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Abstract: With the world’s energy demand increasing by thg, darbon dioxide emission rate also increasestdu@e
dependency on fossil fuels for energy productiavesal attempts have been made to reduce the depanébssil fuels but to
date coal is still a major energy resource useddmide. The main focus of this paper is to investigaspects with regard to
the generation of energy by the use of biogas rimgeof the economic, technological and environmiefatetors associated
with the generation process.
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1. Introduction

With industrialization and economic growth on aegteise, increased their renewable energy production [3his paper
more power is needed to sustain the world’s evereasing the authors reports the electricity generation fitbe MSW
demand. There have been various blackouts andesuteya in South Africa. Homer software was used for matglihe
result of massive unpredictable demands of the dieorl four cases investigated l.e. micro turbine stamohel diesel
energy usage that outgrew the supply. With increasi engines, combination of diesel engines and bioguk the
demand, the power and energy sector across thed vierl grid connected micro turbine system.
challenged to increase its supply. However increpsi

generation resulted in the heavy dependence oil fasss, . .
and as a result energy generation becomes a ma 'rlvlumCIpalI SO|IdW&Ste (M S\N) asa
contributor to environmental pollution and globahrming. Sour ce of Biogas

Also, with increased usage, fossil fuels are likédy be
depleted in future which will gradually lead to ith@rice
rising in the global market. These can be avoidethe rate
slowed down, if properly backed up by alternaterses of
sustainable energy. Global warming has also beparted
to be on the increase. Global warming is mainlyseduas a
result of greenhouse gas emission into the atmosphe
Greenhouse gases include methane (CH4), carbondédiox
(C0O,), nitrous oxides and ozone. Methane is reporbetet
21 times more harmful than carbon dioxide. Accogdim the
renewable energy directive[1] [3], by 2020 every EB&mber X - , \ X
has to have 20% of their energy generation fronewable \Whereby rich families produce bio waste which acerpin
sources which include biogas and bio fuels and tdme Structure including leftovers, spoiled food etc.ilehpoor
member states transport fuels must also come frofﬂm|l|e§ produce wastes yvh|9h are fairly rich irusture and
renewable energy by 2020. It also requests that aftery weI_I _swtable for anaerobic digestion and waste agament
two year period, every member has to show how timye POlicies.

Municipal solid waste is a source of biogas sinantains
carbohydrates, proteins, fats, cellulose and hédimicse.
Municipal solid waste (MSW) can be any organic and
inorganic matter which includes papers, food resgitastics,
wood, dead plants and metals to mention a few. The
constituent of biaogas are methane (55-65%), cadiaxide
(40-50%), and traces of hydrogen sulphide and water

MSW is readily available and its quantity and qtyali
depends on the following: Geographic area, Popmulati
density of people, Climate conditions, Financiahtss
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2.1. Anaerobic Digestion of MSW
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Fig 1. Basic diagram of an anaerobieactior [4]

Anaerobic reaction involves amxyger free digestion of
organic matter and converting it intoethan gas and liquid
effluent. Fig 1 depicts the process of #merobi reaction.

The steps in biogas formation are:

2.1.1. Hydrolysis (Acid-Forming Bacterial)

Undissolved compounds such poteins carbohydrates,
and fats are converted into simple sugéagy acids, amino
acids and peptides which are wasetuble by exoenzymes
(hydrolase) and anaerobic bacteria.

2.1.2. Acidogenesis

Acidogens which are acid-formingacterii are used to
convert the by-product of hydrolysisto simple organic
acids, alcohols, carbon dioxide amgtirogen

2.1.3. Acetogenesis (Fermentation)

This step produces acetate, carlboxide and hydrogen.
Acetogenic bacterials are known to bgdrogel producers.
The presence of hydrogen preveoxsdatior from occurring
during acetogenesis. Hydrogamoncentratio can also be
used as a testing of the digester [2][5].

2.1.4. Methanogenesis

Methanogens are used to produsega: (methane) from
acetic acid or hydrogen and carbdinxide This stage is the
slowest reaction during the anaerobigestior process. The
equations of methanogenesis processhosvr below.

2.2. Parameters that Affect Anaerobic Digestion

The efficiency of anaerobic digestia@®pend on certain
parameters. These parameters affectgéde production as
well as the rate of digestion and shoblel monitored and
controlled to maintain them in acceptabdages. Failure to
keep these parameters in acceptabd@ge results in
slowing down of the digestion processid may lead to
possible digester failure. Theggarameter include PH,
temperature, ammonia concentratiogtentior time, carbon:
nitrogen ratio, loading rate,toxicity and inhibitory
substances, light[2][3][4].
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3. Modeling and Analysis of Biogas
Production from M SW

The model of the systemvas done on Homer. Homer is
commonly used to evaluateifferent renewable power
systems, either in off-grid agrid connected mode. HOMER
requires various inputsyhich it then uses to evaluate the
possible systemconfigurations These inputs include
component costs antesourc availability. HOMER then
uses the differentcomponer combinations to produce
feasible configurationssortec by the net present cost.
HOMER models biomaspowel systems using two ways.
One way is that HOMERlows the user to define a fuel for
the generator with propertieghich are the same as for the
biomass feedstock. Next theser has to specify the fuel
consumption of the generatamich will show the biomass
feedstock consumed agairntbe electricity produced by the
generator as a result of tepecifiec biomass feedstock. The
second way is to make usetbE biomass resource. The user
is prompted to input thavailabl¢ feedstock for the year. The
biomass resource is defined terms of the price, carbon
content, gasification ratio agell as the energy content of the
fuel. In this project, thesecon: way is used, necessitated by
the availability of the data fahe biomass resource for Cape
Town. The project life timehosel is 30 years. The average
energy usage in South Africlhow: that the geyser uses 40%
of the total energy in théousehol consumption and the
space heating contributes6% of the total energy. This
amounts to 56% whictepresent the thermal energy and the
remaining 44% is for thelectrica energy[8][9].

4. Homer I nputs

4.1. Primary Load (Electric) Data

An electric load can balefinec as an appliance that
consumes electric energyousehol electric loads comprise
of a refrigerator, stovenicrowaves water kettle, lighting etc.
The load profile Fig 2 waadapte from [9].
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Fig 2. Electric daily profile data foCape Town households in winter[9]
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4.2. Thermal Load Data

A thermal load shown ofrig 3 can be defined as any
appliance that used therméheat energy. Thermal loads
comprise of geysers and theater which are used mostly in
winter.
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Fig 3. Thermal load daily profile for Cape Town househafdwinter [9]
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4.3. Biomass Resource Data

This project usedMunicipal Solid Waste (MSW) as a
biomass resource. Thus fdCape Town CHP potential
analysis, the biomassesourc quantity was required. The
data used in Table 1 wamportec from reference [32] from
Cape Town landfill sites.

Table 1. Amount Of Waste Per Month Given In Tons/Day[9]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
4,430 3,740 3,950 4,200 4,200 3,740 3,710 3,500 3,790 3,80( 3,860 4,260
4.4. Diesel is modeled to provide asuct heat supply as needed by the

Diesel prices have been fluctuatingel the years. As a
result one price value will not give a raadlication of how
diesel prices affect the system outpufs.price range of
between $0.9/L and $1.5/L will be usedeialuate the diesel
power system. This price range wawsel at the rate of 7
rands (R) per US dollar ($) whidorresponc to R6.3/L and
R10.5/L respectively. A large range welsosel to showcase
how the variation in diesel prices affeth& system outputs,
specifically the net present cost.

4.5. Natural Gas

Natural gas as used in this projectis®( to run the boiler.
The boiler is used to supply thermaterg) for the thermal
load in case the micro turbine is nsafficient enough to
supply the thermal energy demand. Foe purpose of this
project, the price used for natural ga$@s8/n°[6].

4.6. Micro Turbine

A capital cost of $900/kW was chosen the basis that it
falls within the nominal cost range & micro turbine.
Replacement cost of a micro turbine wassei to be 12% of
the capital cost which indicates the cnstessail to replace
the micro turbine. The O&M costs wesstimate as follows:
variable cost of $0.00500/kWh and tlieed cost of as
$50/kWh yearly.

The overall O&M cost for a 1000kWhicre turbine was
calculated as shown in equation (12):

Variable O&M + Fixed O&M

=.00500 x 1000 + ——— x 1000 (1)
365 x 24

=$10.77/kWh

The value of O&M used was roundegdto $11.

The micro turbine sizes that will l##mulatecin HOMER
range from 1000kW to 3000kW. Thabove mentioned costs
are displayed in a Table 2.

For heat production, boilers are usedprovide thermal
energy to the thermal load in the cageer the supply is not
sufficient to meet the thermal demaridhe boiler in HOMER

thermal load [8]. Theefficiency of the boiler was chosen to
be 85% and the fuel used the boiler is natural gas[8].

Table 2. Micro Turbine Costs

Size (kW) Capital ($) Replacement ($) O&M ($/hr.)
1,000,000 900,000 748,80( 11,000
3,000,000 2,496,000 2,246,401 33,000

4.7. Converter

The converter is used tonver the voltage from AC to DC
to be stored by the batterywsll as from DC to AC to be used
by the load from the battergtorage The efficiency of the
converter used is 90% and tlife time for the converter was
chosen to be 15 years. Toenverte used for this study ranges
from 2000kW to 5000kW ashowr in table 3.

Table 3. Converte Costs

Size (kW) Capital ($) Replacement ($) O&M ($/hr.)
2,000,000 50,000 45,000 3,200
5,000,000 125,000 112,500 8,000

4.8. Battery

The battery is used to stoggces energy in case when the
electrical supply is mor¢har the demand. This energy is
then used during times whéme supply may not be sufficient
to meet the electric demanithe battery chosen for HOMER
simulation is the First Natial Battery abbreviated as CCA
SAE 700. This battery wassec in this model due to its
common use in South Africa.

The battery is rated at 12&hc¢ has a nominal capacity of
102 Ah. Table 4 shows the finsaitional battery specifications
and properties as usedHfOMER

Table 4. Battery Costs

O&M ($lyr.)
50

Quantity
10

Capital ($)
1,200

Replacement ($)
80C

4.9. Diesel Engine

Diesel engines uses diesela fuel for energy production.
A review of the differencdetweel micro turbine and diesel
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engines has been presented in chapt&oRthe purposes of
comparisons between the micro turbare diesel engine, the
same sizes as for the micro turbineusec for the diesel
engines. Diesel Engines as usedHi@MER are given in the
Table 5 according to reference [8].

Table 5. Diesel Engine Costs

Size (kW) Capital ($) Replacement ($) O&M ($/hr.)
1,000,000 550,000 484,000 10
3,000,000 1,650,000 1,452,000 30

5. Result and Analysis

The simulation was done for fodiffereni cases namely:

Case 1: CHP Stand Alone system usimgro turbines

Case 2: CHP Stand Alone system udiigse Engines

Case 3: CHP Stand Alone systersin¢ a combination of
micro turbines and Diesel Engines

Case 4: CHP Grid connected systasin¢ micro turbines

Simulation of CHP Stand Alonesysten using micro
turbines

Equipment to consider

— o>

Microtwbine 1
— &
Prmary Load 1
151 Mwh/d
14 MW peak

&

Microturbine 2

7.

Mictaturbine 3

—» ]
CCA SAE 700

-« ]|«

Conwverter

&

Microturbine 4

AC DC

3]

B ailer

> Sl
Thermal Load 1

Figure4. Case 1 HOMER schematiwodel
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The application of thixast was mostly for rural areas
which are not connected to tigeid for reasons such as, they
are very far from thenetworl thus it will be expensive to
connect them to the grid. Tlemergy generated will be used
to supply both the electricdbad and the thermal load.
Excess electric energy will kstored in the battery and used
during peak times in case th&ectric energy generated is not
enough to supply the demamdboiler is also included in the
system to generate thernelerg for the thermal load when
the micro turbine is natnougl to supply the thermal demand.
The schematic diagramssowr on figure 4.

Table 6. All CasesComponen Sizes To Consider

Microturbinesizein  Converter size Battery sizein

Option 4\ in (kw) srings
1 0 0 0
2 1,000 2,000 1
3 3,000 5,000 -

HOMER then findgossiblt size combinations which will
be able to meet the demanthe different combinations are
displayed from the best coiinlatior to the last combination
in terms of the parameteshiowr in Figure 5. The best size
found was 3000kW for thenicra turbines and 2000kW for
the converter.

Sensitiity Reslts  Optimization Results

Dicuble chck ona syshem below for simulation sesull.
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Fig 5. Optimizationresult: for case 1 System

Micro turbine 1 appears toave higher total costs because
it was in operation for fongel period as compared to all the
other components in theysten as indicated in Table 8

The overall system cost isunc to be $ 101,228,520. This
indicates the amount spent lyinc the equipments (capita
costs), replacement of thequipments, operation and
maintenance (O&M), fuel ansialvage This is how much the
entire project cost at the enditsf life time.

Table 7. Case 1 Components Cost Summary

Component Capital (%) Replacement($) O&M ($) Fuel ($) Salvage($) Total($)
Microturbine 1 2,700,000 14,249,15 3,254,027 468,580 -107,60: 20,564,168
Microturbine 2 2,700,000 13,525,93 3,111,740 2,686 -55,36! 19,285,004
Microturbine 3 2,700,000 8,224,10! 1,980,131 1,223 -75,90: 12,829,558
Microturbine 4 2,700,000 2,172,49 680,600 304 -75,00¢ 5,478,390
Boiler 0 0 0 24,786,620 0 24,786,620
Battery 1,200 4,43¢ 563 0 -39¢ 5,804
Converter 50,000 14,18¢ 36,025 0 0 100,211
Other 16,500,000 0 1,678,786 0 0 18,178,788
System Total 27,351,200 38,190,31 10,741,872 25,259,408 -314,27: 101,228,520
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Table 8. Case 1 Component Simulation Results
Component Electrical Production Thermal production Fuel consumption Hours of Fuel consumption  Bio.Feedstock
(KWhlyr.) (KWhlyr.) (KWhlyr.) Operation (Hr/yr)  (m®yr.) consumption (t/yr.)
Microturbine 1 25,453,762 3,287,25. - 8,759 - 8,753,802
Microturbine 2 19,026,888 2,491,561 - 8,376 47,722
Microturbine 3 8,442,706 1,135,69: - 5,330 21,728
Microturbine 4 2,025,967 282,84¢ - 1,832 - 5,404
Boiler - 23,100,99 - 8,759 2,752,16! -
Ac primary load - - 54,947,468 - -
Thermal load - - 30,298,662 -
Battery - - - -
Converter = = 1,825 = =
System Total 54,949,320 30,298,35 - - - 8,828,656

Microturbine 1 is found to operatior 8,759 Hours per
year, which is higher than all the othaicro turbines which
indicate why in Table 8 it is found tbave higher overall
costs than the other components in #ysten model. The
total thermal production is seen to lmaver than the total

electricity productionbecaus HOMER ensures that the
electrical load demands anee! first before it can supply the
thermal load.

Case 1 Cash Flow

LU SRR LSS ERLL L

A CFe T
rear hamaer

Tz "% Tz &' II Iz 'I= II T= I- Iz I8 =%

Fig 6. Case 1 Cash flow of the system

As it can be seen from Figure &t the beginning of the
project, the only cost is the capital cémt all the equipment
which amounts tds 26 000 000as showr in red. After the
first year, the cash flow is only influencbg the replacement
costs; O&M costs fuel and salvage. Tireplacement costs
appear each year because batteries tebd replaces about
3 or more times each year. The cash fisfluctuating below
$ 7 500 00Quntil the fourth month andhoot: up to $ 10 000
000 because by that time soneguipment need to be
replaced. The cash flow remaintakctuatin¢ below $ 10 000
000 except on the ¥6and the 26 year when some
equipments will require replacement.

Case 2: Simulation of a CHP stand-Alone System Using
Diesel Engines

The application of this case is mostty areas (rural areas
and small farms) which are not connectedhe grid. Diesel
engines are then used for energgneratior This case
analyses the effect of diesel pridkictuation: on the
production of energy. The prices usethge from between

$0.9/L and $1.5/L.Diesekngine uses diesel to produce
energy to supply the thermaind electric loads while the
excess electric power will bstorec in the battery. The stored
electrical power will then besec by the electric load in the
case when the electrideman: is higher than the energy
produced.

I
[ quipmert ta consider Add/Remave. ..
cat—»
Micraturbine 1
— &/
- Frimary Load 1
QI—D 151 Mwih/d
Microturbine 2 14 MW peak.
— =]
o CCa SAE 700
Cot—»
Micraturbine 3
+—
= Cornwerter
ol
icroturbine 4
AL DC
> Sl 6]
Thermal Load 1 Eoiler

Fig 7. Case ZHome! Schematic
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3000kW micrdoest case for this system appears in the firstwbvweh has a

turbine amongst the different sizes to consideemgiln Table Cost of Energy of $1.666/kwWh and the renewabletifvacis

9. This is because the use of 1000kW micro turbwmidsnot

sufficiently supply enough energy to meet the deindrhe

Table 9. Case 2 Component's Costs Summary

zero due to the fact that diesel is a non-renewasieurce.

Component Capital($) Replacement($) 0&M ($) Fuel ($) Salvage($) Total($)
Microturbine 1 1,650,000 9,210,192 3,254,027 446,860,608 -69,51 460,905,344
Microturbine 2 1,650,000 8,742,727 3,111,740 338,460,480 -35,785 351,929,152
Microturbine 3 1,650,000 5,315,797 1,980,131 154,104,896 -49,060 163,001,760
Microturbine 4 1,650,000 1,404,230 680,600 38,324,704 -48,483 42,011,064
Boiler 0 0 0 27,134,206 0 27,134,206
Battery 1,200 4,439 563 0 -398 5,804
Converter 50,000 14,186 36,025 0 0 100,211
Other 16,500,000 0 1,678,786 0 0 18,178,788
System Total 23,151,200 24,691,574 10,741,872 1,004,884,864 -203,277 1,063,266,432

Case 2 Component Simulation Results

This section shows the results of the different gonents

for this case in terms of the energy produced, g@ner

in the system corresponding to the overall besthioation

Table 10. Case 2 Components Simulation Results

consumed, hours of operation, fuel consumed anchdmss
consumed.

Component Electrical Production Thermal production Fuel consumption Hours of Fuel consumption  Bio.Feedstock
(KWhlyr.) (KWhlyr.) (KWhlyr.) Operation (Hr/yr)  (m®yr.) consumption (t/yr.)
Microturbine 1 25,453,774 2,287,823 - 8,759 44,103,892 -
Microturbine 2 19,026,868 1,734,240 - 8,376 33,405,098 -
Microturbine 3 8,442,742 790,820 - 5,330 15,209,720 -
Microturbine 4 2,025,976 197,089 - 1,832 3,782,541 -
Boiler - 25,288,932 - 8,759 3,012,829 -
Ac primary load - - 54,947,468 - - -
Thermal load - - 30,298,662 - - -
Battery - - - - - -
Converter - - - 36 - -
System Total 54,949,360 30,298,904 - - 99,514,081 0

The simulations obtained for case 2 are shown bieTh0.

expenditure while positive cash flow indicates imgoof the

Diesel engines make use of diesel therefore thendss system during the duration of the project life tiniue to

feedstock consumption

is zero while

the

total

fuetliesel price fluctuations, the price of diesel &ied between

consumption is 99 514 081°3year. The total electricity $0.9/L to $1.5/L. From Figure 8 it can be seen thatcapital
production is 54,949,360 kWh/yr, whereas the thérmaostis $ 22 000 00@hich is very small compared to the fuel

production is 30,298,904 kWh/yr.

Case 2 Cash Flow Results

cost as indicated in blue. This indicates thateseli engine
system cash flow is highly influenced by the fudieéel) cost
and little by the replacement costs or the opegatiosts of

Cash Flows

-50,000,000-

Nominal Cash Flow (8)

~100,000,000-

| = Fel

‘ear Number
I

0 123 456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

= Captal
Replacement
Salvage
Operating

Fig 8. Cash flow for Diesel Costing 0.9%/I

The cash flow definition as given is the flow of mey
during the project lifetime. Negative cash flow irates

the system’s components.

Case 3: Simulation of CHP Grid Connected System Using
Micro Turbines and Diesel Engines

Equipment to conzider Add/Remave...
4
Microturbine 1
— &
Primary Load 1
w157 P
Micraturbine 2 14 MW peak
ft— (=]
= CCa SAE 700
o]
Diezel Engine 3
[
= Corrverter
Cnd—»]
Diezel Engine 4
AL DC
> Sl @
Thermal Load 1 Eoiler

Fig 9. Case 3 HOMER Model Schematics



48

This case is applicable in areas where there ase le
biomass resources which is not enough to supplgd¢ineand.
Thus there is a need to combine the microturbingls the
diesel engines to be able to satisfy the demand. dibsel
price used for this case study is 0.9%/L. This cas®bines
the two previous cases, by making use of two michonhes
and two diesel engines. These generators are tbet 10
generate energy to supply the thermal load andelbetric

S. Kariukiet al: Electricity Generation from Municipal Solid WagMSW)

load. The model was as shown in Figure 9.
The optimized results obtained from the homer satioh
were as shown in figure 10.

Sensitivity Results  Optimization Results ‘

Double click on a system below for simulation resuls.
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Fig 10. Case 3 Optimization results

Table 11. Case 3 Component Cost Summary

Component Capital($) Replacement($) 0O&M (%) Fuel ($) Salvage($) Total($)
Microturbine 1 2,700,000 14,249,156 3,254,027 468,778 -107,602 20,564,362
Microturbine 2 2,700,000 13,528,512 3,112,483 2,689 -54,471 19,289,208
Microturbine 3 1,650,000 5,321,583 1,982,731 153,826,624 -47,040 162,733,920
Diesel Engine 4 1,650,000 1,416,596 686,544 38,558,384 -43,866 42,267,652
Boiler 0 0 0 25,245,398 0 25,245,398
Battery 1,200 9,538 563 0 -692 10,609
Converter 50,000 14,186 36,025 0 0 100,211
Other 16,500,000 0 1,687,972 0 0 18,187,970
System Total 25,251,200 34,539,576 10,760,348 218,101,872 -253,672 288,399,328
Simulation Component Results
Table 12. Case 3 Simulation Results Per Component
Component Electrical Production Thermal production ~ Consumption Hours of Fuel consumption Bio.Feedstock
(kWhlyr.) (kKWhlyr.) (KWhlyr.) Operation (Hr/yr)  (m%yr.) consumption (t/yr.)
Microturbine 1 25,460,688 3,288,103 = 8,759 = 8,757,425
Microturbine 2 19,046,230 2,493,978 - 8,378 - 47,768
Diesel Engine 3 8,425,087 789,406 - 5,337 15,182,259 -
Diesel Engine 4 2,037,627 198,295 = 1,848 3,805,604 =
Boiler - 23,528,572 - 8,759 2,803,106 -
AC Primary Load - - 54,946,872 - - -
Battery = = 30,298,662 = = =
Converter - - - - - -
Other - - - 7,846 - -
Total 54,969,636 30,298,352 = = = 8,805,193
Total Diesel used - - - - 18,987,863 -

The best case chosen by HOMER as indicated inittste f contributing to the cash flow. After the first yeathe

row of Figure 10 shows that the four generatorsl wgere all

rated at 3000kW. Table 12 shows the different gnergonly costs influencing the cash flow.

productions, fuel and biomass consumptions of wifie
generators as well as the thermal and electricadwmptions

by the loads.

Table 12 shows the simulation costs for case catdi
per component. The total biomass feedstock usethéotwo
3000kW microturbine totals to 8 805 193 tonnes/yehile
th3e diesel used for the two diesel engines is 18 883
m-/year. The total electric production was found te b
54,969,636 kWh/yr. while the total thermal prodantiis
30,298,352 kWh/yr. Since HOMER chooses the besiibles
combinations, it can be seen from Table 12 that tthe

replacement cost, operating costs, fuel and saleagethe

Cash Hows

5,000,000

5,000,000

-10,000,000-

-15,000,000-

Nominal Cash Flow ()

-20,000,000-

-25,000,000-

-30,000,000-

01 23 45

6 7 8 © 10 11 1213 14 15 16 17 18 10 20 21 22 23 24 25 26 27 28 29 30
Year Number

microturbines are used for longer period than tlhesel
engines in order to limit the use of operating diemngines

Fig 11. Case 3 Nominal cash flow

due to the high cost associated with buying diesel the  Figure 11 shows that in the first year the negatash
high amount of carbon dioxide it produces. flow amount found is $25 100 00 whereas the maximum

The nominal cash flow is shown in Figure 11. At thd1egative amount is $27 000 000. The cash flow reehi

beginning of the project , the capital cost is trdy cost negative indicating an outflow of cash from theteys for
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the entire duration of running the project whicl3% years.
The cash flow is influenced greatly by the fueltcas can be
seen in blue.
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table shown in Figure 1a8nd Figurel4. In this case all the

micro turbines used are rated at 3000kW.

Table 13. Case 4 Grid Prices

Case 4: Simulation of CHP Grid Connected System Using
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. - Power Price Selling back Demand rate
Microturbines Rate ($/kWh) rate($kWh)  ($/kW/mo.)
Peak 0.130 0.05 0.75
Equiprent to consider Off-peak 0.04,0.05,0.06 _ 0.05 0.50
Mm‘:hine1 Figure 13 and Figure 14 shows that the Cost of ggner
ol $0.064 /kWh while the renewable fraction is 0.4%heT
Mmﬂhinez Ch Lol ot difference between the Figure 13 and Figure 14ig im the
1000 sty operating cost which are $ 5 531 411 and $5 5 36 61
Mm%in;' ‘C—C:% - respectively, and the total NPC which are $81 5@Q and
$81 638 552 respectively which corresponds to itts¢ fow
— | of each table. The natural gas and the biomassimesased
Micraturbine 44— E . .
Corverter are the same in both scenarios 2, 674,496 and 92%5
#—r tonnes/year respectively.
DC —
ﬁ @ A
0f_Peak Poner Price ($kwh) 104 ]

Fig 12. Case 4 HOMER model schematic

This case is applicable in areas where the denmhan
(the microturbine system has to sell power to ttenngrid)

or where the demand is high compared to the systeﬁ}qo

production capacity (the microturbine system hasntport
power from the grid). Various ranging grid pricee ased to
analyse the economic viability of a grid connedigstem. In
this case the system can receive money when seqdbmger
to the grid and thus helping reduce the power gaiver
deficit, especially during peak times when Eskomegeation
capacity is highly constrained. In these case

microturbines are used each rated at 3000kW to uyoed

fou

© Categoized & Overal  Evport.. | Detaik.. | Cat

Operating Total COE | Ren
Cost [$/) NFC  |[$/wh) Fiac
SENATT §E1572000 004 043
5E3BO04  §81.731280 0084 043

Double slick on & system below for simuiation results

MT2 [ MT3 | MTa
@‘ [kW] ‘ 1w) | w) | fiew)
?Ill & Ell 300 3000 3000 3000
{##FFOFE 200 3000 2000 3000

CCASA | Conv.

(]
10 2000
10 G000

Girid Inital
(kW) | Capital
1000 10,862,000
1000 § 10,937,000

13. Case4Optimization results corresponding to thepefik price of
4/Kwh

Sengitivity Results - Uptimizalion Hesults ‘

Sensitivity variables

Off_Peak Power Price ($#/h) -

Double click on a system below for simulation results.

MT1 | MT2 | MT3 | MT4
O‘ [k\N’] (k]| (ki) | k)
¢l & l @FE 00 00 300 00
1#8FFOE 00 000 0 00

Epat.. | Detais.. |

Operating Tota COE
Cost 4] NPC | (gkwh
553618 $EIEWER 0064
5543211 $EL7HTER 0084

" Categarized & Dveral

CCASA | Conw | Grid

(kW) | (kW]
1002000 1000 $10.,862,000
10 5000 1000 §10,937.000

]
Capital

)

043
042

Fig 14. Case 4 Optimization results corresponding to tffepeak price of

maximum energy. HOMER model for the grid connected0-06/Kwh

system is shown in Figure 12.

Optimization Results and the Component Costs

As mentioned in previous sections, the optimizatesults
refer to the best combination of the different comgnt sizes
as implemented by HOMER. Table 11 shows the differe
grid prices considered in the optimization analysis

Table 11 contains different prices used to sell antuy
electricity from the grid. The values used corregpto three
scenarios which were discussed in chapter 3Thedasst is
always indicated in the first low of the optimizati result

Table 14 indicates a summary of the components tiost

can be seen that the four microturbines have thees sapital
costs but microturbine 1 contributes more to th@asement
costs and to the O$M costs which corresponds
$16,112,670 and $3,694,993 respectively and thicause
it has more operating hours than the other micbates. The
total system cost is $81,638,616 which includeghal costs
of all the components while the fuel cost is $28,888 for a
period of 30 years. The total overall salvage ef $histem is
given by -$1,156,184.

Table 14. Case 4 Component Costs Corresponding To 0.06$/KniehR&ice

Component Capital ($) Replacement($) O&M (%) Fuel ($) Salvage($) Total($)
Microturbine 1 2,700,000 16,112,670 3,694,993 552,128 -210,236 22,849,562
Microturbine 2 2,700,000 13,735,149 3,182,866 3,408 -222,449 19,398,972
Microturbine 3 2,700,000 7,514,604 1,795,820 1,760 -473,685 11,538,499
Microturbine 4 2,700,000 867,846 387,681 301 -245,130 3,710,698
Grid 0 0 -3,342,886 0 0 -3,342,886
Boiler 0 0 0 27,351,242 0 27,351,242
Battery 12,000 14,872 639 0 -1,189 26,322
Converter 50,000 18,777 40,907 0 -3,495 106,189
System Total 10,862,000 38,263,928 5,760,019 27,908,838 -1,156,184 81,638,616

to
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load as well as the grid when it buys electricitgnfi the
system. It also shows the fuel and the biomassureso
consumed by the boiler and the microturbine re$palgt

Case 4 Simulation Results

Simulation results include the electrical and therm
energy produced by the microturbines and the dtidlso
shows the energy consumed by the thermal loadiriekic

Table 15. Components Simulation Results Corresponding Tabkgh Grid Price

Component Electrical Production Thermal production ~ Consumption Hours of Fuel consumption Bio. Feedstock
(kWhlyr.) (KWhlyr.) (KWhlyr.) Operation (Hr/yr.) (m3/yr.) consumption (t/yr.)

Microturbine 1 26,249,282 3,384,815 - 8,759 - 9,079,478

Microturbine 2 21,520,108 2,781,939 - 7,545 - 53,314

Microturbine 3 11,059,822 1,436,889 - 4,257 - 27,529

Microturbine 4 1,861,227 245,589 - 919 - 4,702

Grid 367,068 - 6,061,281 - - -

Boiler - 22,449,048 - 8,759 2,674,496

AC primary load - - 54,968,464 - -

Thermal load - - 30,,298,662 - -

Battery - - - - -

Converter - - - 903 - -

System Total 61,057,508 30,298,276 - - - 9,165,023

The simulation results corresponding to a grid graf  having a minimum of $2 400 0G6r the first, third, fifth and
$0.06/kWh are shown in Table 15. The total eleityric thirteenth year due to the fuel and operating cests a
production is found to be 61,057,508 kWh/yr whileet maximum of $9 400 00Gor the fourth and the eighteenth
thermal production is 30,298,276 kWh/yr. The grich&umes year as a result of the replacement costs. Bedhisssystem
a total of 6,061,281 kWh/yr. The system has a toiaass is connected to the grid, it uses less fuel becdsegrid
feedstock consumption of 9 165 023 tonnes/ year Tltompensates it.
converter was used for 903 hours of operation toved
from AC to DC and vice versa. 1000000 Cosh flows — o

Replacement
Salvage

Case 4 Cash Flow Results o] = erag
The cash flow indicates how the money is flowinghe -

project. The more negative the cash flow is, theremo
expenses the project has and the more positiveatsie flow ’ ! ! ! H HH ! H H HHH H

is, the more income the project is generating. Gésh flow
is made up of a summation of the capital costsaijeg
costs, salvage, fuel and replacement costs. Figusabdws

Nominal Cash Flow ($)

the cash flow of the system over the duration ef pihoject 10000000
life time.
Figure 15 shows that the lowest negative cash fo#2 PP o O O O
500 000recorded in year 1 while the maximum negative cash —
flow is $11 000 00Qrecorded at the initiation of the project. Fig 15. Cash flow of 0.04$/kWh selling price

This is as a result of the capital expenditurerdythe project
start-up. It can be seen that the cash flow istikiing 6. Emissions

Table 16. Emissions For The Four Cases

Pollutant Casel Case2 Case3 Case 4
Carbon dioxide -475,573,216 259,966,752 -492,612,960 -425,620,832
Carbon monoxide -172,389 627,258 -176,623 -49,171
Unburned hydrocarbons -19,095 69,481 -19,564 -5,447
Particular matter -12,995 47,286 -13,315 -3,707
Sulphur dioxide 14,350 526,025 -1,657 115,027
Nitrogen oxides -1,538,240 5,597,073 -1,583,648 -438,757

Table 16 shows the different emissions for eack vdsere largest positive CQemissions of 259,966.752 kg/year which
case 1 is the micro turbine stand alone, casetReigliesel means that every year case 2 system releases B5226kg
engine stand alone, case 3 is the micro turbiné di¢sel of CO, per year. The rest of the cases release a negative
engines stand alone and case 4 is the micro turpiite carbon dioxide emission value which correspondthéofact
connected system. It can be seen that case 2 whittat the system is not releasing carbon dioxide tiné air but
corresponds to a system with four Diesel enginegeha it is rather reducing the carbon dioxide in the @phere if
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the same amount of energy was generated using thal.
more negative the emission, the more environmédritaddly

the case is.Both of the cases produces a positilgh

dioxide which means that both cases emit sulphakideé

into the atmosphere.

7. Conclusions

It has been deduced from tables (8,10,12,15) tmastand
alone, diesel engine and the diesel+microturbinstesys
have approximately the same electricity productiapacity
of 55 000000 kWh/yr. However the Grid connectedteays
has a large electricity production capacity of agpnately
61 000 000 kWh/yr and this is because the systemsed
electricity to the grid in the case of excess potidn. The
amount of energy generated for the first three £ase only
to supply the electrical loads, while in the gridnnected
system, the system is supplying the electrical doand also
supplementing the grid. This usually happens duignigl
peak times, when the grid can no longer sustairekbetrical
load and thus the system will have to sell eneogthé grid.
The diesel engine system cost 2.018 c¢/kWh whichigher
than the rest of the three systems of which the gghnected

system costs 0.064c/kWh which is the lowest. Thesw

because of the high cost of diesel. A negative €®@ission
means that the carbon dioxide is being removed fthen

atmosphere whereas a positive nission means that the
system is emitting COinto the atmosphere. The diesel
engine is the only system with positive £&missions. The
Grid connected system has a much lower, @@issions as

compared to the stand alone system. R&D shouldobe tb
establish results of combination of diesel and asodor
standalone applications to be applied in the rarahs. The
emitted heat can also be reused and applied fer dtybrid
renewable energy applications.
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