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Abstract: We established the minimum number of cattle for commercializing electricity from the cattle wasteto-
energy technology. By optimizing the cattle waste-to-energy technology for the various number of cattle, the
minimum number of cattle was discovered. The number of cattle for commercializing electricity from cattle waste-
to-energy technology is 60 dairy cows subject to co-digestion of manure and food waste, and the inclusion of a
screw press. When digesting manure only, the minimum number of cattle is 130 cows.
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1 Introduction

This paper describes the solution to the problem of determination of the number of cattle at which cattle wasteto-
energy technology (WET) become commercially applicable. The systems are considered commercially applicable
if they have a positive net present value [1, 2]. The threshold of commercial viability is the number of cattle below
which the NPV is negative. The number of cattle is determined by optimising the cattle WET for different number
of cattle. The problem is solved by taking into consideration the following:

(i) co-digestion of manure and food waste,

(i) cleaning of biogas,

(iii)  electricity tariffs and

(iv)  separation of digestate into solids and liquids.
Co-digestion increases the biogas yield.

Cleaning of biogas is done to remove hydrogen sulphide. Biogas contains hydrogen sulphide that corrodes internal
combustion engines. Cleaning of biogas increases the lifetime of the engine-generator set. This reduces the
replacement, operations and maintenance costs of the internal combustion engine. The cost of cleaning biogas has
to be weighed against the cost of replacing the engine-generator set. Electricity tariffs determine the cost of
electricity from the grid and therefore are considered in the optimisation.
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The digester effluent can be separated into solids and liquids using a screw press. The solid effluent can be used
in place of conventional animal bedding. Freund Dairy [3] and EL-VI Farms [4] are examples of farms that use
digestate solids as animal bedding. Freund Dairy has 250 milking cows and saved USD 7000 [3] annually in animal
bedding costs, by use of digestate solids as animal bedding. EL-VI Farms has 800 cows and saved USD 30,000
[4] annually by using digestate solids as animal bedding. Inclusion of a screw press to separate liquid and solid
digestate, therefore gives the farm the option of saving on the cost of animal bedding.

2 The Study Area

Maddu is a town in Gomba district in the Central region of Uganda. The town is approximately 30 kilometres (19
mi), by road, northwest of Kanoni, the site of the district's headquarters [5]. The town is approximately 128
kilometres (80 mi) west of Kampala, the capital and largest city of Uganda [6]. Maddu is an agricultural community
and Livestock forms the backbone of economic activity in the area. Milk and meat are important products produced
by medium and small scale farmers in the area. The produce is sold locally in the popular Friday cattle markets
and also marketed to Kampala. Prominent farms and ranches are located in areas of Kilasi (Katende Farm, Bitali
family ranch), Kisozi YK Museveni farm and more towards Sembabule on one side, Buyanja and Kyayi on the
other side.

Located at an elevation of none meters (0 feet) above sea level, Maddu has a Tropical rainforest climate
(Classification: Af) [7]. The coordinates of Maddu are 0°12'58.0"N 31°40'02.0"E (Latitude: 0.216111; Longitude:

31.667222) [7]. The district’s yearly temperature is 22.55°C (72.59°F) and it is -0.92% lower than Uganda’s
averages [7]. Maddu typically receives about 181.36 millimeters (7.14 inches) of precipitation and has 240.08
rainy days (65.78% of the time) annually [7]. Annual high temperature is 25.74°C (78.33°F), Annual low
temperature is 17.5°C (63.5°F), Average annual precipitation is 181.36mm (7.14in), Warmest month is February
(27.81°C / 82.06°F), Coldest Month is June (16.57°C / 61.83°F), Wettest Month is November (337.67mm /
13.29in), Driest Month is July (44.71mm / 1.76in), Number of days with rainfall (= 1.0 mm) 240.08 days (65.78%),
Days with no rain = 124.91999999999999 days (34.22%), Humidity is 72.45% [8].

3 Related studies on Commercialising Waste to Energy Technology

This research on the number of cattle for commercial viability of cattle WET, uses the Tabu Search heuristic. The
Tabu Search heuristic is suitable for solving the problem due to the complexity and non-linearity of the functions
used to model the energy conversion processes, the problem’s discrete optimisation variables and its nonconvex
constraints. Modeling and optimisation of energy conversion systems has been done for purposes of economic
analyses. These models base the analyses on energy flows and not the energy conversion processes. In [9], a multi-
period mixed integer linear programming optimisation was applied to a district heating system. The objective of
the optimisation was to minimise the cost of the heating system. The optimisation used mass and heat balance
analyses to calculate the energy flows as opposed to thermodynamic models. Another technique used for
optimisation of energy systems is MIND (Method for analysis of INDustrial energy systems), which is a decision
support technique. The MIND method is used in [10] for optimisation of energy systems in a dairy industry and a
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pulp and paper mill. The energy systems were also modeled as energy flows and not as energy conversion
processes. Similarly, in [11] a polygeneration plant fuelled by natural gas and renewable energy sources was
designed and optimised. The energy generated from the biomass was determined from the specific fuel
consumption of the biomass and the overall gasification efficiency. Mathematical modeling of the energy
conversion processes was not used to determine the power output of the polygeneration plant. The system model
used in the research being carried out is different in that it is based on the energy conversion processes in each of
the system components. The models used to calculate the energy output from the conversion processes are: a
digester, an internal combustion engine and an induction machine, a boiler and a heat exchanger. The ADM1 [12]
and the GISCOD (General Integrated Solid Waste Co-Digestion) [13] models are used to calculate the energy
conversion processes in the digester. The ADM1 was developed for prediction of biogas generated from anaerobic
digestion of wastewater. The biomass waste to energy system model used for determination of the threshold
number of cattle, considers co-digestion of manure and food waste. Prediction of biogas generated from
codigestion of food waste and manure requires modification of some of the ADM1 parameters to allow for the
different compositions of carbohydrates, proteins and lipids, and different hydrolysis rates. In [13] the GISCOD
model that generates inputs to the ADML1 for co-digestion of different types of waste was developed. The GISCOD
model is used together with the ADM1 to predict biogas generated from the co-digestion of manure and food
waste. The internal combustion engine model used in the optimisation is obtained from the ADVISOR software
[14]. The induction machine is modeled in the dq (direct-quadrature) synchronous reference frame and is based on
the transient model of the induction machine [15]. The boiler and heat exchanger are modeled using heat transfer
equations [16, 17].

The determination of the commercial viability of biomass waste to energy conversion systems is done in different
ways, which include: payback period, overall production cost, NPV and profitability. In [18] the feasibility of
electricity production from biogas on a pig farm used the payback period as an economic indicator. An economic
and environmental assessment of the energetic valorization of organic material for a municipality in Quebec was
studied in [19]. The payback period was also used as an economic indicator. Study [20] did a thermo-economic
analysis of a biomass trigeneration plant. The study used the overall plant production cost as a measure of the cost
effectiveness of the production process. The NPV was used as a measure of economic viability in [1], where an
assessment of the technological development and economic potential of photobioreactors was done. The research
undertaken uses NPV as an indicator of commercial viability. This is because the objective of the research is to
determine the number of cattle at which the system becomes commercially viable. This threshold value is
determined as the number of cattle below which the system’s NPV is negative. 4 Cattle WET Model for
Determination of Number of Cattle for Trading of Electricity

This section describes the cattle WET model used in the determination of the number of cattle for commercial
viability (Figure 1). The basic WET consists of a lagoon, a digester, a boiler, a propane tank and the electricity
grid. These are the basic components of the system, because with these, heat and electricity can be provided to the
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farm. The heating load and electrical load demands can be met with these basic components. The lagoon is included
in the basic system to allow for storage of manure. The propane tank is a backup fuel supply for the boiler, if
insufficient biogas is generated. The other components of the system shown in Figure 1, which are discussed next,
are optional. They include: an engine-generator set, a heat exchanger, co-digestion with food waste, a screw press
and a biogas filter. These components are included in order to maximize revenue from the WET. The farmer can
generate electricity for sale by including an engine-generator set in the system. A heat exchanger is used to capture
exhaust heat which can be added to the heat generated by the boiler. Co-digestion of manure and food waste
increase the yield of biogas. Tipping fees obtained from acceptance of off-site food waste increase revenue from
the WET. The screw press separates the digester effluent into liquids and solids. The solids can be used as bedding
for the animals, which saves the farm the cost of animal bedding. The separated liquid digestate can be spread on
land as fertiliser. Use of the separated liquid digestate as fertiliser has not been included in the optimisation. This
is because there are no case studies to quantify the cost savings from this practice, since the liquid digestate is used
to supplement commercial fertilisers and is spread on land when required. Similarly, liquid digestate that is not
separated into solids and liquids, is stored in lagoons and spread on land when required. Biogas contains hydrogen
sulphide which corrodes the internal combustion engine. Cleaning biogas increases the lifetime of an engine-
generator set and reduces replacement, operation and maintenance costs. Cleaning of biogas is an additional cost,
and this has to be balanced with the cost of replacement of the engine-generator set. A biogas filter for cleaning
the biogas is thus included in the system as an optional component. The decision on which of the optional
components to include and how to operate the resulting system, is made using optimisation. A variable is attached
to each of the components of the WET.
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Figure 1: WET Model
5 Description of the Optimisation Problem

This section describes the optimisation problem. The statement of the optimization problem is given, followed by
a description of the optimisation variables, inputs, and outputs of the WET. The formulation of the objective
function and the constraints are also described.

5.1 Formulation of the Optimisation Problem

In solving the problem of the determination of the number of cattle at which the WET becomes commercially
viable, the system has to be optimised. The optimisation problem consists in dimensioning the WET for a given
manure input in a given time period m £ M. M is a set of the number of months in the multi-period dimensioning
problem. The optimisation problem is expressed as a cost minimisation problem by:

min fOS (i, ult, udt, ull', ult, ult, ult, ugt) for m e M for a number of cattle n

1)
subject to: Cyper(ui', uy', us', uft, ut') < 0for m € M,
2)
such that : u1™m € {0, 0.0001, 0.0002, ..., 0.0036} for me M kg/s,
3)

uy' € {0,0.01,0.02,...,1}for m e M
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(4)

ul' € {1,2,3,...,uy""*}for m € M m3 /day,
(5)
us € (6)
{0, 60, 100, 120, 130, 135, 140, 145, 180, 200, 225, 230, 260, 300, 375, 400, 406, 450, 500, 600 € M kW,

u™ € {0,0.1,0.2,..,28}for m € M m?3 /day, (7)
ugt € {0,0.1,0.2,...,1}for m € M %, (8)

u* € {0,1}for m € M, (9)

ugm € {0,1}for me M, (10)
uy " = Veapacity_lagoon™ Xmanure/Mgays for m € M m*/day, (11)

where uf" is the variable backup propane mass flow rate, u}* is the variable biogas sharing ratio, u%'is the variable
volume flow rate of manure from the lagoon, us™ is the variable induction machine rating, ut' is the variable
volume flow rate of food waste, ue™ is the variable percentage increase in electricity tariffs, u7™ is the variable that
denotes the inclusion or exclusion of a screw press, us™ is the variable that denotes the inclusion or exclusion of a
biogas filter, Veapacity_lagoon iS the storage capacity of the lagoon, n is the number of cattle, Xmanure is the volume flow
rate of manure produced per cattle and Ny sare the number of days. The bounds and the step sizes of the variables

are determined from the inputs to the WET and literature review carried out. The maximum value of backup
propane mass flow rate u3""™** is obtained from the flow rate that meets the maximum heating demand, when the
boiler is combusting propane only. This is also obtained using the maximum digester volume flow rate (
uz "+ ug ™), since heat is needed to raise the temperature of influent waste to the digester’s operating
temperature. The variable us™ comprises of discrete values from typical engine-generator set ratings on farms. A
value of 0 kW is included for the case where no electricity is generated and all the biogas is combusted in the boiler
or flared. The maximum value of the variable, volume flow rate of food waste, uz ™" is determined from the
estimate of garbage generated by residential units.

The inputs to the WET are the number of cattle, n, the electrical load, d™, and the heating load, d};". The number
of cattle are determined from typical dairy farms. The electrical load is derived from electrical loads on typical
dairy farms [21]. The heating load of the dairy farms was obtained from a typical dairy farm. The digester’s heating
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load was calculated from the heat required to maintain the operating temperature of the digester at its optimum,
and to heat the influent manure. The outputs of the WET are electricity, y{"*, and heat, y3".

Table 1: Parameters of the Optimisation

Parameter

Description Value

Ngsays NUMber of days in month m M (daysg

Nperiod

Nyear
Nrepair

Ncycle
irate

Xrate

Cpropane
Clagoon_unit
Chedding
Ctipping

Xinstallation

oh

Xmanure

Xfood
Prated
(wmech

Vcapacity_lagoon

HRT
LHVopropane
HHEX
Nboiler

Varies

number of periods for which interest rate will be charged 120

(periods)

number of years over which the loan will be paid (years) 10

number of years after which repairs of the engine are required5 (cleaned biogas)

(years)

life cycle of the WET (years)
interest rate of loan (%)

2 (uncleaned biogas)

20
6

power sizing exponent of the digester and engine-generator 0.6 [22]
set

unit cost of propane 1.98 USD/m® [23]

unit cost of an unlined lagoon (m3/day) 2.47 [24]

unit cost of animal bedding (USD/animal) 50 (cows) [25]
tipping fees (CAD/kg) 0.13 [26]
factor to allow for system installation costs 1.15
allowance for heating demand constraint (kW) 15

volume flow rate of manure produced per animal of average0.0566 (cows) [27]

weight 544kg/cow (m3/day) 0.0497
maximum ratio of food waste in the digester 0.25 [28]
power rating of induction machine (kW) Varies

speed of engine-generator set (rad/s) 188.5
storage capacity of the lagoon (days) varies with number of

cattle
hydraulic retention time (days) 20
lower heating value of propane (kJ/kg) 46,300 [29]
heat exchanger efficiency (%) 70
boiler efficiency (%) 70
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Twater temperature of water in the heat exchanger (-C) 35
Max_iter number of iterations for stopping condition of the Tabu 150
Search

5.2 Objective Function
This section defines the objective function of the optimisation problem. Since the objective is to determine the
number of cattle at which WET become commercially viable, the objective function is expressed as a cost

M
; cost _ m m m m m m
min f - Z (Ccapital + Cgridfelectricty + Cpropane - Cbedding - Ctipping + Ccatalyst g
m=1
for e M USD, (12) minimisation function:

where Cecapita™ iS the monthly cost of capital of the biomass waste to energy conversion system, Cecapita™ iS the
monthly cost of grid electricity, Cpropane 1S the monthly cost of propane, Coedding is the monthly cost of animal

bedding, C{J,,;,g 1S the monthly revenue from food waste tipping fees and CZ, s is the monthly cost of the

catalyst used to clean the biogas. The following is an explanation of the derivation of the cost components of the
objective function. The monthly cost of capital is obtained by amortization of the capital expenditure of the WET.
The capital expenditure of the WET is calculated by:
Ccost = (Cdigester + Ceng_gen + Clagoon + Cboiler + Cbiogas_filter + Cscrew_press )installation
USD, (13) where Ccost is the capital expenditure, Cdigester IS the cost of the digester, Ceng_gen IS the cost of the
engine-generator set and associated switchgear, Ciagoon iS the cost of the lagoon, Cuoiler IS the cost of the boiler,
Coiogas filter is the cost of the biogas filter, Cscrew press is the cost of the screw press and Xinstailation 1S @ factor to
allow for installation costs. Costs of the digester and the engine-generator set were obtained from the literature
on existing WET [30, 31, 32]. Not all the costs of the different digester sizes and engine-generator set ratings
were available from literature, thus cost estimating was done, by scaling the costs. The cost of the lagoon is
calculated from the unit cost of an unlined lagoon, Ciagoon_unit (Table 1) [24]. The cost of boilers of different
ratings was obtained from [33]. The cost of the bio-filter for cleaning biogas was obtained from [34]. The cost of
a screw press is obtained from [35]. It is assumed that the WET will be financed by a loan taken over a Nyear
period. The monthly repayments are calculated using [22]:
where
g;iYments = costirate (1 + irate)npermd/((l + irate)nperiod - 1) form € MUSD, (14)

payments 1S the monthly loan repayment, Ceost is the principle loan amount which is the capital expenditure on
the WET, irate is the monthly interest rate and nperiod IS the number of periods for which interest will be paid over
the nyear duration of the financing. When using biogas in an engine-generator set, the cost of replacement of the
engine is significant and is included in the optimisation. It is significant because biogas contains hydrogen sulphide
that corrodes the engine, which reduces the lifetime of the engine-generator set. Cleaning biogas reduces the
frequency of replacement of the engine-generator set. When using cleaned biogas, the engine-generator set is
replace every 5 years, and when using uncleaned biogas the replacement period is reduced to 2 years [18]. As such
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the annual cost of replacement is calculated by averaging the engine-generator set cost over Nrepair Years. The cost
of replacement of the engine-generator set is added to the monthly loan repayment to obtain the monthly cost of
capital Capital.

The monthly cost of grid electricity Cgt}id_electricity’ is calculated [36]. Rate G is the general rate of electricity

supplied. A WET has parasitic electric loads from the equipment used to run the system. These loads include: a
mixer, a screw press, a food shredder and a recirculating pump. These parasitic loads are not considered under
dwelling or farm loads, as they are used to generate electricity for sale. Depending on the size of the WET, these
parasitic loads may exceed 10 kW, and would require a separate meter, billed at the general rate.

The monthly cost of propane, Cpropane i calculated from the unit cost of propane, Cpropane, Obtained from [23] and
given in Table 1. Inclusion of the screw press in the system saves the farm the cost of animal bedding. The avoided
cost of animal bedding is calculated from the unit cost of bedding per animal, Coedding [25, 37] (Table 1). The
monthly revenue from tipping fees, Cm tipping, included in the objective function is calculated from an estimate
of the tipping fees [26] (Table 1).

The monthly cost of the biogas filter used for cleaning biogas, catalyst Was obtained from [38].

5.3 Constraints

The optimisation of the WET is done subject to the constraints Ciyjg (u®, u3', uf*, ui*, ut"), form € M, defined by
(15), (16), (17), (18), (19) and (20). The following is an explanation of the derivation of the constraints. The manure
from the animals is stored in a lagoon. The volume flow rate of manure from the lagoon into the digester,

uy', varies from month to month. Constraint (15) is set to ensure that the net volume of manure in the lagoon is not
negative. With Constraint (15), the volume of manure that goes into the lagoon in month m, should not be greater
than the sum of the volume of manure that was in the lagoon the previous month, and the volume of manure from
the animals, in month m. In addition the volume of manure in the lagoon should not be greater than the storage
capacity of the lagoon. Constraint (16) ensures that the food waste added to the digester is within a ratio, Xfood, Of
the total volume of waste in the digester [28]. Constraint (17) is set to ensure that the total volume of waste in the
digester is not greater than the volume of the digester. The digester model uses non-linear differential equations to
model the anaerobic digestion processes. The differential equations can be found in [12]. The biogas generated is
shared between the internal combustion engine and the boiler. The variable uz2™ determines the sharing of biogas.
Combustion of biogas in the internal combustion engine generates an output torque. The output torque is obtained
by applying the Newton-Raphson method to a two dimensional linear interpolation function, multiplied by the
available torque. The details of the functions, ICE used in the internal combustion engine model can be found in
[14]. The internal combustion engine is coupled to an induction machine of rating,

uj', that generates output electricity, y1". The induction machine is modeled using non-linear differential equations
detailed in [15]. The electricity generated is a function of the output torque, which is in turn a function of the mass
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flow rate of biogas to the internal combustion engine. Constraint (18) is therefore set to limit the mass flow rate of
biogas to not more than what is required to generate rated power of the induction machine. The heat produced by
the boiler is calculated from the mass flow rate of biogas and propane to the boiler, and the LHV of biogas and
propane. Exhaust heat captured by the heat exchanger is calculated from the temperature and the mass flow rate of
the exhaust gases. Constraint (19) is set to ensure that the heat output of the WET meets the heating demand of the
farm and the digester. Constraint (20) is set to ensure that the heat to be generated by the boiler is not greater than
the boiler rating. The contribution of the heat captured by the heat exchanger is subtracted from the heat output of
the boiler in formulation of Constraint (20). The boiler rating is calculated by a non-linear equation.

m m—1 m,,m
0= (xmanurenndays + Vlagoon_manure — U3 ndays) < Vlagoon_storagexmanurenherd' (15)

0 < usm < u3m xfood/ (1 — Xfood), (16)
(Vp — (uf* + uf*)HRT) = 0, (17)

(45 / @mech = ICE(LHVgag, Omech, (1 — uf)milog,s)) 20, (18)

dhm < (T]HEXmeth CPpexhm (Teth - Twater) + (ulmLHVpropane + U2mmMbiogasm LHVbiogasm )boiler)
< (dn™+ 6n),
(19)
(bT - dl?;n + nHExmgtthgch(Tenxlh - Twater)) <0, (20)
for eM
where Xmanure is the volume flow rate of manure produced per animal, nhera is the number of cattle, ngys is the

et , : . .
number of days, Vi3t o manure 1S the volume of manure in the lagoon, V3" is the variable volume flow rate of

manure from the lagoon, Viagoon storage IS the storage capacity of the lagoon, V3"is the volume flow rate of food
waste, Xfod IS the maximum ratio of food waste in the digester, Vp is the volume of the digester, HRT is the
hydraulic retention time of the digester, um4 is the power rating of the induction machine, wmech is the speed of the
internal combustion engine, ICE is the function used to calculate the torque output of the internal combustion
engine, LHVyj,q, is the lower heating value of biogas, u3" is the variable biogas sharing ratio, my;, s, is the mass

flow rate of biogas, dj; is the heating demand, #+ex is the efficiency of the heat exchanger, mgy,, is the mass flow
rate of the exhaust gases, cpaynis the specific heat capacity of the exhaust gases, Tewpis the temperature of the
exhaust gases, Twater IS the temperature of water, uml is the mass flow rate of backup propane, LHV m propane is
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the lower heating value of propane, #noiter iS the efficiency of the boiler, Jn is an allowance for the heating constraint
and by is the boiler rating.

6 The NPV of the WET
The NPV of the WET is used to determine its commercial viability. The NPV is calculated by [39]:

neycte  (21)
NPV =¥ A(1 + irate)~t USD,
t=0
where NPV is the net present value of the WET, ncycie is the life cycle of the WET in years, t is the year under
consideration, At is the annual cash flow and irate is the interest rate. The herd sizes below which the NPV of the
WET becomes negative (threshold herd sizes) was found to be 60 cows when co-digesting manure and food waste.
This is subject to the inclusion of food waste and a screw press in the WET. The food waste should be a maximum
of 25% of the total waste in the digester. The threshold herd size with digestion of manure only was found to be
130 cows. 7 Conclusion
In this paper, we have illustrated how the Tabu Search Algorithm can be used to specify the number of cattle at
which a WET becomes commercially viable. The WET becomes commercially viable at a herd size of 60 dairy
cows subject to co-digestion of manure and food waste, and inclusion of a screw press. When digesting manure
only, the threshold herd size is 130 cows. In calculating the heat output of the heat exchanger, the temperature of
the water circulating in the heat exchanger was set to 35°C, which is the same value as the operating temperature
of the digester. The typical temperature difference between the manure in the digester and the water circulating in
the heat exchanger is 7.2°C [40]. Use of the same value of temperature means that in practice there is no heat
transfer from the water circulating in the heat exchanger to the manure in the digester. The calculated heat output
of the heat exchanger is greater than what is practical. This is because the heat output of the heat exchanger was
calculated from the temperature difference between the exhaust gases of the engine-generator set, and the water
circulating in the heat exchanger. The transfer of this heat to the manure was not calculated, as it was assumed that
the heat from the exhaust gases is available for transfer to the manure. This impacts the cost of propane which is a
cost component of the objective function, of the optimisation problem. More propane than what was calculated
would be required. This discrepancy does not affect the electricity generated, as during the optimisation priority
was given to the use of biogas for generation of electricity. If the heating demand could not be met by the
combustion of biogas in the boiler and the heat from the exhaust gases, propane was combusted in the boiler.
Similarly, the discrepancy does not affect the threshold number of cattle. This is because the magnitudes of the
cost of propane are very low in comparison to the magnitudes of the other cost components of the objective
function.
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