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Abstract

Several rural farms have installed anaerobic digestiotesys as manure management systems. Such systems are ago use
provide electricity and heating. In these systems, biogagenerated from anaerobic digestion of biomass waste andusted

in a boiler and an engine-generator set, to produce heatlanttigity respectively. This paper calculates the sizd amode of
operation of a biomass waste to energy conversion systeinwthdd result in maximum revenue for a given herd size. A Tabu
Search optimisation technique is used. A number of equalbdgsolutions are generated. These solutions are plottedRameto
front and the best solution is defined as one that lies on tmist® front. Optimisation of a biomass waste to energy amme
system reduces reliance on electricity from the grid. b aésluces reliance on the use of propane or other fossil foeleating.

Keywords: biomass waste, energy conversion, Tabu Search, optiorisati

1. Introduction ;s biomass waste to energy conversion system that had an esti-
» Mmated payback period of 16 years [8]. The Klaesi Brothers

Several rural farms around the world have installed anaefo-Farm has a biomass waste to energy conversion system that
bic digestion systems as manure management systems. SucfSt CAD 290,000 and had a payback period of 10 years [9).

systems are also used to generate electricity and heat- Psob A Tabu Search technique (see [10, 11]) is used for optimi-
lems faced with existing systems stem from poor sizing apd sation. The Tabu Search technique has not been applied be-
operation of the biomass waste to energy conversion systemsfore for optimisation of biomass to energy conversion syste
The objective of the optimisation being carried out is teedet,, In [12] mixed integer linear programming was used to opti-
mine the maximum revenue that can be obtained from thgsemise the utilisation of waste heat from industries. An evolu
systems, for a given herd size. Revenue is maximised by gp-tionary strategy was used to determine the optimal choice of
timal sizing and operation of the system. This minimises pg9 compressor power ratingsfieent mass flow rate and volume
duction of excess biogas and also reduces capital costhandt of storage tanks in a heat pump system in [13]. In [14] ge-
payback period. Maximisation of revenue from such a system netic algorithms and sequential quadratic programmingewer
will be a result of savings from avoided usage of grid eleetri, used to optimise a multi-biomass tri-energy supply system.
ity, revenue from selling electricity to the grid and sa\driggm ., [15] the energy production process for a biomass based sys-
reduced heating costs. » tem was optimised using mixed integer linear programming
The work is motivated from farms that have faced the prob- and mixed integer non-linear programming. The Tabu Search
lems in the implementation of these systems. Clover Hili{pai. technique was chosen for two reasons: (i) the biomass waste
had to upgrade to a 300 kW engine-generator set because ofo energy conversion system has a very large solution space
production of excess biogas [1]. Green Valley Dairy [1], llam. and (i) the system is complex and computationally demand-
Farms [2], Sunnyside Farms [3] and Swiss Valley Farms [4] ing. Variables that impact on the objective function aredyse
flared excess biogas generated. A.A. Dairy farm installed ain the optimisation. The solution space has a total of 1%,
biomass waste to energy conversion system at a cost of USDvariables. Although the variables are discrete, the prolaian-
363,000 [5]. The system’s estimated payback period was 6not be solved by enumeration of potential solutions dueéo th
years [6]. Sheland Farms spent USD 1,320,968 [7] on their large number of combinations of variables. In addition,ahe
s timisation problem being solved is a non- linear constradine
s problem. The system comprises of functions used to deter-

*Corresponding author. Tek1 5145590354; fax:1 5148482802. s2 mine the electricity and heat generated. The problem is com-
Email addresses: r_namuli®encs.concordia.ca (R. Namuli),

bjaumardecse . concordia. ca (B, Jaumard) ss  putationally complex and has many local optima. The prob-
i Oessan o e (A. Awasthi), s« lem is therefore better suited to a heuristic approach dfro
pillay@encs.concordia.ca (P. Pillay) s lem solving [16]. The choice of which heuristic to use was
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between population based heuristics like genetic algostho: wherer is the rate of accumulation of particulate substrate,

and trajectory based heuristics like Tabu Search. In ptipalaws is the concentration of active biomass anid a first order rate
based heuristics a whole set of solutions is updated simuita coeficient. kgCODm? is the chemical component base unit
neously, whereas in trajectory based heuristics singldisak 10 used to model the anaerobic digestion process [17]. COL2is th
are evaluated and updated [16]. Population based hesrstc:  mass of oxygen required to completely oxidise a given o@ani
more dficient with regard to exploring the whole space [16}, compound. Acidogenesis, acetogenesis and methanogenesis
however they are computationally expensive. Trajectosetas are each expressed by:

heuristics are more suited to computationally demandiog{pr

lems. The Tabu Search technique was chosen in particular be- p =knSXal/(K+S) kgCOD/m3/day. (2)

cause it is goqd for e>.<ploring a discrete segr(_:h space Witt‘ 3whereS is the concentration of the substrat€,is the con-

finite set of neighbouring solutions [16]. This is the case fo

i timisat blem bei ved. Th timisatiamie:” centration of the substrate giving one-half the maximure rat
1€ optimisation problem being Solved. The optimisatian:e of substrate utilisatiory is the rate of substrate utilisatioky,
nigue of this paper is an improvement on research work done

17 IS the maximum specific rate of substrate utilisation amsla

so far in solving optimisation problems of biomass ENergy CO.  modifier that describe the inhibition of the reactions. Bopres

version systems. The other sections of this paper giveldetai él) and (2) are used to formulate the mass balance equafions o

of the use of the Tabu Search technique. Section 2 of the pl'ol\g the anaerobic digestion process as:
e

2

describes the biomass waste to energy conversion system !
tion 3 explains the choice of the optimisation techniquee Th

re;ults of the optimisation are given in Section 4, and $acti lig _ Gin Sin ~ Gout Sliq +pv  kgCOD/m/day,  (3)
5is on conclusions arrived at. dt Viig
2. Description of Models of the Biomass Waste to Energy dSgas _  GgasSgas  Viig 3
. : = - +p— kgCOD/m°/day, (4)
Conversion System dt Vgas Vgas

1 WhereSjq is the liquid components concentraticm, is the

This section describes the biomass waste to energy COWVET0lume flow rate of manure influeng;, is the concentration

sion system being 0pt|m|_sed. A syste_m dk:agrar_n (I):f_the b'fml_?ssof manure influentgoy: is the volume flow rate of manure ef-
waste to energy conversion system Is shown in Figure 1. [n€q et v is the volume of liquid in the digesteris the rate of

system model consists of a digester, a lagoon, an interna €2 substrate utilisationy is the stoichiometric cdicient, Syas iS

bustion engine, an induction generator, a boiler, a Propan€,e biogas components concentratiggss is the volume flow

tank, a heat exchanger and the electricity grid. The sou‘rcgo rate of biogas in the digester algsis the volume of biogas

biomass waste is dairy fgrr_n manure.. Manure S stored N qin the digester. The mass flow rate of biogas is required for
lagoon that allows for variation of flow into the digester.oBi

120 determination of energy converted to heat and electrigitys

gas is generated from the anaerobic digestion of the manure ! ;s calculated from the volume flow rate (4) and the density of

the digester and comgusted In-an 'm?,m;‘l compu(;stlon engiN€he biogas. The density of the biogas is calculated from the
to generate tgrque.IT gtprque IS ap;? 'E tt?' anin ucthn gen pressure of the biogas, using the ideal gas law. The pressure
erator to produce electricity. Some of the biogas genenate of the biogas is the sum of the partial pressures of the biogas

. . 33
combusted in a boiler to produce heat. The exhaust heat ﬁ';?mcomponents and water vapour in the head space of the digester

the internal compu_stion engi_ne is captured by a h‘?at exmangg The ideal gas law is also used to calculate the partial pressu
A propane tank is included in the system to provide a bac%up

S . 1 - Of the biogas components. The partial pressure of the water
fuel supply. This is in the event that biogas generated is In- ; .
X / 17 vapour is calculated by:
suficient to run both the generator and the boiler, to meet the
heating demand. The electricity grid connection is inctlide
since excess electricity can be sold to the grid or eletgrazn PgasHo = 0.0313exp(1775(T — 298)/T) bar,  (5)
be obtained from the grid. The digester requires heating;twh
is obtained from the system. The following is a descriptibrre Wherepgas 4o is the partial pressure of water vapour ahds
the modeling of the components of the biomass waste to energythe temperature of the biogas. In addition to the mass floev rat
conversion system. o Of the biogas, the air-fuel ratio and the LHV (Lower Heating
A plug flow digester is used. Itis modeled as four continuetis Value) of the biogas are required to calculate torque and ex-
stirred tank reactors [17, 18]. A mass balance analysisris ¢a haust heat generated in the internal combustion engine. The
ried out on each of the waste components in the digester. Fhedir-fuel ratio of biogas is computed by:
waste components undergo disintegration, hydrolysidebiat
death, acidogenesis, acetogenesis or methanogenesistebis AF = 4.76(2 + 0.5%3)Mair/Mbiogas (6)

gration, hydrolysis and bacterial death are each expréssed,,, whereAF is the air-fuel ratio of the biogas, andxs are the
1us  molar fractions of Clj and H, respectivelyM; is the molecu-
r = kXg kgCOD/m3/day, (1) 1 lar mass of a standard composition of dry air fighgasis the

2



148

149

155

156

157

158

159

160

161

162

163

164

166

167

168

169

170

171

172

173

bd,

Digester Heating

”4.
AN

Internal

Tor%}f

Induction

. Combustion Machine (Electricity
:\\ Vi
i
u
Manure Propane 3 Electrical
Output Boiler - d-v, N a Load
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1, =variable backup propane mass flow rate
u,=variable biogas sharing ratio
1, = variable induction machine rating
1= variable digester volume flow rate
v;, = input volume flow rate of manure going into lagoon
¥, = output electricity generated v Heat
¥, = output heat Heat ay;
d, = input heating demand Exchanger >
d, = input electricity demand Heating
a= constant fraction Load
b = constant fraction (] 'b)dh
Figure 1: Biomass Waste to Energy Conversion System Model
molecular mass of the biogas. The heat of combustion of the
reactants in the digester is used to compute the LHV of biogas . -
. . . dirq digy
as: Vod — Relsd + wd(Lsisg + Limirg) — Lmﬁ = LSE V, (8)
di, di
: - : q s
Vgg — Relsg — wa(Lsisg + Lmird) = Lm—— = Ls—— V, (9)
sq sl sq d\Lslsd mird m s s
LHVbiogas: hr p/Mbiogas kJ/kg, (7) d(.jt d(.jt
. . . lsd Ird
. . . Vrd = Reirg + wga(Lmisg + Lrirg) = Lmn—— = Le——~ V, (10)
where LHVpiogas is the Lower Heating Value of biogasr p = d dt dt
is the heat of combustion of the reactants in the digester and ; - ; dig dirq
. . 9 Vg — Rr|rq — wda(Lmisd = Lrirg) = Lm—— = Li—— V, (11)
Mpiogasis the molecular mass of biogas. dt dt
The torque generated is applied to an induction generator
to produce electricity. The induction generator ratingsduis Prrech = Vadisd + Vgl W, (12)

the optimisation are matched with internal combustion leesg)i
of similar ratings. The internal combustion engine modets a
obtained from the ADVISOR software. The John Deere nat-
ural gas engine model contained in the ADVISOR software'is
used to calculate engine power ratings that match tferdi
ent induction generator ratings. A fuel use map is given @ th

ADVISOR software. This map gives fuel use at correspondlfﬁg
torque and speed. A user is able to change the torque scal
obtain fuel use for engines offtitrent power ratings. This is
because the ADVISOR software specifies the maximum torﬁzue

175

177

0

. 181

183

w  Wherevyy, Vg, Vrg andviq aredg voltagesjy, isg, irg andiyq are

dq currents,wy is the instantaneous speed of tepwinding,

wga is the instantaneous speed of tdeewinding with respect
to the rotor axis,Pmech is the output power of the induction

machine,Rs is the stator winding resistanc®; is the rotor

ductance

lated as:

at each speed. The user can specify the maximum torque at a
required speed in order to match the required inductionrgene

tor rating. ADVISOR software redefines the torque scaledase

Quiex = 7HExer Mexh CPexn(Texh — Twater)

on the maximum torque specified. The redefined torque scale,
the mass flow rate of the biogas, the LHV of the biogas, the whereQuex is the heat from the heat exchanggigxes is the
air-fuel ratio of the biogas and the engine speed are interpo efficiency of the heat exchangens is the mass flow rate of
lated to obtain the torque output. The torque output is usegsi the exhaust from the internal combustion engitygy;, is the
an induction machine model to calculate the electricitypatit s,
The induction machine model is simulated [19] using: 188

3

winding resistancel,, is the stator magnetizing reactante,

A t(i)S the stator leakage inductance dnds the rotor leakage in-

The exhaust heat captured by the heat exchanger is calcu-

W,  (13)

specific heat capacity of the exhaust from the internal cambu
tion engine,Teyx is the temperature of the exhaust from the
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internal combustion engind, e is the temperature of watess 3.1. Objective Function
in the heat exchanger.

It is assumed that a dual fuel boiler is used. The heat ouztﬁut
of the boiler is obtained by: =

The objective of the optimisation is to maximise revenue
from a biomass waste to energy conversion system for a given
2 herd size. The objective function is expressed as:

Quoiler = (U1 I-HVpropane‘*‘ U2 moiogasLHVbiogas)Uboiler W, (14) 7= min(ccapital + Cpropane— Cincentives+ Cgrid,electricity), (16)

where Qnoiier is the heat output of the boiley; is the vari- ., where z is the minimal cosCcapital is the capital cost amor-
able mass flow rate of backup propah&lVpropanelS the Lower 2 tized monthly,Cpropaneis the monthly cost of backup propane,
Heating Value of propaney, is the variable biogas sharing ras  CincentivesiS the value of incentives given monthly for genera-
tio, Myiogas iS the mass flow rate of biogas from the digestey, tion of renewable energy ar@yig eiecrricity iS the monthly cost
LHVpiogas is the Lower Heating Value of biogas amghier is .« of electricity obtained or sold to the grid.
the dficiency of the boiler.

The total heat output of the biomass waste to energy on-3.2. Optimisation Variables, Inputs, Outputs and Parameters

version systemys is the sum of the boiler's and the heat ex- ) _ o
changer’s outputs. 213 The four variables selected for use in the optimisation are

A monthly heating demand profile is generated based orfthe9/ven in Table 1 and shown in Figure 1.

number of cows. Heating demand on dairy farms comprises

of space heating needs of the milking parlour, hot water for Table 1: Variables of the Optimisation

cleaning, and the digester's heating requirements. Theespa ~Variable Range

heating needs of the milking parlour are estimated using the ~u; backup propane mass flow rate 0 - 0.003@kg

software HOT2000 from Natural Resources Canada. The soft- u, biogas sharing ratio 0-0.99

ware takes into consideration the monthly variation in terap us induction machine rating 10, 20, 50, 150, 200, 250 hp
ature. Weather data from Binghamton weather station in New _ Us digester volume flow rate 0 - 59%lay

York state is used for space heating needs estimation. $his i

the closest weather station to the sample farm used in tle Gas The maximum value of backup propane mass flow ratp (

study. Hot water needs are estimated from studies carried.ouis obtained from the propane flow rate that meets the maximum

on milking parlour heating needs of dairy farms [20, 21]. The heat demand when the boiler is combusting propane only, and

digester’s heating requirement is modeled based on the featvhen the system is operating at the maximum digester volume

losses from the walls, roof and floor of the digester. The heat flow rate. This is because heating is required to raise the tem

required to raise the temperature of influent manure to the.@p perature of influent manure to the operating temperatureeof t

erating temperature of the digester is also included. s digester. The biogas sharing ratig)is the ratio of biogas sent
The boiler rating is determined from the heat demand byz: to the boiler. In selection of the maximum value of the biogas

»3  Sharing ratio, it is ensured that biogas is sent to the erfgine
4 electricity generation at all times. The ratings of the iciitan
br = max(@h) - Quex + o W, (15) generatorf3) are based on induction generators currently op-

whereb; is the boiler rating, maxk) is the maximum heat deZ* erational on dairy farms. The maximum value of the digester
( ) volume flow rate (,) is determined using:

mand, Qqex is the heat exchanger output that correspond$‘to
the maximum heat demand afis an allowance for the boiler
rating.

Electrical energy demand is obtained from a typical dairy

farm in New York State [6]. ) 2 Whereu™ is the maximum digester volume flow ratg, is
The modeling of the components of the biomass waste to ihe volume flow rate of manure from the COWgaysmax IS the

energy F;qnve_rsion system has_ been dgscribed ﬁn this ?eggéonmaximum number of days in a month anggoonsiorageis the
The optimisation methodology is described nextin Section,3  jnitial lagoon storage capacity in days. The volume flow rate

x2 Of manure from the cows is determined from [22].

263 The inputs and outputs of the system model are given in Ta-
3. Optimisation Technique x4 ble 2 and shown in Figure 1.

265 The parameters of the optimisation are given in Table 3.

3
uznax = Vin(ndaysmax + nlagoonstoraga/ndaysmax m°/day (17)

This section describes the formulation of the optimisation
problem. The objective function, the optimisation varesl 23]
inputs, outputs and parameters are defined. The optimisatio  z[o4)
strategy is also described. 3[25]
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Table 2: Inputs and Outputs of the Optimisation

Input/Output  Description

dn input heating demand (kW)

de input electricity demand (kW)

Vin input volume flow rate of manure Giday)
Y1 output electricity generated (kW)

Yo output heat generated (kW)

br output boiler rating (kW)

Table 3: Parameters of the Optimisation

Parameter ~ Description Value
Ndaysmax maximum days in a month 31 days
Nagoonstorage  iNitial lagoon storage capacity 35 days

Nimaxstop number of iterations for stopping 150 iterations
condition
b boiler rating allowance 10 kW
oh heating demand allowance 15 kW
Ceapin capacity incentive 1000/BW *
maxCcapin) Maximum capacity $850000 or
incentive 50% of
engine cost
Xinc performance incentive 0.07KWh?1  2e
Xanc factor for ancillary works 1.15 288
p number of payments 240 280
of capital cost 200
r interest rate 12% so1
Clagoon unit cost of unlined lagoon 24788 2
Cpropane unit cost of propane 1.991%3 8 e

3.3. Computation of Costs of the Objective Function

This section describes the calculation of the cost compsnen
of the objective function. .
The capital expenditure includes building of a digester and

295

lagoon and purchase of a boiler and engine-generator set

296

Estimation of the cost of building a digester and purchase

297

of an engine-generator set is based on a literature review

[26, 27, 28, 29] and is given in Table 4 and 5. Estimation“6f
the cost of the boiler is based on a literature review [30]iand’

given in Table 6. The total capital expenditure on the bi@nas
waste to energy conversion system is expressed as:

300

301

(18) 302

303

$’

Ceost = (deost + Geost + |Jeost + Beost — Ccapin)xanc

whereCeqst is the total capital expenditurég.s; is the cost of zo
the digesterg.ost is the cost of the engine generator dgtes; s
is the cost of the lagoot.s; is the cost of the boileCcapin is
the capacity incentive and,¢is a factor for ancillary works.
The total capital expenditure is amortized monthly by:

Ccapital = rCcost/(l - (1/(1 + r))p) $’ (19)

where Ceapital IS the capital cost amortized monthly,is the 21
annual interest rat€,st is the capital expenditure argis the
number of payments. »
The cost of electricity from the grid is computed based on the
electricity tarif [31] and electricity demand [6]. The user may

5

Table 4: Cost Estimates for Plug Flow Digesters

Digester SizeRange (m®)  Cost ($)
900 - 1200 95,000
1200 - 1500 125,000
1500 - 1800 200,000
1800 - 2100 290,000

Sources: The Minnesota Project 2002, Eastern Research
Group, Inc. 2004 & 2005, Resource Strategies, Inc. 2004.

Table 5: Engine-generator Set Cost Estimates

Engine-generator Set Rating (hp) Cost ($)
10 30,000
20 40,000
50 80,000
150 250,000
200 300,000
250 330,000

Sources: The Minnesota Project 2002, Eastern Research
Group, Inc. 2004 & 2005, Resource Strategies, Inc. 2004.

sell electricity generated from biogas, to the utility camp.
Net metering is also an option whereby the value of eledtrica
energy sent to the grid is subtracted from the user's monthly
electricity bill.

The objective function also includes a cost of incentivds ca
culated by:

Nhours

Cincentives= Xinc Yih  $,
h=1

(20)

whereCincentivesiS the monthly cost of incentives is hours,
Nhours IS the number of hours for which the system generates
electricity, xinc is the performance incentive aggis the power
output.

Another cost component of the objective function is the
monthly cost of propane, obtained from the unit cost of

propane [25].

3.4. Optimisation Strategy

This section describes the optimisation strategy used. The
Tabu list, the neighbourhood, the termination criteriod #re
constraints are described. The use of pareto solutionsala-ev
ate the objective function is also described.

Four variables are selected for use in solving the optimisa-
tion problem. Three of the variables i.e. the backup propane
mass flow ratel), the biogas sharing ratiaif) and the di-
gester volume flow rateug) vary on a monthly basis. The
fourth variable the induction machine ratings) is fixed for
all the months of the year. In order to simplify the optimigat
problem, the Tabu Search is run with the three variables that
vary monthly, for a fixed induction machine rating (variable
uz). The objective function (16) is modified to a cost vector:

Z= Cpropane Cgrid,electricity > (21)
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Table 6: Boiler Cost Estimates e

Boiler Rating Range (kW) Cost ($) 347
53.62-97.57 3325 348

97.57 - 118.08 3405 349
118.08 - 150.60 4855 350
150.60 - 182.83 5310 351
182.83 - 212.13 5815 -

Source: Pumps and Pressure, 2011. a53

354

whereZis a cost VectoiCpopanels the monthly cost of propané&®
and Cyrig electricity IS the monthly cost of grid electricity. Onc&’
the minimum cost is obtained from (21) for thefdrent induc-*
tion machine ratings (variabig), the objective function (16)®
is evaluated to determine the maximum revenue. %9

The Tabu Search is implemented by sampling each of’the

three variablesuy, u, andu,) for a given neighbourhood. Th&'

362

month for which the optimisation is to be carried out is stddc

based on the optimisation strategy. The neighbourhoodeofth

364

variable is defined as:

365

o [ViVEWaS =124
M9 _{ v=u"-§  m=123..12 o
LB, <v<UB,:VveN(u). 367

whereN (u) is the neighbourhood of the variahi®, LB, is the **
lower bound of the neighbourhood abld, is the upper bound™
of the neighbourhood. The move fraift to u™ + ¢; is selected™
within specific limits and step sizes. These step sizes amitsli*"
are defined in Section 1.

A Tabu list is formulated from moves that result in the cdf-
rent solution. Each entry of the Tabu list is a vector of thevend”

372

and its associated month. Reverse moves are also includ&d i
the Tabu list. The Tabu list includes a random number salecte

within a given interval, that decides for how many iterai@n®*
Tabu condition persists. am

the cowsd is the number of days in the mont¥agoon is the
volume of manure in the lagoony is the variable digester
volume flow rate,Veapacitylagoon iS the storage capacity of the
lagoon, HRT is the hydraulic retention time of the digester,
Vp is the volume of the digesté, is the boiler rating Qqex

is the output of the heat exchanger afds the boiler rating
allowance.

Infeasible solutions may be generated during the optimisa-
tion process if the constraints are not met. Infeasiblet&wia
are allowed in the Tabu Search optimisation. Itis good tvall
infeasibility for non-convex constraints in order to skeorthe
path towards an optimal solution.

Two cost components are being evaluated in the cost vector
(21). The Pareto optimal front method is used to ensureltleat t
costs are non-dominating. To obtain Pareto optimal saistio
each cost component is summed separately for the whole year
to form a solution vector. The solution vectors are then kedc
for non-dominance. Only the non-dominated solutions are re
tained. For a particular iteration, the best solution ieskld
as the minimum of the non-dominated solutions.

4. Results of the Optimisation

A sample farm of herd size 500, A.A. dairy farm [6] was
selected for testing of the optimisation algorithm. Thenfar
has a plug flow digester. This section presents and analyses
the results of running the Tabu Search optimisation for the
sample farm. The results are compared with the currently in-
stalled biomass waste to energy conversion system on the sam
ple farm. The sample farm has a 130 kW engine-generator set
and a 1133 rhdigester that processes 85,000 gallons of manure

ﬁiaily [6].

4.1. Electrical Energy Generation
The tarit structure [31] in the Tabu Search is such that the

The Tabu Search algorithm is terminated if no improvement considered cost of energy is higher in the months of January,

of the incumbent solution has been observed afigk siop it- a7

erations. 380
There are six sets of constraints for this optimisation preb
lem which are defined as: ag2

383

384

(22) 385
(23) 386
(24) 387

388
(25) 389
(26) 390
(27) 391

392
whereus, is the variable backup propane mass flow raiggas 2
is the mass flow rate of biogas from the digesmébriogasis the so
mass flow rate of biogas required to generate rated palyesss
is the heating demangs; is the heat outpulgy, is the heatingsss
demand allowancey, is the volume flow rate of manure from-

6

(1 - UZ)WbiogasS rnlgiogag

Oh < Y2 < (Gh + dh),

(Vnd™ + Vioon— Ugd™ > 0 for m=1,2,3,..12
V{;‘goons VinVeapacitylagoon  for m=1,2,3,..12,
HRTuy <Vp for m=1,2,3,..12

br = max(@h) — Quex + dbs

February, June, July, August, and December for an 8 hour on-
peak period. The results of the Tabu Search optimisatiow sho
high generation of power in these months for the 150hp, 200hp
and 250hp engine-generator sets (Figures 2, 3 and 4 respec-
tively), with some exceptions. It is beneficial to the farrneer
generate as much electricity as possible during these month
for sale to the utility company.

For the 150hp engine-generator set, there are discrepancie
in the months of February and December. The month of Febru-
ary has a low power output because the lagoon is building up
manure storage for power production during the high demand
months of March, April and May. The Tabu Search algorithm
maximises revenue and thus avoids solutions that would lead
to electricity production that does not meet the demandgden
the build up of manure storage. Manure storage is also being
built up for use in the months of June, July and August when
tariffs are high. The month of December has a low power out-
put because manure is being stored in the lagoon for use in
January. Since the electricity tArfor December and January
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Figure 2: Power Output Profile for 150hp Engine-Generator Se

160.00
14000 3 efecricity Demand EPOWer OUtpUT 425
2 Storage (days) e \Iax. Power Qutput
12000 ==Tinear (Vax. Storage (days 426
10000 i 421
428
80.00 I
ao 1A il
Ll LN
4000 I I I
I I 431
2000
I'I I.| 432
000 T T T Te— 433
Jan Feb Mar  Apr May Jun ul Aug Sep Oct Nov Dec
434

435
Figure 3: Power Output Profile for 200hp Engine-Generator Se

436

437

is the same, the result is acceptable because the manueslis®ts
to generate electricity in January when it is sold to thetuti*
company at a high tefi

The 200hp engine-generator system has high electricity gen
eration in January, June, July and August in line with thédahig
electricity tarifs for these months. The months of February
and December have lower than expected electricity prootucti
for this engine-generator set. This is because manureng bei
built up in the lagoon to generate electricity in JanuaryeJu
July and August.

The electricity generation profile for the 250hp engine-
generator set is shown in Figure 4. Of all the engine-geaerat
set systems, the 250hp system gives the highest revenues fro
the renewable energy incentives and sale of electricithawis
in Table 7. The 200hp system gives a revenue of $68654

and the 250hp system gives a revenue of $72978, whereas the
150hp engine-generator set system gives a revenue of $70457

The high revenue of the 250hp engine-generator systeff+is o
set by its high capital cost. The highest net revenue is @b-

20000
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16000 electricity Demand
[EPower Output
14000
Storage (days)
12000
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10000 = inear (Max. Storage (days))
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Figure 4: Power Output Profile for 250hp Engine-Generator Se

lagoon empties in July, yet maximum electricity generaton
not achieved for any of the months. Thus the system with the
150hp engine generator set is the most suitable for a farm wit
a herd size of 500 dairy cows.

The electricity generation profiles of the 50hp and 20hp
engine-generator sets are as expected (Figure 5 and 6 respec
tively). There is almost maximum electricity generation diti
the months. These are engine-generator sets of low power rat
ing and therefore electricity production is maximised ider
to meet the farm’s needs. It is assumed that production begin
in September in the first year of use. The lagoon storage size
is set to 90 days, hence the build up of manure stored from
September of one year to August of the next year. The lagoon
will always have a large amount of manure left over at the end
of the period, which is taken as September in this case.

30000

Xelectricity Demand
[ Storage (days)
= Linear (Max. Storage (days))

R Power Output
e \f2X. Power Output

25000

20000

15000 —

10000

laall

Nov

5000

0.00 -

T
Jan Feb Apr May  Jun Jul Aug Sep Oct Dec

Figure 5: Power Output Profile for 50hp Engine-Generator Set

The 10hp engine-generator set'’s electricity generati@a pr

tained from the 150hp engine-generator system. Elegtrigit file (Figure 7) also shows maximisation of power generation
generation is not maximised for the 200hp and 250hp engine-throughout the year except for the month of November. This

generator systems. This is due to an ifisient supply Of s

discrepancy is attributed to the parameters used in the Tabu

biogas. Figure 3 for the 200hp system shows that the lageonSearch optimisation. These are the same parameters as those

almost empties in August, and has very little manure leftuin
July and September, yet maximum electricity generatiomis.m
achieved for any of the months. This applies to the 250hp sys-
tem as well. Figure 4 for the 250hp system shows that.the

7

used for the 20hp engine-generator set system, which has dou
ble the power rating. The parameters of the Tabu Search opti-
misation require further tuning for the 10hp engine-getwera
set system.
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4.2. Heat Generation

The heat production profile vs. heat demand profile for the

476

150hp engine-generator set system is shown in Figure 8. The

477

profile shows that heating demand is met at all times. tf;is
applies to all the engine-generator systems.

479

480

O Heat Output (kW) B Heat Demand (kW)

Jan Feb Mar
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Figure 8: Heat Output Profile and Cost of Propane for 150hprieaGenerator
Set

4.3. Evaluation of Maximum Revenue o

482

function (16). Table 7 summarises the revenue from tfferdi
ent engine-generator set ratings.

Table 7: Summary of Costs for Bérent Engine-Generator Set Ratings

Eng- Costof Costof Costof Costof Total
Gen. Capital Pro- Incen- Grid Cost
Set pane tives Elec.

Rating (%) ® ® ® ®)
10hp 21436 0 -3668 19301 37069
20hp 21821 2 -7529 16537 30831
50hp 24499 7 -17086 9847 17267
150hp 36526 49 -53967 -16490 -33882
200hp 38455 0 -52570 -16084 -30199
250hp 40613 62 -54999  -17979 -32303

The 50hp, 20hp and 10hp engine-generator sets not only do
not meet the electricity demand of the farm, but are unable to
use all the manure generated. This results in the need to buy
electricity from the utility company. For example, it is iest
mated that the farm will spend $9847 per annum on electric-
ity (Table 7), with the 50hp engine-generator set systermre Th
farm will however earn $17086 from renewable energy gener-
ation incentives. The capital costs of the system have to be
factored in (Table 7), resulting in a net negative revenue of
$17267 per annum. This analysis applies to the 20hp and 10hp
engine-generator systems. Systems with engine-geneettor
of 50hp, 20hp and 10hp ratings are therefore not economicall
viable for a farm of herd size 500.

From Table 7 the solution with the 150hp engine-generator
set gives the maximum revenue for a herd size of 500. The siz-
ing of the components of the 150hp engine-generator set sys-
tem is a digester of capacity 1350°jma lagoon of 40 days
storage capacity and a boiler rated at 133 kW. The proposed
digester volume flow rate and biogas volume flow rate to the
engine-generator set are shown in Figures 9 and 10 respec-
tively.

M Proposed Digester Input Volume Flow Rate (m3/day)
@ A.A. Dairy Farm Digester Input Volume Flow Rate (m3/day)
35

30 4

25 4

20 A

15 1

10 A

Jan

Feb Mar Apr May Jun Jul

Aug Sep Oct Nov Dec

Figure 9: Digester Volume Flow Rate

The sample farm approximated its digester volume flow rate
to 85,000 gallons per day [31], which translates to 32day

The maximum revenue that can be obtained from a biomassfor 500 cows in contrast to the value used of 28aay for 500
waste to energy conversion system on the sample farm with acows [22]. This explains the higher digester volume flow rate
herd size of 500 dairy cows is evaluated using the objective for the sample farm (Figure 9).

8
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Figure 10: Volume Flow Rate of Biogas to Engine-Generator Set

The cost of propane from the proposed system is shown in
Table 7. The minimal cost of propane is explained by the fact
that heat is supplied from combusting biogas in the boiler an
from exhaust heat captured by the heat exchanger. The Tabu
Search optimisation therefore minimises the cost of prepan

Data for the volume flow rate of biogas to the engine-
generator set on the sample farm was only available for three
months of the year hence the missing data in Figure 10. The
data available shows that a lower volume of biogas is sent to
the engine-generator set, despite the farm’s engine genera
set having a higher rating than the proposed engine-gemerat
set. This is also reflected in the lower electricity prodoietin
April, May and June (Figure 11), on the sample farm.

-60000.00

Figure 12: Net Electrical Energy Purchase
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Figure 13: Net Savings from Usage and Sale of Electrical @nBroduced
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Figure 11: Electrical Energy Production
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5. Conclusion

It has been shown that the problem of prediction of maxi-
mum revenue from a biomass waste to energy conversion sys-
tem can be solved using a Tabu Search optimisation technique
The system model and the Tabu Search optimisation strategy
were described. A sample farm of herd size 500 was used to
test the Tabu Search optimisation. The results obtainedesto
that maximised revenue is obtained with use of a 150hp engine
generator set, a 1350°ndigester, a lagoon of 40 days storage
capacity and a boiler rated at 133 kW. The volume flow rate
of manure going into the digester and biogas going into the
engine-generator set were specified. Predicted elegtaait
heat generation profiles were presented. The electricitgige

The installed energy generation capacity of the sample fatmtion profile was compared with the actual generation profile o
is 175hp. Itis more than what is required to generate maximum the sample farm. The monthly cost of a backup propane supply
revenue from a system with a herd size of 500. This capagity was also specified. The predicted cost savings were compared
is not being fully utilised. This is reflected in the net sasns:s
shown in Figure 13. The sample farm saves $25815 per anaumits currently installed system. From the Tabu Search opmi
and the Tabu Search optimisation predicts a maximum revenuetion carried out, better utilisation of the installed geatam ca-
of $38133 per annum from the sale of electricity and avoidanc pacity will lead to 48% more cost savings for the sample farm.
of usage of grid electricity. The sample farm is saving mueh In conclusion, the Tabu Search optimisation algorithm teve
less money than what is predicted for a 150hp engine-geetat oped can be used to predict the maximum revenue that can be
set system. Based on the analysis of the Tabu Search optimigenerated from a given herd size for a biomass waste to energy
sation carried out, better utilisation of the installed gr@tion s
capacity will lead to 48% more cost savings for the sample modification of the algorithm to specify daily energy genera

farm.

537
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to actual data from the sample farm. The farm is under utijsi

conversion system. Further work in this area can be done on

tion profiles, daily digester volume flow rates and daily laisg
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