3
NaSiOs- 9H.0 30g It dH0 1cmd
roztwor mikroelementow warto$¢ podana nizej 1cm?
roztwor witamin warto$¢ podana nizej 1cmd
FeCls- 6H,0 - 3159
Na,EDTA: 2H,0 — 4,36 g
CuS0O4-5H,0 9,8 g I dH,O 1cm?
Na;Mo0O,- 2H,0 6,3g It dH.0 1cmd
ZnS04: 7H,0 22,0 g It dH;0 1cm?
CoCly'6H:0 10,0 g I'* dH0 1cm?
MnCl;-4H,0 180,0 g- It dH:0 1cm?
biotyna (witamina H) - 200 mg
cyjanokobalamina (witamina Bi,) 1,0 ¢ I dH.O 1cm?
tiamina (witamina By) 1,0g- 1"t dH0 1lcm?

Fot. 2. Fotobioreaktor rurowy [P. Ratomski]

1. przy uzyciu aparatu Soxhleta za pomoca n-Heksanu i wspomaganej mikrofalami; przed
ekstrakcjg biomas¢ mikroglonéw poddano na mokro dziataniu mikrofal o mocy 1000W
W czasie 5 min.;

2. przy uzyciu mieszaniny rozpuszczalnikow (chloroformu-metanolu) wedtug BLIGHTA i DY-
ER’A [1959]; odwazono 0,5 g suchej masy, dodano 30 ml chloroformu, 10 ml metanolu
i cato§¢ poddano dziataniom ultradzwigkow czestotliwosci 50 kHz przez okres 30 minut;
dodano 12 ml 1% NaCl, wymieszano i po oddzieleniu si¢ fazy lipidowej (dolna faza), prze-
filtrowano ja, a nastgpnie oddestylowano rozpuszczalnik.

Zawarto$¢ lipidow okreslono na podstawie podanego nizej wzoru:

m-L
LC = =100
) (mD45’ )
gdzie:

LC = zawarto$¢ lipidow;

mL = masa lipidow (g);

mDAB = sucha biomasa mikroalg (g).
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Wszystkie oznaczenia przeprowadzono w trzech powtorzeniach. Wyniki badan poddano
analizie statystycznej przy wykorzystaniu programu komputerowego Statistica ver. 13.3. fir-
my StatSoft Polska. Przeprowadzono analiz¢ wariancji, a nastgpnie testy istotnosci wg Tu-
keya na poziomie a = 0,05. Okreslono réwniez odchylenia standardowe.

DYSKUSJA WYNIKOW

Na podstawie analizy statystycznej stwierdzono, ze zastosowane metody ekstrakcji miaty
istotny wplyw na ilo$¢ lipidow pozyskanych z komoérek mikroglondow. Najnizszg zawarto§¢
lipidéw oznaczono w przypadku podstawowej metody ekstrakcji heksanem w aparacie Soxh-
leta, bez poddawania biomasy wstepnej obrobee (ryc. 1). Dzigki czgstotliwosci wyzszej od 20
kHz w cieczy powstajg mate pecherzyki prézniowe powodujace rozrywanie struktury komor-
kowej [DAE YOON I IN. 1998]. Zastosowanie tej metody skutkuje zwickszeniem efektywnosci
procesu ekstrakcji [SUALI, SARBATLY 2012], co potwierdzono w przeprowadzonych bada-
niach. Zastosowaniu ultradzwigkow zwigkszyto ilos¢ pozyskanych lipidow o niemal 30%
w porownaniu do metody podstawowej. Odmienne wyniki uzyskali WIDJAJA 1 IN. [2009].
Autorzy nie odnotowali poprawy wydajno$ci uzyskiwania lipidow przy wykorzystaniu ultra-
dzwiekow, jednak stosowali je nie w mokrej, ale wysuszonej, sproszkowanej biomasie.

Przy zastosowaniu mikrofal efektywnos¢ ekstrakcji wzrosta o 57%. Wedlug LEE I IN.
[2010] wspomaganie ekstrakcji przez wprowadzenie mikrofalowania jest jedna z najprost-
szych i najskuteczniejszych metod. Jej wysoka skuteczno$¢ polega na lepszym dostepie do
lipidow zawartych pod blona komoérkowa. SOSTARIC I IN. [2012] potwierdzili, ze komorki
mikroglonéw poddane obrobce mikrofal majg wyzszg wydajnos¢ pozyskiwanego oleju. Auto-
rzy ci zaobserwowali mikropgkniecia w ich §cianach komoérkowych. Dzigki ultradzwigkom
i mikrofalowaniu biomasy mikroalg mozna tez zdecydowanie skrocié¢ czas ekstrakcji [REFAAT
IIN. 2008, SUALI, SARBATLY 2012].

Najwyzszg zawartosci lipidow w komodrkach mikroglondw oznaczono stosujagc metode
Bligh-Dyer'a, ponad 120% wigcej niz przy metodzie ekstrakcji heksanem bez modyfikacji.
Wysokg skutecznos$¢ tej metody przypisuje si¢ potaczonemu efektowi mechanizmu kawitacji
w zwiazku z zastosowaniem ultradzwiekéw, ktory uwalnia lipidy do roztworu, i wysokiej
selektywnosci lipidow z mikroalg w stosunku do uktadu chloroform-metanol-woda, ktéry ma
bardziej polarny charakter [ARAUJO I IN. 2012]. Podobne wyniki uzyskali réwniez [RANJAN
IIN. 2010].
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heksan heksan + ultradiwieki heksan + mikrofale chloroform-metanol

Metody ekstrakgji

Rys. 1. Zawarto$¢ lipidow w biomasie w zalezno$ci od metody ekstrakcji
[opracowanie wlasne]
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PODSUMOWANIE

Dobdr odpowiedniej metody ekstrakcji jest niewatpliwie wazna kwestig w technologii pro-
dukcji biopaliw zaawansowanych z mikroglonéw. Znalezienie optymalnej procedury bedzie
mialo wptyw nie tylko na jako$¢ pozyskanego paliwa, ale rowniez na jego ostateczna ceng.
Obecnie etap zwigzany z pozyskaniem biomasy z medium hodowlanego oraz lipidow z ko-
morek mikroglonéw stanowi znaczny udzial w ostatecznym rachunku ekonomicznym pozy-
skania gotowego produktu.

W pracy przedstawiono analiz¢ efektywnosci czterech metod ekstrakcji w odniesieniu do
ilosci pozyskanego oleju. Stwierdzono, ze najbardziej efektywnag metoda, w odniesieniu do
biomasy mikroglonow Chlorella vulgaris, byta metoda Bligh-Dyer'a. Stosujac mieszaning
chloroformu-metanolu oznaczono zawarto$¢ lipidow na poziomie 11,07%.
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COMPARISON OF THE LIPID EXTRACTION METHODS EFFICIENCY
FROM MICROALGAE CHLORELLA VULGARIS BIOMASS

Ratomski Patryk, Hawrot-Paw Matgorzata

Summary
Biofuels are becoming more and more popular and have a relatively high share in the total
fuel production in the world. Soybean, rapeseed, palm and corn oil are the basic feedstock
used in the production of biodiesel. Due to the limited availability of arable land, changing
climate, as well as environmental and social problems related to the use of food and fodder
plants for energy purposes, the production of biodiesel with their participation will be limited.
The alternative are oily microorganisms (bacteria, yeast, fungi) as well as microalgae which
can be produced with a high lipid content and consequently used as a promising feedstock for
biodiesel production. One of the most important stages in the technology of producing this
fuel from organisms is obtaining oil, hence the need to search for effective and economical
methods of its extraction will be of key importance.
The aim of the presented study was to analyse the effectiveness of lipids extraction methods
from microalgae cells as a precursors for the biodiesel production. The most popular method
of extraction with hexane was used, which was modified with ultrasound and microwave, and
the Bligh-Dyer method with the use of chloroform and methanol. The effectiveness of each
method was assessed by measuring the amount of lipids.
Depending on the extraction method used, the obtained lipids were 4.99 to 11.07% in relation
to the dry weight of microalgae Chlorella vulgaris. Among the tested procedures, the Bligh-
Dyer method was identified as the most effective for lipid extraction from microalgae.

Key words: microalgae, biomass, lipids, biodiesel, extraction
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Abstract: Microalgae are considered to be potentially attractive feedstocks for biodiesel production,
mainly due to their fast growth rate and high oil content accumulated in their cells. In this study, the
suitability for biofuel production was tested for Chlorella vulgaris, Chlorella fusca, Oocystis submarina,
and Monoraphidium strain. The effect of nutrient limitation on microalgae biomass growth, lipid accu-
mulation, ash content, fatty acid profile, and selected physico-chemical parameters of algal biodiesel
were analysed. The study was carried out in vertical tubular photobioreactors of 100 L capacity.
The highest biomass content at 100% medium dose was found for Mornoraphidium 525 + 29 mg'L™L.
A 50% reduction of nutrients in the culture medium decreased the biomass content by 23% for O.
submarina, 19% for Monoraphidium, 13% for C. vulgaris and 9% for C. fusca strain. Nutrient limitation
increased lipid production and reduced ash content in microalgal cells. The highest values were
observed for Oocystis submarina, with a 90% increase in lipids and a 45% decrease in ash content
in the biomass under stress conditions. The fatty acid profile of particular microalgae strains was
dominated by palmitic, oleic, linoleic, and linoleic acids. Nutrient stress increased the amount of
saturated and unsaturated fatty acids affecting the quality of biodiesel, but this was determined by
the type of strain.

Keywords: microalgae; biomass; lipid; fatty acid profile; biodiesel; nutrient limitation; stress conditions

1. Introduction

In the transport sector, biofuels are an alternative to fossil fuels, which are environ-
mentally harmful [1]. Increasing attention on biofuels and technologies of their production
was also caused by the global fuel crisis [2].

According to the type of feedstock used in production, there are three main generations
of biofuels [3]. The first and second generations of biofuels use food crops, oil crops, and
plant biomass from non-food crops and from forestry as substrates. Therefore, their use
is related to high competition of plant production and area of arable land [4]. A feasible
alternative are third-generation biofuels derived from algal biomass [5].

Microalgal biomass contains considerable amounts of molecules suitable for biofuel
production, but also for food supplements, fertilisers, pigments, etc. [6,7]. The potential for
energetic use of microalgae is very high, e.g., for the production of biogas, bioethanol, bio-
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hydrogen, bio-oil or biodiesel [8,9] currently produced mainly from soybean oil, rapeseed
oil, sunflower oil, palm oil [10].

Microalgae are promising candidates for industrial production. Their cultivation does
not compete with food crop production and can be carried out using not only freshwater,
but also salt water, saline water and different kinds of wastewater [11,12]. Compared to
plants, they are characterised by a high photosynthetic rate [13]. Under suitable conditions,
their growth rate and the yield of biomass are higher than those of terrestrial plants [14].
The yield of microalgal oil is several times higher than the best oil producing crop [15].

Although algal biofuels have many advantages, they have still not been commer-
cialised. A significant barrier is the excessively high production costs compared to fossil
fuels [16], including the production of biomass, its dewatering and the extraction of valu-
able cellular components [6]. These components include proteins, carbohydrates and
lipids [17]. Microalgal oil is a good feedstock for biodiesel production [18], but its con-
tent in biomass is often not sufficient for industrial application [19]. There are species
of microalgae that accumulate large amounts of lipids, but their growth rate is generally
very slow [20]. The lipid content varies according to species of microalgae and culture
conditions [21]. Average values range from 20% to 70% of the cell dry weight [22,23]. There
are some strategies to increase the natural lipid content in algal cells. This can be realised
by genetic engineering [24] or by modifying growing conditions by changing light inten-
sity [25], carbon dioxide content [26], low temperature [27], high light intensity [28], high
salt and iron concentrations in the culture medium [29,30], salinity levels [31] or limiting
nutrient availability [32]. Microalgae for biofuel production should be characterised by a
high cellular lipid accumulation capacity [33]. The application of suitable species will have
a beneficial effect on the cost-effectiveness of biofuel production [34].

When assessing the potential of microalgae for biodiesel production, not only the
amount of lipids in their cells is important, but also the content of the relevant fatty acids
(FAs) [22] as direct precursors for third-generation biofuel production. The fatty acid profile
of biodiesel is identical to the profile of the oil used in their production [35]. The increase in
lipid content is determined by changes in biosynthetic pathways leading to the formation
and accumulation of lipids mainly as a triacylglycerol (TGA) [36]. Microalgal lipids can be
divided into neutral lipids, including saturated (SFA) and monounsaturated fatty acids
(MUFA), representing the main fatty acids in triacylglycerols, and polyunsaturated fatty
acids (PUFA) enriched in polar lipids [37]. The fatty acid profile (FA) of microalgae may
also include iso- and anteiso-branched FAs, methyl-branched FAs, 3-Hydroxy and amide
FAs [38].

Triacylglycerols can be converted to fatty acid methyl esters by a transesterification
process [39]. In this process the fatty acid composition of the feedstock is not changed [40].
The content of each FAs group in the oil is significant for the quality of the biofuel [22],
therefore knowledge of the FA profile can be useful in the selection of algae species for fuel
applications. As well as the lipid content, the fatty acid composition can also be modified
by changing the concentration of carbon dioxide [41] or by nitrogen (N) deficiency [42].

The most important features determining the suitability of a feedstock for biofuel
production are its energy properties and parameters indicating the quality of engine
combustion [43]. For biodiesel, these are the heating value (HHV) and the cetane number
(CN). In addition, the rheological parameters of biodiesel such as density (D) and kinematic
viscosity (KV) are very important, as they have a direct impact on the injection of the
fuel inside combustion chamber of the engine [44,45]. Moreover, these parameters affect
the functioning of the diesel engine fuel feed system, especially the fuel filter at low
temperatures, resulting in flow blockage, which is characterised by a cold filter plugging
point (CFPP) [46]. During storage of biofuels, their stability is also very significant, as
expressed by the parameters of oxidation stability (OS) and iodine number (IV) [47].

Our aim was to investigate the effect of stress induced by nutrient deprivation on
microalgal biomass and lipid production and fatty acid profile (FA). This study was carried
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out at technical scale. In addition, FAs were used to predict biodiesel properties and
evaluate the suitability of microalgae for biofuel production.

2. Materials and Methods
2.1. Microalgae Strains

Microalgae strains of Chlorella vulgaris, Chlorella fusca, Oocystis submarina and Mono-
raphidium were obtained from the Culture Collection of Baltic Algae (University of Gdarisk,
Gdarsk, Poland). The inocula were stored in liquid medium F/2 [48] containing [g*L™]:
NaNOs;—0.075 g; NaHPO42H,O —0.00565 g; stock solution of trace elements—1 mL'L™?
(Na2EDTA 4.16 g, FeCl; 6HxO 3.15 g, CuSO4 5H,0 0.01 g, ZnSOs 7HO 0.022 g, CoCl»
6H,0 0.01 g, MnCl, 4H,0 0.18 g and NaMoO4 2H,O 0.18 g) and stock solution of vitamin
mix—1mL'L™ (cyanocobalamin (vitamin B12) 0.0005 g, thiamine HCI (vitamin B1) 0.1 g,
biotin 0.0005 g). Microalgae were stored at 4 °C, with lighting (12/12 h light/dark cycle).

2.2. Experimental Setup

Microalgae cultures were carried out in vertical tubular photobioreactors with a total
volume of 100 L, with 70 L of growth medium. Microalgae were cultured in F/2 culture
medium containing all required components at full dose (100%) or reduced by half (50%).
A 20 L of 7-day microalgal inoculum was introduced into particular photobioreactors.

The culture was illuminated by light emitting diode (LED light with white, red and
blue diodes) under 18/6 h light/dark cycle. Algae culture was mixed and aerated by 175
W membrane pump (HAILEA ACO-500A, Raoping, China) with a capacity of 275 L'min ™.
The experiment was carried out as a batch culture for 10 days.

2.3. Analytical Methods
2.3.1. Biomass Content Determination

Biomass content was determined by thermogravimetric measurement using a weigh-
dryer (AXIS ATS60, Gdansk, Poland) [49]. The results were recalculated and presented in
mg'L~1. Measurement was carried out on the last day of the experiment.

2.3.2. Lipid and Ash Content of Biomass

Lipid content in biomass was determined by the gravimetric method. To extract lipids
from microalgal cell, a modified Bligh and Dyer method was applied [50]. Total lipids were
determined after evaporation of the solvent. The lipid content was determined according
to the following formula:

mr

LC = 100

mpap
where: my is the mass of lipids (g) and mpas is the dry microalgal biomass (g).
The ash content in biomass was determined gravimetrically according to the Standard
PN-EN ISO 18122:2016-01 [51].

2.4. Fatty Acids Methyl Esters Analysis

Lipid extraction from microalgae biomass was performed using the method of
Folch et al. [52]. For the determination of fatty acids, they were converted into fatty
acid methy] esters according to the method of AOCS Ce 2-66 [53].

The fatty acid composition of the studied samples was estimated using gas chromatog-
raphy (GC). Fatty acid methyl esters were separated using a Trace 1300 (Thermo Scientific,
Waltham, MA, USA) gas chromatography system equipped with a SP TM-2560 capillary
column (100 m X 0.25 mm X 0.2 ym) (Supelco, Bellefonte, PA, USA) and a flame-ionization
detector (FID). Column temperature was held at 160 °C for 1 min, then the temperature
was increased from 160 °C to 220 °C at 6 ‘C/min and held at 220 °C for an additional
35 min. The temperature of the injection port and the detector was set at 240 “C. Hydrogen
was used as a carrier gas at a flow rate of 1.5 mL/min. The results were expressed as a
percentage of the total peak area of all the fatty acids in microalgae lipid extract sample.
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The peaks were identified by comparing the retention times with those of a mixture
of external standard methyl esters (Supelco 37 FAME Mix C 4-C 24 Component, Sigma-
Aldrich, St. Louis, MO, USA).

2.1. Biodiesel Properties According to Fatty Acid Profile

Analysis of selected biofuel properties was carried out using the Biodiesel Analyzer©
software (version 2.2, BRTeam, Karaj, Iran), according to the methodology described in the
works of Ramirez-Verduzco et al. [54] and Talebi et al. [55]. This software was designed to
evaluate (predict) the biodiesel fuel properties based on the fatty acid profile determined
by gas chromatography, therefore eliminate long and expensive laboratory tests.

Difficulties to determine the best feedstock for biodiesel production arise from the
presence more than one evaluation criteria. Therefore, the multi-criteria decision problem
required several mathematical programming models. The PROMETHEE method is one of
such tools. According to the references [54-57], seven functional parameters were selected
and associated with weight factors. The highest weight was assigned to the calorific value
(HHV = 0.5), followed by the cetane number (CN = 0.2). The weighting coefficients for
CFPP, D, KV, OS, and IV were the same and equals 0.06.

2.2. Statistical Analysis

All analyses were carried out in triplicate. Results were statistically analysed using
Statistica software (version 13.3, 2016; Dell Inc., Tulsa, OK, USA). Two-factor analysis of
variance was used. The significance of differences between means was assessed using
Tukey’s test at p < 0.05. The standard deviation (SD) was also determined.

3. Results and Discussion
3.1. Algal Biomass Concentration

The biomass content in the particular photobioreactors was presented in Figure 1.
Higher values were observed at the 100% dose of nutrient solution. The biomass content
ranged from 292 + 14 mg'L™! for C. fusca to 525 £ 29 mg'L™! for Monoraphidium. These
values correspond with results available in the literature [58]. Biomass production can be
increased using nutrient-rich culture media [59] but the results are not always positive. In
a study carried out by Sacristan et al. [60], increase in nutrient content in culture medium
had a negative impact on the growth and development of Scenedesmus acutus. This could
be associated with the high pH in the culture medium and the presence of toxins in the
wastewater used in the cultivation.
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Figure 1. Dynamics of biomass content changes of four strains in relation to nutrient supply in the
culture medium.
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Nutrient limitation decreases the productivity of biomass [61] which is confirmed by
the results of the present study. The amount of biomass decreased by more than 20% for O.
submarina, 19% for Monoraphidium, 13% for C. vulgaris and 9% for C. fusca. Kim et al. [62]
cultivated strains of Chlorella sp., Dunaliella salina and Dunaliella sp. and found that the
appropriate amount of nutrients in the medium determines the effective production of
algal biomass. They observed a higher increase in biomass in a culture medium with a
higher nutrient content.

3.3. Lipid Accumulation under Nutrient Limitation Conditions

High lipid content in microalgae cells is one of the most important criteria that de-
termines their potential use for biofuel production [63]. The lipid content for the tested
microalgae strains is shown in Figure 2. The average amount of lipids in relation to dry
matter, at the complete nutrient dose (100%), ranged from 12.33 + 1.0 for O. submarina to
13.53 + 2.1% for C. fusca. A higher lipid content for O. submarina was reported by Klin
et al. [64], but increase in lipid accumulation could be associated with using a different
culture medium and a significantly lower photobioreactor capacity.

m 100% 50%

30
°
N s L I
i
c
[
15
5 20 +
o
a 15 | I
—

) J ' ‘

5

Chiorella vulgaris Chlorella fusca Oocystis submaring Monoraphidium

Microalgal strain

Figure 2. Lipid content in microalgal biomass under nutrient limitation.

Under nutrient stress treatment (50% F/2), there was a 14% increase in lipid accu-
mulation for Monoraphidium, 15% for C. fusca, 31% for C. vulgaris, and over 90% dla O.
submarina; however, only the C. vulgaris and O. submarina increase was statistically signifi-
cant. Nutrient limitation to promote lipid accumulation in microalgal cells is a commonly
used method [65,66]. Results presented by Converti et al. [67] confirmed the correlation
between nitrogen depletion in the culture medium and an increase in lipid accumulation
for Nannochloropsis oculata and C. vulgaris. A 75% nitrogen limitation resulted in a two-fold
increase of lipids in the algal cells. In the present study, a slightly lower lipid content
was observed for C. fusca (from 13.53 + 2.1% to 15.53 + 2.5%) and for Monoraphidium
(from 12.53 £ 2.0% to 14.27 £ 1.7%), while for O. submarina the lipid content under stress
conditions was 23.53%. + 2.1 A similar correlation was observed in a previous study [68]
evaluating nutrient stress caused by nitrogen limitation in wastewater from salmon aqua-
culture on lipid content in C. vulgaris biomass. The highest value (11.81%) was determined
at the lowest dose of aquaculture wastewater. In the present study, the lipid content in
biomass of C. vulgaris, regardless of nutrient conditions, was in a range corresponding to
values for this species reported by other authors [69,70].

3.4. Ash Content

Microalgal biomass has a high ash content compared to terrestrial plant biomass, and
this is one of the major disadvantages in algae conversion to fuel [71]. The ash content in
dry matter, depending on the microalgal strain and the culture conditions, is up to 43% [72].
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This reduces the total volatile solids content of the feedstock, one of the most important
parameters determining the quality of biofuel. A lot of final ash in algal biomass would
require fuel purification [73,74].

According to the strain, the average ash content in biomass at 100% dose was in the
range from 19.74 + 1.70 for O. submarina) to 43.19 + 0.24% for Monoraphidium (Figure 3).
Similar results were presented by Bi and He [75] who found up to 19% ash content for
green algae. In this study, the results show that nutrient stress not only promotes lipid
accumulation, but generally causes a decrease in ash content in microalgal biomass. In the
nutrient-limited medium (50%), ash content ranged from 11.16 £ 0.07% for O. submarina to
37.04 £ 0.38% for Monoraphidium. Increase in ash content was observed only for C. fusca,
but it was statistically insignificant difference. The correlation between nutrient content
and ash content in microalgal biomass was also reported by Roostaei et al. [76]. The limited
availability of nutrients in Chlorella vulgaris culture significantly decreased ash content.
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Figure 3. Ash content in microalgal biomass under nutrient limitation.

3.4. Fatty Acid Composition and Content

Microalgal oil is a source of saturated and unsaturated fatty acids [38]. In FAs profiles,
groups with chain lengths of C16-C18 are most commonly determined [77], as also con-
firmed by the results of the presented study (Table 1, Figure 4A-D). The most important
FAs that determine the quality of the biofuel are palmitic acid (C16:0), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) [78]. In microalgal biomass
cultivated in culture medium with complete suggested nutrient rate (100% F/2), palmitic
acid (16:0), oleic acid (18:1), linoleic acid (18:2) and linolenic acid (C18:3 n-3) were dominant
in the profile, but in different quantities for each strain. Due to environmental stress, fatty
acid composition changes [79] which was also observed in this study. A 50% reduction
of the dose for all medium components increased palmitic acid content for all strains,
oleic acid content for C. fusca and O. submarina, and linoleic acid for C. vulgaris and C.
fusca. Furthermore, acids that were not present in the 100% F/2 dose were determined,
e.g., Cl6:1, C18:0, C18:3 n-6 and C18:4 for Monoraphidium. A higher content of saturated
fatty acids (C16:0, C18:0) increases the cetane number (CN) [80]. FAs profiles change not
only with species but also intraspecies [81]. Petkov and Garcia [82] analysed the fatty acid
composition of three Chlorella strains, including freshwater and marine strains, and found
that species belonging to the same genus contained the same acids but in different ratios.
The presented study does not confirm these results. The C16:1 and C18:3 n-6 fatty acids
determined in the FAs profile of C. vulgaris were not found in C. fusca. The change in
FAs composition may also result from different cultivation methods (photoautotrophic,
heterotrophic) [83] or from a change in cultivation conditions. In a study carried out by
Yusof et al. [41], increasing amount of carbon dioxide in C. vulgaris culture medium from
1 to 10% increased concentrations of palmitic, oleic, linoleic, and linolenic acids. In the
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present study, cultivations of all strains were carried out at one test site, at the same time,
with uniformity of all growing parameters. This means that a biological factor, directly
associated with the metabolic activity of particular microalgal strains, is essential for the
observed changes. Analysis of FAs profiles in relation to growth stage and adjusting
biomass harvesting to the most beneficial stage for optimal fatty acid composition may be
important [81]. In a study carried out by da Costa et al. [84], growth phase induced more
changes in the fatty acid profile of Tisochrysis lutea than stress associated with N limitation
in culture medium.

Table 1. Fatty acid profile of microalgae biomass.

Chlorella vulgaris Chlorella fusca Oocystis submarina Monoraphidium

raty aqa iy 100% 50% 100% 50% 100% 50% 100% 50%
C16:0 20.73 24.61 25.53 28.63 1717 26.35 19.01 19.56

C16:1 1.46 146 ta** ta** ta** ta** ta** 252

C18:0 6.59 5.39 311 ta** ta ** ta** ta ** 0.72
C18:1cis 22.72 21.68 18.50 20.23 10.15 19.95 17.63 13.62
C18:2 cis 9.90 10.41 11.20 12.10 16.98 11.74 2251 19.37
C18:3n-6 1.98 237 ta** ta** ta** ta** ta** 1.09
C18:3n-3 22.96 18.11 25.32 23.84 28.00 2291 17.53 16.29
C18:4 3.87 3.68 3.76 ta** 2.77 299 ta** 791

*m:n ratio in FAs description denotes m carbon atoms and n double bonds between carbon atoms, ** ta— trace amounts.

A. Chlorella vulgaris = B. Chlorella fusca

Figure 4. GC-FID chromatograms of fatty acids from particular microalgal strain.

The content of particular fatty acid categories is important for the quality of the
biodiesel fuel. High concentration of saturated fatty acids (SFAs) ensures good oxidation
resistance for biofuel [85]. In the presented study C. vulgaris has a total of 27.32% SFAs, C.
fusca of 28.64%, O. submarina of 17.17%, and Monoraphidium of 19.01% (Figure 5). Taking
into account not only oxidation stability, but also liquidity at low temperatures, monoun-
saturated fatty acids (MUFAs) are particularly important for biodiesel production [86]. The
MUFAs content in the presented studies ranged from 10.15% to 24.18% of the total lipid
composition. The lowest content was found for O. submarina, the highest for C. vulgaris
(100%). Dahmen et al. [87] applied stress conditions (high salinity) to Picochlorum culture
and observed lipid enrichment in saturated fatty acids. Nutrient stress from nutrient
limitation (50% F/2) increased SFAs content to 30% for C. vulgaris, 26.35% for O. submarina,
and slightly for Monoraphidium (to 20.28%). Arora and Philippidis [88] reported beneficial
for biofuel production biosynthesis of SFAs and MUFAs in C. vulgaris culture using sweet
sorghum pomace hydrolysate (mixotrophic conditions). Rohit and Mohan [89] under
mixotrophic and heterotrophic conditions, found for Chlorella strain not only increase in
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MUFAs but also PUFAs content. Polyunsaturated fatty acids are not good for biodiesel
production. For different microalgae strains, the content of PUFAs ranges very widely
from less than 3% to almost 69% [56]. In the present study, the lowest content of PUFAs
in the profile was found for C. vulgaris (38.71%), the highest for O. submarina (47.75%).
Under nutrient-limited conditions in the culture, beneficial changes, i.e., decrease in PUFA
content, were observed for both species of Chlorella and for O. submarina. The high content
of PUFAs may increase nitrogen oxide emissions [86] from the biofuel although according
to a study carried out by Wahlen et al. [90] biodiesel from the microalgae Chaetoceros gracilis
had lower NOx emissions compared to conventional diesel. Low amount of PUFAs have a
positive effect on the biodiesel flow properties, especially at low temperatures [81].

W SFA MUFA PUFA

100%
80%
60%
40%

20%

Fatty acid compositions, %

0%

100% 50% 100% 50% 100% 50% 100% 50%

Chlorella vulgaris Chlorella fusca Oocystis submarina| Monoraphidium

Microalgal strain
Figure 5. Summary composition of fatty acids in microalgal biomass.

3.5. Biodiesel Properties

Selected results from BiodieselAnalyzer© Version 2.2 are shown in Table 2. In
terms of energy, nutrient limitation was found to increase only the HHV values only
for O. submarina and Monoraphidium. Lower nutrient dose decreased HHV for both
Chlorella species. The best feedstock for biodiesel production was oil from C. vulgaris
100%, HHV = 35.483 M] 'kg™'. The high energetic potential of Chlorella was also confirmed
in a study carried out by Sakarika et al. [91], who compared energy efficiency of biodiesel,
biomethane, and solid biofuel produced from the biomass of this microalgae species.
Among the high-energy microalgae, Nannochloropsis sp. may be interesting, especially in
countries with high insolation, as highlighted in the paper of Pradana et al. [92].

Table 2. Biodiesel fuel properties calculated on fatty acid profile.

Chlorella vulgaris Chlorella fusca Oocystis submarina Monoraphidium
Parameter

100% 50% 100% 50% 100% 50% 100% 50%

HHV 35.483 34.495 34.353 33.328 29.467 32.979 30.157 31.831
CN 48.401 52.013 49.704 53.83 53.361 52.507 57.601 50.651

D 0.795 0.772 0.771 0.747 0.665 0.74 0.676 0.717

KV 3.076 3.008 293 2.876 2422 2.808 2.593 2.636
CFPP 0.388 —-0.278 -3.571 —7.482 —-11.083 -8.199 —10.505 -9.201
os 5.975 6.408 5.82 5.872 5.212 5.994 5.536 5.799
v 122302 109.386 120.04 105.354 126.696 112.896 104.603 126.491

HHV: Higher Heating Value (M]'kg™), CN: Cetane number, D: Density (g'cm™), KV: Kinematic Viscosity (mm?'s7"), CFPP: Cold Filter
Plugging Point (‘C), OS: Oxidation Stability (h), IV: Iodine Value.

Nutrient stress increased the cetane number for Chlorella strains, in contrast to O.

submarina and Monoraphidium. The highest value of this parameter was obtained for
Monoraphidium 100%, CN = 57.601. The CN value for oil of all tested microalgae species
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was high compared to the results presented by Yas ar et al. [93] for oils from oil crops
cultivated for biodiesel production. The rheological parameters of biodiesel produced
from microalgal biomass, such as density and kinematic viscosity, presented in Table 2,
suggest that nutrient stress increased their values for O. submarina and Monoraphidium. The
opposite dependence was found for Chlorella strains. The highest values were observed
for C. vulgaris cultivated with full dose of nutrients (C.v.100%). They were respectively
D =0.795 g'em™ and KV = 3.076 mm?'s™ and were most similar to the parameters of
conventional diesel fuel (D = 0.82-0.845 g*cm™ and KV = 2-4.5 mm?'s™7).

A significant parameter of biodiesel is the cold filter plugging point. The lowest
and the most beneficial value of this parameter was obtained for O. submarina (0.100%),
CFPP = -11.08 ‘C. Under nutrient stress conditions beneficial decrease in CFPP was
observed only for Chlorella strains. The high oil content improves the CFPP index, therefore
use of these microalgae is advantageous, especially when their cultivation is not competitive
with food crops [94].

Oxidation stability, which indicates the formation of different types of sediments,
resins, and acids in the fuel, increased for limited nutrient dose (50%) and had the most
beneficial value for C. vulgaris (OS = 6.41 h). This is also confirmed by research carried out
by Islam et al. [57].

Regarding iodine number IV, characterising the content of unsaturated compounds
in biofuel, the 50% lower nutrient dose had a positive effect on this parameter except
for Monoraphidium, which was characterised by the lowest value IV = 104.60 at complete
nutrient dose (100%). In a study carried out by Islam et al. [57], the most beneficial value
for this parameter was observed for Calothrix sp.

This study has shown that biodiesel produced from oil of different types of microalgae
has some beneficial and some disadvantages. Other authors concluded the same [57].
The analysed parameters of biofuels produced from the investigated energy feedstocks
do not provide their complete evaluation. According to a few studies carried out in this
topic [95,96], a complete evaluation of such energy feedstocks can be obtained only during
engine tests. In these tests, not only energy parameters determination, but also emission of
toxic components of exhaust gases can be evaluated, thus also environmental assessment
of such biofuels.

Figure 6 shows results of carried out analysis with highlighting those microalgae
species whose position is most close to the so-called decision axis. It is important to
note that all highlights were microalgal strains under nutritional stress. It is concluded
that nutrient stress in three out of four possible cases (except Monoraphidium), had a
beneficial effect on the functional properties of the newly produced biodiesel. The ranking
of microalgae strains, considering the culture conditions, is shown in Table 3.

Table 3. Ranking list of microalgae according to their suitability for biodiesel production.

Rank Microalgae Strains F/2 Component Dose, % Phi
Description Name
1 C£50% C. fusca 50 0.1586
2 C.v.50% C. vulgaris 50 0.1097
3 0.50% O. submarina 50 0.0664
4 M.100% Monoraphidium 100 0.0294
5 C.v.100% C. vulgaris 100 0.0150
6 C.£100% C. fusca 100 0.0067
7 M.50% Monoraphidium 50 —-0.1379
8 0.100% O. submarina 100 —0.2479
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Figure 6. Graphical multi-criteria analysis PROMETHEE-GAIA (C.f.—C. fusca, C.v.—C. vulgaris,
O.—0. submarina, M. — Monoraphidium).

4. Conclusions

Nutrient limitation (50% F/2) decreased microalgal biomass production, while benefi-
cial changes were observed in ash and lipid content. The fatty acid profile of tested green
microalgae strains indicates that these algae can be a source of feedstock for advanced
biofuel production. Under nutritional stress conditions lipid enrichment in saturated fatty
acids for C. vulgaris, O. submarina and Monoraphidium, and monounsaturated fatty acids for
C. fusca and O. submarina was noted, which improves the biodiesel fuel properties. The fatty
acid profile gives some information about the quality of microalgal biomass as an energy
feedstock, but without engine tests, this assessment is not sufficient. However, according
to carried out analysis, it can be concluded that nutrient limitation has a beneficial effect on
the functional properties of biodiesel produced from oil of the tested microalgae. Positive
changes were found for C. fusca, O. submarina and C. vulgaris.
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Abstract: According to the EU Directive, the so-called RED II, there is increasing significance for
biofuels produced from biomass with low indirect land use change (ILUC) risk. Such an alternative
and sustainable feedstock could be microalgae, among others, used for biodiesel production. This is
due to the high lipid content of their cells and their potential ability to accumulate significant amounts
of carbon dioxide in their biomass, which has a positive effect on the carbon footprint of the product.
The aim of this study was to determine the effect of adding algal biodiesel to conventional diesel
fuel on selected performance parameters of a diesel engine, taking into account the composition
of the emitted exhaust gas. Energy-related engine performance parameters such as power, hourly
and specific fuel consumption, engine thermal efficiency, and indicated efficiency were determined.
No significant differences were found in the energy parameters of engine operation with the fuels
tested. In terms of carbon monoxide and NOx emissions, at the highest engine torque, more favorable
parameters were obtained for fuel with biodiesel produced from rapeseed oil (B/RME). Under the
same conditions, carbon dioxide emissions for the fuel with the addition of biodiesel from microalgae
(B/ Algae) were 8.1% lower.

Keywords: microalgal oil; biodiesel; diesel engine; energy parameters; exhaust emissions

1. Introduction

A significant amount of fossil fuels are used as transport fuels [1]. Their combustion in
engines emits harmful compounds into the atmosphere, including carbon dioxide, carbon
monoxide, and hydrocarbons [2]. For environmental reasons, but also for technological
limitations related to oil extraction and the instability of oil prices on world markets, interest
in alternative fuels has increased [3]. For the commonly used diesel fuel, biodiesel is a good
substitute and can be successfully used in diesel engines [4]. This biofuel, compared to
conventional fuel, has better lubricity properties, a higher flash point, and lower exhaust
emissions in terms of sulfur and aromatics [5]. Some limitations are related, among others,
to the freezing of biodiesel at low temperatures and lower stability during storage [6]. At
present, food feedstocks are primarily used to produce this biofuel [7], which implies a
fuel-food competition. The European Commission’s view, expressed in the Renewable
Energy Directive (RED II) of December 2018, is that the use of food and feedstocks should
be reduced in favor of non-food feedstocks.

Lignocellulosic wastes and crops grown on uncultivated agricultural land can be used
for biofuel production [8], while microalgae are promising candidates for the production
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of third-generation advanced biofuels. Their cultivation does not compete with crop
production and can be carried out using not only freshwater but also salt water, saline
water, and various types of wastewater [9-11]. Compared to plants, they are characterized
by a high photosynthetic rate. Under favorable conditions, their growth rate and the yield
of biomass obtained are higher compared to terrestrial plants [12]. For biodiesel production,
it is important that the oil content of microalgae cells be higher than that of the best
oilseed crops [13,14]. The level of lipid accumulation in the biomass and its composition
depend, among other things, on the composition of the culture medium and the cultivation
parameters, including temperature, type of light, intensity, and time of illumination of
the culture [15]. The properties of algal oil are similar to the physicochemical parameters
of vegetable oils [16]. The fatty acid profile of microalgae oil indicates that it is a good
substrate for biodiesel production [17]. Monounsaturated fatty acids, which constitute
the majority in triacylglycerols [18,19], can be converted to fatty acid methyl esters during
transesterification [20,21]. The oil content of microalgae cells, as well as their fatty acid
composition, varies with cultivation conditions [22].

For the economics of microalgal biodiesel production, the cost of biomass cultivation
and transformation as well as the method of lipid extraction will be important [23], while for
the evaluation of the energy potential, parameters providing evidence of combustion quality
in the engine will be essential [24]. The physical and chemical properties of algal biofuel are
similar to those of conventional diesel fuel [25,26]. However, research results on the use of
algal biofuel in engines compared to conventional fuel are not consistent. Some indicate that
the use of algal biofuel blends results in higher thermal efficiency [27], while others report
a decrease in maximum cylinder pressure, an increase in specific fuel consumption [28],
a decrease in brake thermal efficiency, and an increase in exhaust gas temperature [29].
In a study carried out by Al-Iwayzy and Yusaf [30], there were no differences between
diesel-fueled engine performance and the comparative algal biofuel blend.

One of the most important issues related to the use of fuels is the emissions that enter
the environment. Special attention is given to carbon dioxide as the main greenhouse gas
of human origin. Naturally, CO, emissions and uptake should balance each other over a
period of time, but at the present time, the level of emissions caused by human activity and
the use of fossil fuels in various sectors of the economy, including transport, is too high.
This has a significant impact on climate change [31], hence the need for technologies that
promote the reduction of these emissions and increased CO; sequestration [32]. Consid-
ering life cycle assessment, microalgae fit perfectly into these requirements. The carbon
dioxide necessary for microalgae growth can come from the atmosphere or from industrial
emissions [33]. The photosynthetic efficiency of microalgae ranges from 10 to 20%, while
for most terrestrial plants it is 1 to 2% [34]. It is assumed that more than 1.8 kg of carbon
dioxide can be fixed to every 1 kg of biomass, although this value may differ according to
the type of microalgae [35]. Microalgae use CO; to produce their own biomass, which can
be converted to bioenergy [36], including biofuels, potentially promoting the decarboniza-
tion of transport. Algal biomass can be converted to biomethane [37], bioethanol [38], or
biohydrogen [39]. Another possibility to obtain an alternative fuel is the production of
refined bio-crude from hydrothermal liquefaction [40,41]. For algal biodiesel, the concen-
tration of CO, CO», hydrocarbons (HC), and NO in emissions from an engine fueled by it
depends on the percentage of biofuel in the blend [42], the type of algae used to obtain the
oil for biodiesel production [43], and the cultivation method and culture conditions [44].

The aim of the present study was to evaluate selected engine performance indicators
operating at different torques, powered by a diesel fuel mixture containing biodiesel
produced from microalgal biomass oil. The algal biodiesel was introduced into the diesel at
exactly the same dosage as in commercial fuel containing biodiesel made from rapeseed oil
as a biocomponent. As part of the study, dynamometer tests were performed on a single-
cylinder diesel engine with direct injection. During the measurements, the following engine
parameters were determined: effective power, fuel consumption per hour and specific
fuel consumption, average indicated pressure, thermal efficiency, indicated efficiency, and

148



Energies 2023, 16, 5376

30f17

specific exhaust emissions (CO, NOx, hydrocarbons, and CO,). The novelty of the paper
was to determine how the addition of microalgae biofuel instead of RME would affect
the energy and environmental performance of a diesel engine operating under varying
torque conditions. The results of the study may be useful in the formulation of new, more
environmentally friendly fuel blends.

2. Materials and Methods
2.1. Biodiesel from Algal Oil

The study used diesel fuel obtained from a Polish refinery. A 7% addition of biofuel
from microalgae (B/ Algae) was introduced into this fuel. The biofuel was prepared in the
laboratory by a transesterification process using methanol and a homogeneous alkaline
catalyst. The precursor for biofuel production was oil extracted from the biomass of two
microalgal strains: Chlorella vulgaris and Scenedesmus. A commercial diesel containing a
7% addition of biodiesel produced from rapeseed was used as a control (B/ RME).

2.2. Experimental Setup
2.2.1. Microalgal Biomass Production

Microalgae of Scenedesmus and C. vulgaris (ratio 70:30) were cultivated in vertical
tube photobioreactors 204 cm high and 24 cm in diameter with a total volume of 100 L
(Figure 1). Cultures were grown using commercial F/2 medium. LED lighting with red,
blue, and white LEDs in a ratio of 70:20:10 at an intensity of 285 ymol m=2 s~! was used
to illuminate the culture. A photoperiod of 18/6 h of light/dark cycles was used. Carbon
dioxide was introduced into the culture with atmospheric air using a membrane pump
(HAILEA ACO-500A, Guangdong, China) with 175 W and a capacity of 275 L-min-'. The
experiment was carried out as a batch culture for 10 days.

Figure 1. Tubular photobioreactors with a 100 L capacity.

After cultivation, the microalgal biomass was dewatered using a centrifuge at 8000 rpm.
Oil extraction from the algae was carried out after biomass drying.
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2.2.2. Lipid Extraction

The biomass was dried at 55 “C for 48 h. Microalgal cells were extracted with methanol.
The biomass was flooded with solvent in a 1:3 ratio (w/w). After 24 h, the methanol-oil
solution was separated using a vacuum filtration system. The methanol from the solution
was removed using a rotary evaporator.

2.2.3. Transesterification

Transesterification of microalgal oil was carried out with methanol. The molar ratio
of methanol to oil was 6:1. Potassium hydroxide (KOH) at 1.5% (w/w) was used as a
catalyst. The oil was adjusted to 50 °C, followed by the addition of the previously prepared
potassium methanolate. The temperature was adjusted to 55 °C and stirred intensively
(650 rpm) for 30 min. At the end of the process, the mixture was transferred to a separating
funnel and allowed to separate the glycerol phase from the biodiesel phase.

2.2.4. Dynamometric Stand

Dynamometer tests were carried out in the combustion engine laboratory. The test
system included a four-stroke diesel engine (TD200) (Table 1), a volumetric fuel gauge,
display modules, an engine cycle analyzer (ECA 100), an exhaust gas calorimeter (TDX00a),
and an exhaust emission diagnostic analyzer (CAP3201). A schematic of the test stand is
shown in Figure 2.

Table 1. Technical specifications of the four-stroke diesel engine TD200.

Parameter Value
dimensions width 400 mm, height 450 mm, depth 350 mm
net weight 35kg
diesel fuel with the following minimum
fuel parameters: en590 or bs2869 al/a2 or astm
d975—1d/2d
exhaust outlet nominally 1" (bsp)
maximum power 3.5kW (4.8 Ps) at 3600 rpm
nominal power 3.1 kW at 3000 rpm
cylinder diameter 69 mm
stroke/crank radius 62 mm/31 mm
crank length 104 mm
engine capacity 232 cm?®
compression ratio 221
volume of oil in the lubrication system 09L

Figure 2. Scheme of the test stand: 1 —diesel engine; 2 —fuel tank; 3 —measuring devices; 4 —computer;
5—calorimeter; 6 —exhaust gas analyzer.
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Partial power characteristics were carried out at an initial speed setting of 2000 rpm,
followed by an increase in engine torque.

Engine speed and torque were measured each time. From this, the usable power of the
engine was determined. The time of consumption of a fixed dose of fuel (8 mL) was also
measured. These data were used to determine hourly and specific fuel consumption. The
mean cylinder pressure indicated was measured using a piezoelectric sensor. From this, the
engine’s indicated power and efficiency were calculated. To determine the overall efficiency,
the average calorific value was taken according to available literature data: 42.6 MJ kg1 for
B/RME (according to the commercial fuel producer data) and 41 MJ-kg~" for B/ Algae [25],
respectively. In addition, an emissions composition analysis was performed using an
exhaust gas analyzer. Measurements were taken and converted according to standards:
PN-ISO 15550 2009 [45], PN-ISO 3046-1 2009 [46], PN-ISO 3046-3 2009 [47], and PN-ISO
3046-5 2009 [48]. Exhaust emissions were determined according to standards: PN-ISO
8178-1 1999 [49] and PN-ISO 8178-6 2000 [50].

All analyses were reduced to normal conditions. Normal atmospheric conditions,
according to accepted standards, are a temperature of 25 “C and a pressure of 100 kPa.
Engine performance was monitored using TecQuipment software (Nottingham, UK).

2.3. Statistical Analysis

All analyses were carried out in triplicate. Results were statistically analyzed using
Statistica software (version 13.3, 2016; Dell Inc., Tulsa, OK, USA). A one-way analysis of
variance was used. The significance of differences between means was assessed using
Tukey’s test at p < 0.05. Standard deviations (SD) were also determined.

3. Results and Discussion
3.1. Energy Efficiency of the Engine

Increased engine torque resulted in a reduction in engine speed. These changes were
partially compensated by the reaction of a centrifugal mechanical speed controller, but it
was clearly found that the engine fueled with microalgae biofuel reacted more favorably
(by about 7%) (Figure 3a). When the engine was loaded with 6 Nm of torque, the engine
speed was 1731 rpm for B/Algae and 1725 rpm for B/RME (Figure 3b). According to
other authors’ studies [51], changes in engine speed may also be related to a lower cetane
number in the fuel, which is responsible for lowering the combustion performance of the
fuel mixture and reducing the energy released per unit volume of fuel, thus reducing the
braking power at high torque.
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Figure 3. Relationship between speed and engine torque (a); speed at the highest engine torque of
6 Nm (b). Different letters above the error bars (i.e., +SD) indicate significant differences (p < 0.05)
between the means; means followed by the same letter do not statistically differ from each other
(Tukey’s post-hoc test).
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Engine power, kW

The relation of useful engine power to engine speed is shown in Figure 4a. The higher
engine power was obtained for B/ Algae fuel, where the torque-dependent value ranged
from 0.205 kW to 1.087 kW. For B/RME fuel, the usable power was lower by between
0.3 and 0.5%. The engine’s power is influenced by the calorific value of the fuel. In a study
carried out by Serrano et al. [52], a decrease in engine power was observed after the use
of fuel with lower calorific value biocomponents. The higher useful power may also be
related to the higher viscosity of the biofuel. Its increase results in less internal leakage at
the fuel pump, which consequently increases engine power [53]. Tiiccar and Aydin [54]
reported a reduction in engine power after using algal biodiesel.
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Figure 4. Relationship between engine power and engine speed (a); engine power at 6 Nm torque (b).
Different letters above the error bars (i.e.,, +SD) indicate significant differences (p < 0.05) between
the means; means followed by the same letter do not statistically differ from each other (Tukey’s
post-hoc test).

In the presented study, the lowest hourly fuel consumption was observed for B/ Algae
fuel. Depending on the engine torque, fuel consumption ranged from 175 g-h~1to 328 g-h!
(Figure 5a). For B/RME fuel, an increase in hourly fuel consumption relative to B/ Algae
was found in the range of 0.3 to 2.5%. When analyzing the highest engine torque (6 Nm),
the hourly fuel consumption for B/ Algae was lower by 0.3% (Figure 5b). This parameter is
mainly influenced by the calorific value of the fuel, as confirmed by Reis et al. [55] in their
study, where, together with the calorific value of the fuel, the fuel consumption increased.
In our study, the biocomponent concentration in the fuel blend was at the same level, and
the calorific value for both biofuels is also very similar; therefore, the differences between
B/ Algae and B/RME variants were not significant.

In the study carried out, the highest specific fuel consumption was observed at the
lowest engine torque, which confirms studies by other authors [56,57]. The B/Algae
fuel proved to be more advantageous in this aspect. At a torque of 6 Nm compared to
B/RME fuel, the difference was 0.95% (Figure 6). In addition to calorific value, specific fuel
consumption is also influenced by parameters such as viscosity, specific gravity, and engine
injection system [58]. A decrease in the calorific value and an increase in the viscosity of
the fuel require an increase in the fuel mixture flow rate to maintain the same operating
conditions. In a study carried out by Khiari et al. [59], a high proportion of biodiesel with
a higher viscosity and lower calorific value resulted in a significant increase in specific
fuel consumption. Murad and Al-Dawody [60] found that the use of algal methyl ester
(AME) blends with diesel increased brake-specific fuel consumption. Similar results for the
amount of fuel consumed per unit of braking power (SFC) were obtained by Subramaniam
etal. [27] in a comparative study of diesel and microalgal fuel.
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Figure 5. Hourly fuel consumption in relation to engine speed (a); hourly fuel consumption at 6 Nm
torque (b). Different letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05)
between the means; means followed by the same letter do not statistically differ from each other
(Tukey’s post-hoc test).

900 - 900
7
g g00 | ~—=—B/RME ——B/Algae § 800 |
% -
s 700 | é 700 I
2 S
Qo0 | 2 600
£ £
E 500 Z 500
8 5
—_ o
T 400 < 20 r
‘: e a a
% 300 L ‘-‘é’ 300 F
2 0 ‘ . . ‘ . ‘ 2 200

v
1700 1750 1800 1850 1900 1950 2000 B/RME b/Algae
Engine speed, rpm Fuels
() (b)

Figure 6. Specific fuel consumption in relation to engine speed (a); specific fuel consumption at 6 Nm
torque (b). Different letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05)
between the means; means followed by the same letter do not statistically differ from each other
(Tukey’s post-hoc test).

The indicated efficiency of the engine powered with the microalgae biofuel blend was
higher compared to B/RME, from 43.8 to 46.2% (Figure 7a). The highest indicated efficiency
at the characteristic points tested was recorded for an engine torque of 4 Nm for B/ Algae
and 3 Nm for B/RME. The type of fuel had no significant effect on the indicated efficiency in
this experiment. Lebedevas et al. [61] found that differences in indicated efficiency for diesel
fuel and pure oil from P. moriformis did not exceed 2-3% (at moderate dynamics, m = 0.5).
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Figure 7. Indicated efficiencies in relation to engine speed (a); indicated efficiencies at 6 Nm torque
(b). Different letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05) between
the means; means followed by the same letter do not statistically differ from each other (Tukey’s
post-hoc test).
The engine thermal efficiency is shown in Figure 8a. For the tested fuels, the most
beneficial parameters were observed at the highest engine torque and lowest engine speeds.
For B/ Algae fuel, the efficiency ranged from 10% (1 Nm) to 28% (6 Nm). For B/RME, there
was a slight reduction in efficiency (1.26% on average). Fuel parameters that partly affect
engine efficiency are mainly fuel viscosity and molecular weight. Higher fuel viscosity
results in lower fuel atomization, which consequently increases the amount of fuel com-
busted in the diffusion mode, resulting in lower combustion efficiency [62]. Less beneficial
combustion parameters are related to an increase in carbon monoxide emissions at high
engine speeds, as confirmed in the present study.
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Figure 8. Engine thermal efficiency in relation to engine speed (a); engine thermal efficiency at 6 Nm
torque (b). Different letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05)
between the means; means followed by the same letter do not statistically differ from each other
(Tukey’s post-hoc test).

Figure 9 presents the engine cylinder pressure waveforms as a function of crankshaft
angle for the combustion of the two fuels. According to the results, for higher torque,
slightly higher pressures were observed for the tested fuels. The maximum indicated
pressure slightly exceeded 60 bars. No significant differences were observed for the tested
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fuels at different torque levels, and it was therefore concluded that the type of fuel has a
non-significant effect on this parameter. Similar conclusions were presented by Vadivelu
et al. [63] in their study, where the highest cylinder pressure was determined for a fuel with

biocomponents.
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Figure 9. Engine cylinder pressure for B/RME/1 Nm (a), B/RME/6 Nm (b), B/ Algae/1 Nm (c), and

B/ Algae/6 Nm (d).

The average indicated pressure is shown in Figure 10. When analyzing the tested
fuels, values similar to each other were observed, where the maximum differences between
the fuel mixture variants at the measuring points were 0.1 bar. At the highest torque, a 1%
lower effective pressure was observed for the B/RME fuel.
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Figure 10. Mean effective indicated pressure in relation to engine speed (a); mean effective pressure
at 6 Nm torque (b). Different letters above the error bars (i.e.,, +SD) indicate significant differences
(v <0.05) between the means; means followed by the same letter do not statistically differ from each
other (Tukey’s post-hoc test).

3.2. Engine Emissions

Carbon monoxide (CO) emissions in the exhaust gas were determined by the engine
torque and fuel type. For the lowest torque (1 Nm), more beneficial results were obtained
for the B/ Algae variant, where emissions were 67 % lower compared to B/RME (Figure 11a).
With increasing torque and decreasing speed, emissions already at 2 Nm torque were lower
for B/RME than for B/ Algae. Analyzing the emissions at the highest torque, for B/RME
it was 1.6 g-kWh-1 (Figure 11b), while for B/ Algae it was 1.05 g-kWh-! higher. Carbon
monoxide is formed as a result of incomplete combustion due to, among other things, a
lack of oxygen or short combustion reaction times, so emissions of this compound increase
with the biofuel content in the fuel mixture, where the amount of oxygen needed to atomize
the carbon is lower [64]. However, as observed in this study, the amount of oxygen for fuel
combustion was sufficient, and the Lambda coefficient (air ratio) was above unity at all
measurement points (Figure 12a). At the lowest speed, the Lambda coefficient was 2.65 for
B/RME and 2.62 for B/ Algae. CO emissions are influenced by the calorific value of the
fuel, which is related to the amount of energy stored in the fuel that is released during the
combustion process. A lower calorific value implies a higher amount of fuel injected to
obtain the same amount of energy, which can result in an increase in emissions [52].

Figure 13 shows CO; emissions as a function of engine speed. Carbon dioxide is a
greenhouse gas largely responsible for global warming, so this parameter is very important
in the environmental assessment of fuels. Lower CO, emissions were observed for variant
B/ Algae. Values in the range of 1.06 to 2.55 kg-kWh! were obtained at the analyzed engine
performance points. Carbon dioxide emissions for B/RME were higher by an average of
6.7%. At6 Nm torque, where the most beneficial engine parameters in terms of energy were
found, the difference in emissions was 8.1% for the benefit of B/ Algae. In a study carried
out by El-Baz et al. [65], during combustion of a blend containing 20% biofuel prepared
from microalgae oil, a reduction in CO, emissions of a maximum of 8% was obtained
compared to diesel for the blend. According to these authors, the emission reduction is
related to the lower C/H ratio compared to conventional fuel.
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Figure 11. Carbon monoxide emissions in relation to engine speed (a); carbon monoxide emissions
at 6 Nm torque (b). Different letters above the error bars (i.e.,, +SD) indicate significant differences
(p <0.05) between the means; means followed by the same letter do not statistically differ from each
other (Tukey’s post-hoc test).
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Figure 12. Lambda coefficient in relation to speed (a); Lambda coefficient at 6 Nm torque (b). Different
letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05) between the means;
means followed by the same letter do not statistically differ from each other (Tukey’s post-hoc test).

The total carbon balance for biofuels includes the stages associated with cultivation,
transport, biomass conversion, and the amount of CO, absorbed from the atmosphere [66,67].
When analyzing the biofuel production cycle in terms of carbon dioxide emissions, algal
oil-based fuels have lower carbon dioxide emissions (16.10 g CO>-MJ-1) with respect to
RME (21.60 g CO»'MJ ™) [68]. For the combustion of biofuels, the aspect of carbon dioxide
capture from the atmosphere during the growth of the biomass used to produce the biofuel
should also be considered. For example, the total carbon sequestration in winter oilseed
rape biomass, including primary, secondary, and root yield (less than 10 t-ha-'), was 15.6 t
COzha1-yr~1[69]. Theoretically, using solar energy, 280 tonnes of dry algal biomass can be
produced per hectare per year, using around 513 tonnes of CO» [70].
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Figure 13. Carbon dioxide emissions in relation to engine speed (a); carbon dioxide emissions at
6 Nm torque (b). Different letters above the error bars (i.e., +SD) indicate significant differences
(p <0.05) between the means; means followed by the same letter do not statistically differ from each
other (Tukey’s post-hoc test).

The hydrocarbon emissions are shown in Figure 14. The lowest emissions were
recorded at the lowest engine speed, where the engine torque achieved its maximum
value. For B/RME, only at this measurement point was the emission value lower than for
B/ Algae, at 0.01 g-kWh-" and 0.05 g-kWh1, respectively. Increasing engine speed caused
an increase in HC emissions. As the engine torque decreased, hydrocarbon emissions
for B/RME were higher than for B/ Algae, with an average increase of 53%. De bowski
et al. [71] compared emissions for Chlorella protothecoides algae biodiesel and rapeseed oil
biodiesel and found that at low engine torque, HC emissions determined for the algae
biodiesel were significantly lower than those for the RME biodiesel. An increase in HC
emissions with speed was also reported by Serrano et al. [72]. The level of HC emissions
is determined by the engine’s mode of operation. For engine operation characteristic of
urban vehicle operation, HC emissions are lower while increasing in the non-urban cycle,
as reported by Armas et al. [73]. These results are consistent with the data obtained in
this study.
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Figure 14. Hydrocarbon emissions in relation to engine speed (a); HC emissions at 6 Nm torque (b).
Different letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05) between
the means; means followed by the same letter do not statistically differ from each other (Tukey’s
post-hoc test).
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NOx emissions were lower for B/RME and ranged from 0.74 to 3.02 g-kWh!
(Figure 15). NOx emissions for B/ Algae ranged from 0.88 to 3.16 g-kWh-1, respectively.
In most studies, an increase in NOx emissions is observed when biodiesel is used. This is
attributed to the higher oxygen content of the fuel, which favors complete combustion [74].
An increase in NOx emissions as a result of the addition of methyl esters from microal-
gae to diesel fuel was also reported by Sharif et al. [75]. In a study by Wahlen et al. [76],
biodiesel from the microalgae Chaetoceros gracilis had lower NOx emissions than conven-
tional diesel fuel.

3G 51 20 -
18 | —==B/RME 18
16 - 16 |
—=—B/Algae =
14 14
=
12 % 12
10 .g 10 |
8 s 8t
6 g 6
4 3 a
= 3 b
2 2 b a
0 A L A . . . o _ -
1700 1750 1800 1850 1900 1950 2000 B/RME B/Algae
Engine speed, rpm Fuels
() (b)

Figure 15. NOx emissions in relation to engine speed (a); NOx emissions at 6 Nm torque (b). Different
letters above the error bars (i.e., £SD) indicate significant differences (p < 0.05) between the means;
means followed by the same letter do not statistically differ from each other (Tukey’s post-hoc test).

4. Conclusions

This paper presents the results of tests on a diesel engine powered with a mixture
of diesel with 7% RME or biofuel obtained from the oil of microalgae (Scenedesmus and
C. vulgaris). The effect of fuel type on the energy and environmental parameters of the
tested engine was evaluated.

The lack of significant differences in energy parameters means that the fuel produced
from microalgae oil can be used to power a diesel engine. For useful power, the differences
for both fuels did not exceed 0.7%. For specific fuel consumption, the maximum differences
were 2.3% in favor of the B/ Algae blend. Also, the indicated efficiency and overall engine
efficiency indicators determined in the study were more favorable for B/ Algae (approxi-
mately 2.5%). For the applied fuels, no significant differences were recorded for changes in
engine indicated pressure as a function of crankshaft rotation angle.

For both fuel blends, all emissions were below the standards applicable to the tested
engine. Specific CO emissions for the highest engine torque were 1.05 g-kWh-! lower for
the B/RME fuel than for NOx emissions. HC emissions were also lower, with a reduction
rate of only 0.04 g-kWh-! compared to the B/ Algae variant. A significant difference in
favor of the microalgae biofuel blend was found for CO; emissions. The values determined
in the B/ Algae variant were more than 8% lower compared to B/RME. Since microalgae
have the ability to absorb significant amounts of CO, during growth, the overall balance
for third-generation fuels is lower, making them competitive with first-generation fuels.

The study demonstrated that the tested fuels are very similar in energy terms. Some
emissions of harmful exhaust components from an engine fueled with microalgae biofuel
were slightly higher compared to RME but did not exceed the acceptable standard for
this type of engine. The use of a B/ Algae blend was found to be a better alternative with
regard to the use of renewable resources while maintaining increasingly stringent exhaust
emission standards. Biofuel from microalgae can successfully represent the fuel of the
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future, especially in freight transport, for which electromobility technology will still remain
less viable due to its high power requirements.
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— Falenty, 2021.

Oswiadczam, ze moj wktad w pracy polegal na wspétuczestniczeniu w wyborze metodyki
badan, zatozeniu doswiadczenia i przeprowadzeniu analiz, przeprowadzeniu analiz labo-

ratoryjnych, opracowywaniu wynikéw, wspétuczestnictwie w przygotowaniu publikacji.

Wklad mojej pracy w publikacj¢ oceniam na 70%. Podpis: /]A) /OJ’ owm ﬂk%
Wklad pozostalych wspolautorow:

Hawrot-Paw Matgorzata — 30%. Podpis: Howret-Pow
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Publikacja P6
Ratomski, P.; Hawrot-Paw, M. Poréwnanie efektywnosci metod ekstrakeji lipidow
z biomasy mikroglonow Chlorella vulgaris. W: Innowacyjne Technologie Pozyskania

Energii Odnawialnej. Wydawnictwo ITP, Tom XXVI, Falenty — Warszawa, 2020.

Oswiadczam, ze moj wktad w pracy polegat na wspotuczestniczeniu w zatozeniu do-
swiadczenia, przeprowadzeniu analiz laboratoryjnych, opracowywaniu wynikéw, przy-

gotowaniu publikacji.

Wklad mojej pracy w publikacje¢ oceniam na 55%. Podpis: /"¢&4OVW /J/{.l\
Wklad pozostalych wspolautorow:

Hawrot-Paw Matgorzata — 45%. : Podpis: Howrot Fou
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Publikacja P7

Hawrot-Paw, M.; Ratomski, P.; Koniuszy, A.; Golimowski, W.; Teleszko, M.; Grygier,
A. Fatty Acid Profile of Microalgal Oils as a Criterion for Selection of the Best Feedstock
for Biodiesel Production. Energies 2021, 14, 7334.

Oswiadczam, ze méj wklad w pracy polegal na wspéluczestnictwie w doborze metodyki

badaf, przeprowadzeniu badan, opracowywaniu wynikéw, przygotowaniu publikacji.

Wkiad mojej pracy w publikacje oceniam na 25%. Podpis: m\mdﬂl
Wklad pozostatych wspolautorow:

Hawrot-Paw Malgorzata — 35%. ; Podpis: Howrot-"Pou

Koniuszy Adam —25%. . - Podpis: Ao ”4’/'**—7
Golimowski Wojciech ~ 5%. Podpis: C,Z j

Teleszko Mirostawa — 5%. : ; * Podpis: ﬂh%

Grygier Anna - 5%. Podpis: " (. .»)‘3.(‘.’.«/
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Publikacja P8

Ratomski, P.; Hawrot-Paw, M.; Koniuszy, A.; Golimowski, W.; Kwasnica, A.;
Marcinkowski, D. Indicators of Engine Performance Powered by a Biofuel Blend Pro-
duced from Microalgal Biomass: A Step towards the Decarbonization of Transport.
Energies 2023, 16, 5376.

Oswiadczam, ze mdj wklad w pracy polegat na wspdtuczestnictwie w doborze meto-
dyki badan, zatozeniu do§wiadczenia i wspotuczestnictwie w przeprowadzeniu analiz,

opracowywaniu wynikow, przygotowaniu publikacji.

Wkiad mojej pracy w publikacj¢ oceniam na 25%. Podpis: @Q?i oW /’J/""

Wkiad pozostalych wspolautorow:

Hawrot-Paw Malgorzata — 25%. Podpis: Howrof- PON

Koniuszy Adam — 25%. _ . ~ Podpis: /éZ Lo

Golimowski Wojciech — 10%. Podpis: (2 .,Wg7

Kwasnica Andrzej — 10%. Podpis: <~ i e -

Rodpis; // /@zo@éa/ﬂ

Marcinkowski Damian — 5%.
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