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Abstract

This investigation examines application of agrictdt residues in making biogas using anaerobicstiggeand algal pond
coupling. Although prior works on integration exfet algal in wastewater treatment, we went ongseas theoretically
coupling for energy production, pond sizing andrieat requirement using 1 tonne/day flow rate okiga Two systems
were proposed: (i) use of waste stream from theraéc digester to grow algal biomass and (ii)goycle the produced
algal biomass to the digester. The study showedaihyalying first configuration gives 515.2°mf biogas with 257.6 (50%)
biomethane having 9,273.64 MJ of energy. Using @Wé&ste with commercial nutrient supply to the potthe appropriate
proportion, 443.75 kg algal biomass was producédgalfpond of depth 0.4 m used was estimated to bapecity of 907
m®. For the second, co-digestion generates 22.4%ases volume of biogas, leading to 11,913.34 Mdggrgeneration
(23.9% raise). Waste provided half of the nitrofmmalgal cultivation. Piecing both configuratiottgyether gives a contin-
uous system that, as long as 1 tonne /day feedysigppvailable, there will be increase in prodantiand reduction in
nutrient demand. Approximately 257.65%18° (9,275.27x10MJ energy) of biomethane by volumes can be gergrate
annually from these agricultural residues globally.

Keywords: Anaerobic Digestion, Algal Production, Pond SiziNgitrient, Biogas, Agricultural Residues
1. Introduction

There is an increasing demand for energy and térgltis enges by seeking opportunity in waste as raw nedtin
predicted to give even higher increase (IEA, 2006}the energy use. Biomass is abundant in nature and coult-
intervening time, there is a rapid decline in theessil ibute significantly to the success of our clean esrtewa-
reserves due to the growing consumption profileé tha ble energy quest when added to the energy mix xnatri
have maintained over the decades. This collectliarce (Zhang, 2008 and Raphael & Yang, 2013). Most ingport

on oil and gas of fossils extract has not beenawitlteci- ntly, waste biomass falls in this cadre as it caydda long
mating effect on our planet, but has spiraled afddur way in contributing towards energy provision wiglenco-
ecosystem worse off. The growing awareness oflitige- mitantly solving the enduring environmental probsem
ring reality is now bringing about the renaissaatatere- without short changing the need for food and feéitivis
st in renewable energy as the prospective safenattee. paramount to our survival (Bontemps et al, 2009pb@l-

Consequently, there arises the need to manage ¢hafie ly, the agricultural residues (agrowaste) availdbtebioe-
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nergy application was estimated to be 1,000,173t0600-
es (dry) for the year 2011 with the detailed reaspon it
presented in Raphael & Yang (2013). That is sulistan
volumes to consider in meeting a good chunk oflodus-
trial needs and derive immense benefits (Megha87)19
Also, it has the highest opportunities for biogaant other
existing waste resources (SGC, 2012). Every regiomu-
nd the world has a fair share of agrowaste thaldcbe ut-
ilised for energy purposes, as shown in the FoatAggri-
cultural Organization database (FAO, 2015).

Biogas is a mixture of methane and carbon dioXids.an
energy rich gas that can be used in various wagh 88
heating and electricity generatighicKendry, 2002). In
addition to biogas, depending on the feed, othsegas

ammonia and hydrogen sulphide are produced frorarana

obic digestion reactions (Igoni et al, 2008). Mehiigy an-
aerobic digestion is a four staged process thaicélfs
ferments organic compounds through the use of coatibi
on of microbes in the order of hydrolysis, acidogss,
acetogenesis and methanogenesis (Bouallagui 20@H).

In the anaerobic digestion process, biomethaneugtad
the gas of relevance, whose combustion releasessm-
ful GHG (green house gases) £With a net carbon neut-
ral effect as its emitted carbon results from tl@ Qptake
by the plant from the environment in growing iteriass.

The other components often go out as waste which ma

require further treatments and utilizations forestremun-
erations (McKendry, 2002 and Igoni et al, 2008).

On the other side of the divide, there is an apgald with
algal consortium that essentially grows algal bissnasing
the waste from the digester and nutrients. For @angr-
een algae grow their biomass by assimilation axatitin
of mainly carbon (IV) oxide and nitrogen and othetria-
nt in the presence of sunlight (Orosz & Forney, 2@0d

Yang, 2011). This biomass can be harvested andtediap

for other energy uses, be it as biodiesel, biotudurther
use to generate biogas from an anaerobic digestefeed
(Orosz & Forney, 2008). This last application igegi seri-
ous consideration in the context of this investayats that
could be used to further upgrade the biogas fraematiro-
waste that is profoundly carbohydrate based, cerisid
the fact that algae are famed for possessing ipghdont-
ent. Besides, the cultivation of algae for fuehiprime su-
bject in biomass and bioenergy because aside ihdpdni-

gher yield per hectare and per year than mostiegisto-
ps do, it only demands nutrients and doesn't natgsso-

mpete for useable land considering that it thriwedl in

aquatic environment (Goh & Lee, 2010). Typical epéaa
of algae strains are Chlorella, Spirulina, Sceneass Du-
naliella, Botryococus and Porphyridium species 62ré&

Forney, 2008).

Presently, there exist different conversion tecbgias

which have been adopted for transforming thesewahlke
resources to fuels (McKendry, 2002; Faaij, 2006lt+4qp-
ple & Granda, 2009 and Raphael & Yang, 2013). Wuos
rk is specifically looking at the role of anaerokligestion
and algal pond coupled systems as per the advantage
exist in this integration. Anaerobic digestion imature te-
chnology option that has been applied over thesyewsire-
ating waste and producing fu@icKendry, 2002). Waste
with or without pre-treatment, is fed into an armduée dig-
ester, mixed and heated where necessary. In thesegs-
es, microorganisms in the absence of oxygen conlivese
wastes biomass to biogas, leaving behind the ustiide
portion as digestate. The digestate from agrowzsteass
is mainly lignin laden. Lignin is resistant to enztic dig-
estion and retains about 40% of biomass energyaldst
ama & Hatakeyama, 2005). Therefore, it could bel dse
energy production via any of the thermochemicaleosi-
on routes or burnt to provide heat where neces3drig
system is akin to what happens in a digester aperait
psychrophilic temperature or in a non-temperateoreg
where there is the need to maintain the temperdtare
dropping (Igoni et al, 2008 and Raphael & Yang,301

Previous studies have looked at this kind of iraéign for
waste water treatment as a way of nutrient remiovalgal
production (Collet et al, 2011; Buchanan et al, 2@hd
Fouilland et al, 2014).

This work is, however, assessing its theoreticdkpkal
for production and the accompanying specifics vaitino-
waste as feed. This article has used mass andyelnalian-
ce to evaluate the production potential, carriedestima-
tion of the suitable pond sizing and assessedemit(nitr-
ogen and phosphorus) requirement by the pond uking
tonne/day flow rate of agrowaste as feed. But #nticle
theoretically examines things from the stand pofrhate-
rial and energy balance in evaluating the oppotyuinith-
ese combinations using agricultural residue thaealily
available annually. Moreover, it combines the figghcip-
le with an existing kinetic model to estimate tkadator si-
ze for the algal pond. Energy generation from agie/
stream and/or algal biomass, understanding algeluuti-
on and its nutrient demand, together with the @esizing
for the algal pond is accounted for in this studwass and
energy balances are carried out to understanddghéisa-
nce of running combined system. This is handledeund
two scenarios: (i) having the waste stream fromathaero-
bic digester grow algal biomass and (ii) evaluatidrthe
improvements if this produced algae is fed back escyc-
le stream to the digester to see the opportunignierobic
digester —alga pond coupling. Evaluation of comthiags-
tem for material and energy production as well @engjfi-
cation of photobioreactor (PBR) design is the primaa-
son for this study. In addition, the energy potarfor bio-
mass feed is investigated in terms of annual bibaret
potential. In essence, the study is aimed at etiatyaom-
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bined system for material and energy productiowels as
quantification of photobioreactor (PBR) design.

2. Material and M ethods

Biomass of agrowaste to be considered was firsttifye
ed, and their representative compositions and fasnare
taken from literatures. Also, the chemical formfdaalgal

2.2. The Systems
2.2.1. Case A: Coupled System with No Recycle

This set up depicts the first phase of operatiogrofvaste
is the only feed entering the digester as the soafbiom-
ass for energy generation. After the digestion @secthe
biogas produced exits the reactor and is feede@tiotob-
ioreactor. The digestate that is made up of ligairemov-

biomass was sourced from relevant documented work€d from the bottom of the reactor. An alga grows acr-

Using established equations the theoretical yi@lproduct
is obtained and this is followed in doing analyfsisn end
to end between feed and product. For a tonne af, fibe
respective material and energy production is foBubse-

quently, the C@ production from the digester is used in

determining the nutrient requirement by algae i lond.

Also, the sizing of the pond is carried out frondarstand-
ing of production, nutrient demand and algae kinetia

PBR. Moreover, the developed yield in combinatiathw
agrowaste annual data is used to evaluate biomeihate-

ntial for this biomass.

eases its biomass by utilizing ¢@rom the anaerobic
digester and the external nitrogen feed to it asient
(Figure 1).

2.2.2. Case B: Coupled System with Recycle

Following similar description as Case A except fhet
that the grown algae here is sent back to the aheedig-
ester to add as a substrate, an additional feaccodigest-
ion process to raise the biogas production ancettergy
level. This is done with the whole algae biomaswlzioi-

l Digestate

Figure 1. Showing Coupled System with no Recycle Stream

2.1. The Biomass: Agricultural Residues and Algae

Agrowaste weight of composite constituent (35.53Hue
lose, 25.98% hemicellulose, 38.49% lignin) usedhis
article is the average of representative compasitifocorn
stover, barley straw, oat straw, rice straw, wistaw, so-
rghum straw, sugar cane straw, sugar beet topsisbag
and beet pulp biomass used in estimating annuahdss

volume in Raphael &Yang (2013) was taken from Drapc

ho et al (2008). The biomass formula of componénts
Cellulose C¢H100s), hemicelluloses (CsHgO,), lignin

(CHy 1003779 The formula for cellulose and hemicellulose

are from Drapcho et al (2008) and that for ligrsrtaken
from Holtzapple & Granda (2009). That for algal rniass
which is taken to be that type presented in Fr&f®l)

which is used in numerous algae biomass modellimdy a

reactions. This formula for whole algal biomass

Cio6H2680110N16P - @nd

ded for its negligible proportion in the compositiased
when the algae is fed as co-substrate to the digest
recycle.

CHg
AMSEROBIC CO5
&gro- waste > Aleal o Algas
DIGESTION POMD
[nf—

its variant that is reduced to
Cs.047H12.76185 2381N0 7619 where the phOSphOl’US is discar-

ng with same quantity of agrowaste and monitorihg t
increment. The subsequent output flow rate of iB@dju-
sted to the right quantity that suits the capaaftthe algal
pond design from Case A. Furthermore, the ammania f
this present operation now used as the princigapleme-
ntary source of nitrogen for the commercial fertli sour-
ce depending on the quantity the codigestion pes-Gge
able to afford (Figure 2).

3. Results and Discussion

3.1. The Assessment
3.1.1. The Anaerobic Digester: Mass and Energy Balan-
ce

The estimation is on 1000 kg per day (kg/d) of &edk

as basis. For 1000 kg in agrowaste feedstock ihe385.3
kg cellulose, 259.8 kg hemicellulose and 384.9igugih.

In this work the biomass dry matter is taken avdtstile

solids (VS) for digestible portion. In a day thaeans for
1000 kg dry matter, 355.3 kg VS cellulose and 25@8
VS hemicelluloses is available for anaerobic digestvith
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the lignin remaining as residue which can be usegehe-
rate energy via thermochemical conversion.

substrate. Algae biomass formation results fromtqmymt-
hesis. This synthesis of algae biomass can be sepied

CHa
Cog
AMSEROBIC &)
Aoro- waste > e Algae
DIGESTIOMN POMND
[

Figure 2. Showing Coupled System with no Recycle Stream

Using Buswell equation (Eg. 1) as contained in Belb&
Mueller (1952) and following estimations in pattesimil-
ar to that in Banks (2009).

C.HONS +1/4dc—h—20+3n+25)H,0 — 1/8(4c— 1+ 20+3n+25)C0, +1/8(4c + h— 20— 3n— 25)CH , + nNH; +sH,S

Substituting into Eq. 1, the respective feed podiexcept
the lignin we have the respective masses of pred&ihce

1 mol gas at STP = 22.4 litres and 16 g,GH22.4 litres
estimation was made upon this understanding ofl igas
law for the volumes of methane. In similar manrtég
volumes for CQwere gotten. The volume of biogas was
gotten from the addition of these respective volsinighe
complete results for the two digestible componemés of
agrowaste biomass (cellulose and hemicelluloses)

The energy value estimation for methane and wastea
rried out in the following manner in order with Ban
(2009). Knowing that the 36 MJ of energy is congdirin

1 m® of methane, thus, the energy contained in biomas
can be calculated by multiplying the volume of nagtt
generated from the biomass with the energy housetl i
m® of methane. The values are entered in Table 1.

On reactor volume, typically, the respective deéesitof
agricultural residues vary greatly, making the ldighme-
nt of composite density difficult for the bulk biass. The
absence of this information hampered the theoledikses-
sment of the digester size for this system.

3.2. Algal Pond: Mass and Energy Balance
3.2.1. Nutrients

For this first system setup, it is assumed thatpitved has
sufficient commercial nitrogen and phosphorus sy@d
fertilizer, while CQ from the anaerobic digestion is the
limiting nutrient. Again, it is taken that duringarging the
amount of CQsupplied and delivered by the conduit to the
reactor is completely dissolved and utilized by #iftgae as

by these two chemical equations having ammonium and
nitrate as the means of nitrogen (Stumm & Morg&961
Ebeling et al, 2006; and Orosz & Forney, 2008).

16NH; +92CQ, +92H,0+14HCQ;, +HPQ O~ CooH,01gN,P +1060,

16NQ; +124C0, +140H,0+ HPQ?™ OV~ CoH 560,10N,P +1380, +18HCO]

Assuming that all nitrogen came from ammonium, \&e c
use Eqg. 2 to estimate the amount of macro nutriitio-
gen and phosphorus) demand and the algae formed usi
the limiting CQ from the anaerobic digester as the feed to
the pond. Going by the stoichiometry, the mateeguire-
ment of the pond is gotten. When nutrient is atddavit-
hout restriction, photosynthesis increases witingisrradi-
ance unimpeded till the maximum growth rate isiade

as depicted by Michaelis-Menten kinetics (Richmaad

SZou, 1999 and Richmond, 2004). But in a situatidrere

light irradiance is supplied above the saturaterel photo
inhibition could emanate from the destruct-iontuf tlgae
photoreceptor, bringing about reduction in photaosgtic
activity (Qiang & Richmond, 1996 and Cuaresma et al
2011).

3.3. Algal Pond Kinetics and Sizing
The estimation of the pond volume is done usingesesf

equations and thought in Yang (2011) that is baseti-
gh Rate Algal Pond (HRAP) as the PBR using thedEq.

dXx F
B (K = X ) Ty =Ty 4
dat Vv
Where:
F: The mass flow rate of the influent affthent
V: The pond volume
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Xi & Xi:  The initial final algae concentration respeely
rga & rga: The growth and decay rate of the algae corresjugig

Where:

Where:

Ha: The specific growth rate of algae

The specific growth rate of algae of algae is gikign

CO,,
K. +CO,,

NT
KNA + NT

Ha =F5( X

Where:

z9A, Kc.and Kya are constants
COzp and N: Dissolved CQand total nitrogen respectively
f|: The light intensity factor

f, =:—aex;{1—:—aj ....................................... 8

Where:

Is: The saturation is light intensity
I, : The average light intensity at the pond at aegipoint

_ip
I, _EL I, expEK Rdh o 9

Where:

lo: Surface is light intensity
Ke: Extinction coefficient

Ky = Ky Ky X g oo 10

Where:

Ker and Kez: constant where k approximates to ¢
By simplifying Eq. 9 to:

lo 14 .
e [1-expEK )], 11

I, =

Furthermore, the changing day time surface ligtérisity
I, can be described approximately using a sinusduntesit-

ion for the photoperiod under consideration by:

1,(t) = (G4 sin),
Where:

l¢: The daily total light intensity at the pond sacé

fo: The fraction of photoperiod in a day

t (unit is day): Their respective values used astien from Table 2
fo: 14/24 and the algal production activity is withird@y:

The necessary parameter values are imputed to etenpl
the estimations are from Table 2.

Substitutingf; andpa
- dX,
Revisiting Eq. 4 at steady stateR =0,

On rearranging we get:
F
V(Xf -X))= g ~laa

At harvesting theX; assumed negligible comparedXoso
that X;—X becomesX,

Solving further it simplify to:

F

Vouo-o—
(IUA - de)

We know:
Pond Area (A) = Volume (V) / depth (h)

The algal pond of h= 0.4 m with estimated 987.46 i,
would have A=2268.66 M

3.4. Coupled System with Recycle and Nutrient Contribu-
tion

In one approach, the mass of algae produced from ike
fed to the anaerobic digester and the whole algariside-
red to be digestible in this system and is alsorassl that
this is a co-digestion kind of system. A more r&&iappr-
oach is employed here setting the oil reach alg@eo(dry
weight) as the digestible biomass with enhanced |ypo-
duction at 30 MJ/kg, a conservative value in vientte
fact that higher production is found in literatu&orwei-
ser et al, 2010). It is further assumed that tregyim repre-
senting volatile solids, is completely convertibdebiogas.
Also, the phosphorus in the algae formula is didedrfor
its minute proportion to the other elements. Tlyedbllo-
wed in material and energy estimation is same agdtion
3.1. The calculated values for biogas yield andgnpro-
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duction with algae as co-substrate for the anaerdigiest-
ion process are shown in Table 3.

Table 1. Biogas and Energy Production from Single Agrowaste as Feed

with 257.60 m (50%) biomethane having 9,273.64 MJ of
energy from the anaerobic digestion process. Nextas

CH, co, .
Stream | Component | Mole M ass Mole M ass V(gi?f/:dH)‘l V(gl]:g%?z ?rln%?g)s CFERAEJH/SS 9y
(molid) | (kg/d) | (molid) | (kg/d)
Agro Cellulose 6.58 105.27 6.58 289.50 147.38 147.38 294.77 5305.79
Hemicellulosg 4.92 78.73 4,92 216.50 110.22 110.22 220.44 3967.85
Overall 11.50 184.00 11.50 506.00 | 257.60 257.60 515.20 9273.64

Table 2. Showing Model Parametersaswell as Design and Oper ating Par ameter s of the Pond (Y ang, 2011)

Model Parameters Design and Operating Par ameters of the Algal Pond

Parameter Value Parameter Value
Ha 0.9991 day Pond depth (m) 0.4
Kna 0.001 mol Nr# Hydraulic retention time (day) 7
K 0.001 mol C@ m* Temperature®C) 20
Kaa 0.05 day Surface light intensity(MJiday") 18.81
Ke1 0.32 m" Photoperiod (in 24-hour day) 5-19 hours
ls 14.63 MJnfday*

Table 3. Biogas and Energy Production from Agrowaste and Algae as Feed

Ammonia (NH3) | Methane (CHy,) CO, .
St Vol. CH4 Vol. CO, [Val. Biogas CH4Energy
ream Mole | Mass | Mole | Mass | Mole | Mass | (m¥%d) | (m¥d) | (m¥d) (MJ/d)
(mol/d) | (kg/d) | (mol/d) | (kg/d) | (mol/d) | (kg/d)
Agro-waste - - 11.50 | 184.000 11.500 506.00 257.60 257.60 515/{20 273%4
Algae 1.00 17.00 3.27| 52.38 | 3.35 | 147.47| 73.33 75.08 148.4 2639.70
Overall 1.00 17.00 | 14.77 | 236.38| 14.85 | 653.47 | 330.93| 332.68 | 663.60 11913.34
Increase (%) - - - - - - 23.90 20.70 22.40 23.90

To complete the operation, maintaining a fixed elgeac-
tor size since the co-digestion process generates @Q

than the pond was designed for, the inlet, @@m the dig-
ester should be adjusted by purging out excess @@ss-
umed they were never used as only the appropratene
was consumed by algae in building its biomass duypimo-
tosynthesis. Again, the ammonia from the co-digesfr-
ocess was now used to fend for the nitrogen nutdema-
nd by the pond in this operation and the nutriemitib.-

ution in this case is estimated in similar manreEaction
3.2.1 and entered under co-digestion column ind bl

3.5. Discussion

The study revealed that for the first configuratitome ag-
rowaste feed is capable of producing 515.%0ofnbiogas

shown that the COfrom the biogas can be used for algae

production. Upon the Cand commercial nutrient supply
to the pond at the appropriate composite nutriatio rin
the presence of sunlight, 443.75 kg algal biomass pvo-
duced.

Meanwhile, complete supply of nutrient from extatrso-
urce(s) was needed in this case to cultivate thaeahs the
agrowaste is essentially carbohydrate based itirgrista-
te after biomass pre-treatment. The algal pondléubea-
ctor of depth 0.4 m capable of this algal producii@mo-
nstrated in this work was estimated to have a dppat
907 n? and of cross sectional area 2,269, mgrowaste
have higher potential in terms of annual productiotu-
me, whereas its production per unit biomass isbesause
good portion of its constituents are recalcitragnih that
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anaerobic microorganisms find difficult to digeBhus, fi-
nding economic use, such as heat provision forsiste-
ms, for lignin digestate will to a large extent anbe the
overall process efficiency.

Table 4. Algae Production and Nitrogen Nutrient

Howbeit, pragmatically, lesser production than ¢helsou-
Id be expected because of the difficulty of thecteaattai-
ning 100% efficiency as complete conversion ofutblati-
le solids by anaerobes may be unattainable foeefdeds-

Agrowaste Alone Codigestion Nitr ogen Demand Reduction
Components o
Mass (kg/day) | Mole(mol/day) | Mass (kg/day) | Mole (mol/day) [(%)
(60 506 11.5 506 11.5
Nitrogen (-)28* (-)2* (+)17* (+)1* 50
Phosphorus (-)3.88 (-)0.125 (-)3.88 (-) 0.125
Algae 443.75 2.625 443.75 2.625

Denotes signs given to show nitrogen source (cociaiéf) and waste (+)

Furthermore, it was found that for the second aurrfit-
ion, where the algal biomass grown in the PBR ivéd&
ted and recycled as a co-substrate with agrowdstane
initial feed volume, the co-digestion process gatesr

tock examined in this study. This is the preliminaspect
of this research as further work will need to loakthe
experimental productions, consider costing andraiheh-
nical orientations of the project to ascertain tisasibility

148.4 mi more volume of biogas which amounts to 22.4% of the system and draw valid comparison with thécae

increment. This offers more methane to increaseettes-
gy generated from the plant to 11,913.34 MJ. A 28eh-
ergy increase over earlier production where theas no
recycle stream integration. Moreover, in this optifor the
feed to the algal pond, the ¢@@vel must be adjusted to
the pond requirement and maintained to sync wist i
first instance of configuration. This time arourghrt of
the nitrogen nutrient was sourced from the ammaitia-
gen from algal biomass digestion in the digestat tre
remainder is supplied externally together with phesph-
orus. This is able to provide an amount enoughuppkant

around half the quantity of ammonium-nitrogen dethan

for algal pond originally gotten commercially. Botially,
biomethane of approximately 257.60%1f° volumes

(9,274x16MJ energy) can be generated from these agricu

Itural residues annually.

4, Conclusion

The best way to utilize biomass variety to obtaighbr
delivery has started to take centre stage in therse of
things for it to be successful and effective attdboting
its quota to the renewable energy mix successflilyhis
light, anaerobic digester and algal pond couplggtudied
and shown to be a reasonable way to optimize bisrwas
energy. It was found that opportunities exist iasth integ-
rated systems considered, especially in the progpeil-
ising the algal recycled stream as co-substratariaerob-
ic digestion as it ensures higher productions amets the
external nitrogen nutrient sourcing requirement fbe
algal pond significantly. Putting together bothrséos as
a joint production piece offers a continuous systenere,
as long as 1 tonne/day feed supply is made ovapprop-
riate interval, there will be the benefit of incseamaterial

expectations.
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