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Abstract

Due to the increased population growth in South Africa, particularly in urban areas, the generation of municipal solid waste
has increased and so is the demand of energy. Municipal solid waste can be considered a good candidate for electricity gen-
eration in South Africa. This approach does not only have the benefit of recovering electricity from municipal waste, but also
contributes to the integrated waste management system. This study aimed to investigate the economic feasibility of hybrid of
anaerobic digestion and gasification of municipal waste for electricity generation in South Africa. The research developed a
techno-economic model to evaluate the financial profitability of waste-to-energy of gasification, anaerobic digestion and a
hybrid system of both waste-to-energy technologies. A spreadsheet was developed to evaluate the financial profitability of
waste-to-energy of gasification, anaerobic digestion and hybrid system of both waste-to-energy technologies. The techno-
economic model provides cost estimates for the implementation of waste-to-energy technologies in South Africa. This is
carried out through a set of financial indicators, namely payback period (PBT), net present value (NPV), profit index (PI),
internal rate of return (IRR), levelised cost of electricity (LCOE) and levelised cost of waste (LCOW). Hybrid of gasification
and anaerobic digestion manifested positive results across all the financial indicators. The study concluded that a hybrid of
anaerobic digestion and gasification waste-to-energy is economically viable. In addition, the hybrid system also provides
optimal solution for energy recovery and waste disposal, based on the IRR, LCOE and LCOW values. Sensitivity analysis
showed that, energy price and capital expenditure are the major variables affecting the hybrid plant’s investment decision.
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Statement of Novelty

There have not been any reports of a hybrid (gasification
and AD) WTE system for paper, plastics and organic wastes.
Paper, plastics and organic wastes such as food wastes are
key fractions of any MSW. The combination of gasification
and anaerobic digestion technologies can improve the energy
efficiency of the WTE plant and its economic viability. This
study developed an economic model for hybrid WTE system
of gasification and anaerobic digestion for municipal solid
waste (MSW) in South Africa.

Introduction

Energy is essential in the development of the world
economy and South Africa is no exception. A country’s
economic advancement can be measured in terms of the
amount of energy it consumes per person [1]. For many
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years, non-renewable energy sources, such as fossil fuels,
have been exploited globally to produce electricity and
other forms of energy generation. The combustion of fos-
sil fuel yields greenhouse gas (GHG) emission, predomi-
nantly carbon dioxide, which causes global climate change
[1, 2]. Lately, there is a concerted effort by governments
throughout the world to transit from non-renewable to
renewable energy sources that are considered cleaner and
environmentally friendly, amongst other benefits [3].

State-owed enterprise, Eskom, dominates electricity
generation and distribution in South Africa. According
to Pegels, Eskom produces ~95% of electricity in South
Africa [4]

Coal is the major source of electricity production in
South Africa, contributing ~86%. The remainder is pro-
duced from nuclear energy (5%) and various other sources.
Private companies produce only about 2% of the South
African electricity [4].

Since 2007, Eskom has been experiencing a lack of
capacity in the generation of electricity. In addition, in
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the first quarter of 2008, as a result of lack of generation
of electricity, power shortage and blackouts became com-
mon in South Africa. Also, during 2018 to 2019 South
Africans experienced load shedding due to urgent main-
tenance needed in different power stations operated by
Eskom. This has contributed negatively towards the South
African economy, as the economic growth fell drastically
to 1.57% in 2008 from 5.4% in 2007 [5, 6]

Renewable energy sources include solar, hydropower,
wind, geothermal, ocean and biomass. Most renewable
energy supplies suffer from several drawbacks. These
drawbacks include the inability to supply the optimum
amount of energy as compared to the traditional fossil
fuel electricity generation, the reliability of energy sup-
ply since renewable energy often relies on the weather for
its power source Hydro-energy needs sufficient rainfall for
supply of water to fill up the dams for excusive flow of
water, wind power needs sufficient wind for blowing the
wind turbine and solar energy needs clear skies. Renew-
able energies also suffer from the drawback of cost impli-
cations and inefficiencies and can be unsustainable. These
factors tend to limit their exploitation [6, 7]. Exploita-
tion of energy sources, such as the municipal solid waste
(MSW), not only has the benefit of recovering electricity
from municipal waste, but also contributes to the inte-
grated waste management system (including the cleaning
of the environment) in municipalities [8].

Global MSW is expected to reach 2.2 billion tons by the
year 2025 from 1.3 billion tons in 2012 [9]. This increment
is attributed to urbanisation, population growth and eco-
nomic development. Similarly, to [10] reported that South
Africa produces a total of 108 million tons of MSW per year,
with 59 million tons being general waste and 1 million ton
representing hazardous waste, while the remainder is unclas-
sified. From 59 million tons of general MSW, 10% is recy-
clable, of which 53.1 million tons are sent to landfill. With-
out the implementation of an appropriate waste management
system, MSW will continue to accumulate in cities due to
the increment of population growth and economic develop-
ment, thereby posing serious health and environmental risks.
MSW contributes to water and air pollutions, which can lead
to global climate change [11, 12]. The authors noted that the
negative trend can be reversed only if sustainable methods
of managing municipal wastes are implemented. Sustain-
able waste management involves waste prevention, waste
recycling and the conversion of waste to generate energy,
called Waste-to-Energy (WTE) [7].

Without a doubt, WTE strategies need to be implemented
in South Africa. WTE technology is the process that con-
verts waste, into electricity and heat. This technology can
supply an alternative and more environmentally friendly
source of energy and will also reduce waste dumped into
landfill [13, 14].

WTE is a unique opportunity for South Africa to address
waste management challenges and to reduce the quantity of
coal used in generating electricity reduction of coal utilisa-
tion to produce electricity [10]. Some well-known technolo-
gies for WTE which this study focuses on are gasification
and anaerobic digestion [11-14].

Gasification is an environmentally friendly thermochemi-
cal process in which carbon-based materials are exposed to
limited amounts of oxygen to produce syngas. The syngas
produced can be used to generate electricity through a gas
turbine [2, 15, 16] On the other hand, anaerobic digestion
(AD) is a biological process that involves the decomposition
of organic materials, such as MSW, in the absence of oxygen
to produce biogas. Biogas is categorised as a mixture of
gases, such as hydrogen sulphide, carbon dioxide, methane
and other trace components. The main product in biogas is
methane, which can also be used to generate energy [17-19].

A hybrid system was developed to combine AD and gasi-
fication for energy recovery by using MSW as substrates [2].
AD has several advantages to the waste management system;
however, biogas digesters are unable to handle solid wastes
containing polymeric material, paper, and plastic. Hence,
there is still a lot to be done on the post-treatment of residues
of the substrate that is used, simply because AD is not effi-
cient enough in minimising waste when compared to thermal
treatment process, such as gasification. Residues from AD
may contain pathogenic microorganisms and other harmful
heavy metals that are not suitable for the environment [2].
Gasification can be added as post-treatment of residual of
the AD, as proposed by [2]. They reported that a hybrid
system of gasification and AD increases the efficiency of
organic waste and woody biomass. However, there have not
been any reports of a hybrid (gasification and AD) WTE
system for paper, plastics and organic wastes. Paper, plastics
and organic wastes such as food wastes are key fractions of
any MSW [2]. This study aims to evaluate the economic fea-
sibility of WTE technology by using MSW in South Africa.

The rate of municipal solid waste generation is increasing
and there is a low rate of implantation of waste-to-energy
plants in South Africa and globally. This may be due to
the low economic viability of the traditional waste energy
plants, such as gasification plants or anaerobic plants [20,
21]. The combination of gasification and anaerobic digestion
technologies can improve the energy efficiency of the WTE
plant and its economic viability. This study aims to develop
an economic model for hybrid WTE system of gasification
and anaerobic digestion for municipal solid waste (MSW)
in South Africa.

The objective of this study is to develop an economic
model for hybrid WTE system of gasification and anaerobic
digestion by using MSW in South Africa. A techno-eco-
nomic analysis will be carried out by using the following
financial indicators: Payback period (PBP), Net present
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Table 1 Average composition

- . . Waste type Com-
of mumclpal solid waste in position
South Africa [22] %)

Organic waste 16
Paper 8
Glass 3
Metal
Plastic
Others 35

value (NPV), Profit index (IP), internal rate of return (IRR),
Levelized cost of electricity (LCOE) and Levelized cost of
waste (LCOW). The techno-economic viability will be done
by investigating the energy efficiency of hybrid WTE system
of gasification and anaerobic digestion and comparison of
the energy efficiency of gasification and anaerobic digestion
WTE for different MSW compositions will be established.
Lastly, the evaluation of the sensitivity analysis will be car-
ried out in order to determine the key factors that can affect
the economic viability of WTE.

Methodology

The study focuses on desk work by collecting relevant data
from reports and studies of different individuals, government
entities, international published researches and independ-
ent agencies. Excel spreadsheets were compiled to design
the WTE model technologies. The following financial set
of indicators was employed in the model to calculate the
economic viability: payback period (PBP), net present value
(NPV), internal rate of return (IRR), profitable index (PI),
levelised cost of electricity (LCOE) and levelised cost of
waste (LCOW). The techno-economic evaluation of the
hybrid system of anaerobic digestion and gasification was
based on the data and information available on MSW in
South Africa.

Municipal Solid Waste in South Africa

South Africa produces a total of ~ 108 million tons of MSW
per year, with 59 million tons being general waste and 1 mil-
lion tons representing hazardous waste, while the remainder
is unclassified. Of the 59 million tons of general MSW gen-
erated, 10% is recyclable, while ~53.1 million tons are sent
to landfill [22]. Table 1 illustrates the average percentage
composition of South African MSW.

Non-recyclable municipal waste contributes 35% (by
weight) of the overall general waste, they include biomass
from the sugar mills, sawmills, pulp and paper industry,
followed by organic waste (16%), and mainline recyclables
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(including paper, plastics, glass and metal scrap (19%) etc.
[22].

Techno-economics Analysis

Six main capital budgeting techniques were used to criti-
cally analyse the economic viability for an AD WTE plant,
gasification WTE plant and a hybrid of AD and gasification
WTE plant in South Africa. The financial set of PBP, NPV,
IP, IRR, LCOE and LCOW are used in this study.

Definition of Equations

Data analysis was done by compiling a Microsoft Excel
model to assist in calculating the set of financial indicators
listed above. To calculate the financial indicators, the fol-
lowing definitions are in use:

Iy The total investment cost at year 0.

OPEX, The fixed and variable operation and maintenance
expenditure in year t.

L, The cost of landfilling the residual generated waste
in year t.

E, The quantity of electricity generated in year t
(MWh).

n The project economic life.

~

The weight average cost of capital (WACC) or the
discount rate.

W, The amounted of waste treated in year t (ton).

C The net cash flow i.e. cash inflow — cash outflow,
at time ¢.

The Net Present Value

NPV is the difference between the present value of cash
inflows and outflows, discounted at a rate that is consistent
with the project’s risk over a period [5, 23].

To determine whether a project is a satisfactory invest-
ment, the NPV criteria of the present values of the cash
flows are used Eq. 1.

The NPV is expressed as
- (O
NPV =1,+ E 1
T4ty M

Internal Rate of Return

IRR is known as the marginal efficiency of capital on the
investment. It is the value that makes the NPV equal to zero
[11,24].
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Profitability Index

PI is the ratio of the present value to the future expected
cash flows, after the initial investment, divided by the
amount of the initial investment [11].

The profitability decision rule is to invest when the PI
is more than 1.0 and to abstain from investing when the PI
is less than 1.0, as exemplified in Eq. 2

n  (OPEX,+L,)

present valua of positive fow — 37 Ty )

Iy

PI =

Payback Period

PBP is the amount of time it takes for a given project’s net
cash inflows to recover the initial investment or the needed
number of years to recover the initial investment [5, 11].

Levelised Cost of Electricity

LCOE is the most common methodology to enable the
comparison of the cost of electricity generated from differ-
ent conversion technologies. The method of LCOE allows
for different WTE conversion technologies with different
power capacity to be compared against one another, based
on the unit cost of electricity (kWh), during the opera-
tional life of the facility [5, 25, 26] This is calculated by
using Eq. 3.

n (OPEX,+L,)
=1 (1+r)

LCOE =
Z" (E,)
=1 (14r)

3

Levelised Cost of Waste

The method of LCOW allows for different WTE conver-
sion technologies with different facility waste capacity to
be compared against one another, based on the unit cost of
waste (ton) during the operational life of the facility [26,
27]. This is calculated by using Eq. 4.

n  (OPEX+L,)
=1 (1+r)

LCOW =
Z” (Wr)
=1 (14r)

C)

General Assumption

Most of the financial data that were used in the financial
model for gasification, AD and hybrid of gasification and
AD were taken from the literature [28, 29].

e The operating days for gasification, AD and a hybrid of
both gasification and AD are assumed to be 365 days
per year. Hence, the total operating hours are 7446 h
per year, while the remaining hours will be for unfore-
seen shutdown and maintenance, which will not be part
of the calculation for economic analysis of each tech-
nology.

e CAPEX (capital expenditure) breakdown, based on
gasification, AD and a hybrid of gasification and AD
WTE: The CAPEX assumptions in this instance include
fluidised bed gasifier conversion systems, civil cost,
prime mower, consultancy design, mechanical handling
systems and plant electricity utilisation.

e The economic life of the technologies that include
gasification and AD technologies of WTE is between
20 and 25 years [29]. However, this paper assumes
23 years of economic life, starting from 2017.

e The procurement and construction of this plant are
assumed to take 3 years. Therefore, all WTE plants
will start to become operational in the year 2020.

e The depreciation method for this paper assumes a
Double-Declining Depreciation Method, starting from
operation with zero salvage value.

Depreciation for a period =2 X (straight — line deprecia-
tion percent) X (book value at beginning of period).

e The transportation costs of MSW to be delivered to
the feedstock waste facilities is considered only on an
average distance of 25 km. The external cost associated
with transportation of MSW to landfill is assumed to
be R24.22 per ton MSW will be inflated at a rate of 4%
annually [30]

e Electricity price of this work assumes that the electric-
ity produced by the WTE plant is sold at a rate of R1.30
per kWh, although the tariffs are regulated by NERSA.
This price represents the price that Eskom will pay the
municipality for the generated electricity and it is also
regulated by NERSA.

e Weight Average Cost of Capital (WACC): a 12%
WACC is assumed.

e The annual inflation rate: It is assumed that the selling
price of the generated electricity will be inflated at a
rate of 5% [29].

e The inflation rate of cost of landfilling the residual
waste and selling price of the generated recycled waste

@ Springer
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is inflated at a rate of 5%; the fixed and variable opera-
tion expenditure (OPEX) is inflation at a rate of 8%
annually.

e The assumptions of this study assumed that the mechani-
cal treatment process will be done manually. In order
to minimise the cost of sorting MSW, according to this
study, MSW is separated into different coloured contain-
ers at the source site (household and commercial indus-
tries) according to the type of the waste. The process
advances the recycling and minimise the MSW manage-
ment cost. The manual cost of recycling is R72000 per
person with inflation rate of 7% annually. The sorting
will require about 40 people.

The Amount of MSW Processed and Energy
Produced in Gasification Plant

The average CAPEX for gasification technology system that
will use a fluidised bed is 1949.910 USD/kw. This amount is
R27310.8/kw' when converted to South African Currency
[11].

The capacity factor for this gasification plant is assumed
to be 80%. This is the ratio of the processed waste and waste
that can be processed if the plant is working at maximum
capacity [11].

If 1,000,000 tons of unsorted MSW will be delivered to
the gasification plant annually, only 800,000 tons of unsorted
MSW can be delivered for mechanical handling to be con-
verted into RDF. RDF is the amount of material that is fed
inside the gasifier for energy generation. During mechanical
handling, all recyclable and unwanted waste is removed from
unsorted waste to increase the efficiency of the plant.

According to Purser, a ton of unsorted waste produces
0.3 ton of sorted RDF. Therefore, 800,000 tons of unsorted
wastes are equivalent to 240,000 tons of RDF. Furthermore,
one ton of RDF has energy content of 23,000 MJ and 1 MJ
is equivalent to 0.0003 MWh of energy rate. Therefore,
240,000 tons of RDF are equal to 5,520,000,000 MJ, which
is equivalent to 1,656,000 MWh [20].

An electrical efficiency ranges between 31-35%; for this
research, 34% energy efficiency rate is assumed and 34% of
1,656,000 MWh is 563,040 MWh [11].

24% of MSW in South Africa is recyclable, this value is
the total of all the recyclable waste listed in Table 1. There-
fore, out of the 800,000 tons of the unsorted MSW, 192,000
almost tons have recycling potential [22].

Furthermore, 8% of South African MSW consists of met-
als; that is, 80 kg per ton. Assuming a selling price of R0.47/
kg of metal, R37.60 per ton is therefore generated from sell-
ing recycled metals. Glass accounts for 3% of recyclables,

1 USD to ZAR=1: 14.00.
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which is 30 kg per ton. Assuming a selling price of R0.27/
kg, R8.10 is generated from the selling of glass [22, 29]. The
total waste recycling revenue is R74.60 per ton from selling
recycled glass and metal that is delivered as unsorted waste
to the gasification feedstock. Therefore, a total of R36 560
000 is generated annually for recycling glass and metal.

The portion of MSW that is sent to landfill accounts for
52% of MSW received at the gasification plant after all the
recycling activities have been completed, amounting to
520,000 tons. The price of R303.88 per ton is assumed for
landfilling the residual [22, 29].

Operation and maintenance refer to the fixed and variable
costs related to the operation of gasification plants. Fixed
costs can be expressed as a percentage of capital costs. For
gasification plants, these costs normally range between
3-6% of the initial CAPEX per year and for the purpose
of this study, 4% is assumed. Fixed costs consist of labour,
scheduled maintenance, routine equipment replacement (for
boilers, gasifiers, feedstock handling equipment, and insur-
ance). The variable costs depend on the output of the system
and are usually expressed as a value per unit of output (R/
kWh). They include fuels costs, ash disposal, unexpected
maintenance and equipment replacement. The variable cost
for gasification technology plant is USD4/MWh and this
amounts to about R53.59/MWh in South African currency
[11].

A schematic diagram (Fig. 1) of gasification WTE plant
shows the difference of weight of MSW for energy product.

The Amount of MSW Processed and Energy
Produced in Anaerobic Digestion (AD) Plant

The average CAPEX for AD technology system that will use
organic waste is USD2912.7/kW which amounts to about
R40795.81/kw when converted to the South African cur-
rency [11].

The capacity factor is also 80%. If 1,000,000 tons of
unsorted waste will be delivered to the AD plant annually,
800,000 tons of unsorted waste can be delivered only for
mechanical handling to be converted into RDF. The RDF
is fed into the gasifier for energy generation. During the
mechanical handling, all recyclable and unwanted waste is
removed from unsorted waste to increase the efficiency of
the plant. According to [11, 28], a ton of unsorted waste pro-
cess yields 0.3 ton of sorted RDF. Therefore, 800,000 tons
of unsorted wastes are equivalent to 240,000 tons of RDF.

A ton of RDF has energy content of about 992 kWh.
Therefore, 240,000 tons of RDF have the potential to pro-
duce energy of 238,080 MWh [11]. Electrical efficiency
ranges between 31 and 35%. For the purpose of this research,
an energy efficiency rate of 34% is used. Therefore, 34% of
238,080 MWh is 857,088 MWh of energy.
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Fig. 1 G?siﬁcation waste to 24000 tons of glass
energy plant 1000000 tons Capacity factor 800000 Mechanical
—»f{ ration of 80% » handling
MSW Msw | treatment — 64000 tons of metal
88000 tons
712000
tons of MSW
Second
472000 treatment for
Tons of mosture RDF
to landfill
240000
tons of RDF
36096, 563040
tons of ash Gasification MWh of energy

Table 2 The model output of
the financial data set for AD,

process

Financial indicators or Hybrid waste to energy plant

Gasification waste to

Anaerobic diges-

o . parameters energy plant tion waste to energy
gaS{ﬁcat}on and hybrid of both plant
gasification and AD plant under
20 years NPV R 210261 846.81 R 656 388 489.68 R 298 998 029.15
IRR 18.49% 15.13% 17.03%
PI 1.197033705 1.32 1.64
LCOW R 44.14 R 459.30 R 62.77
LCOE R 0.43 R 0.19 R 1.61
PBP 8.40 7.60 6.86

This study assumed that the AD has the potential to recy-
cle metal, paper, plastic and glass since AD plants are unable
to handle solid wastes containing polymeric material, paper,
plastic, to name a few. The costs of metal and glass have
already been stated in the general assumption of gasifica-
tion plant and it is added to the revenue of paper and plastic.
Plastic accounts for 5% of recyclables or 50 kg per ton of
unsorted waste. The cost of plastic is R1.20/kg, which makes
a total of R60. Paper accounts for 8% or 80 kg per ton of
unsorted waste. The cost of paper is R0.27/kg and R21.60
cost of revenue is generated [11, 28]. A total of R 127.3
per ton can be achieved by selling glass, metal, paper and
plastic. Therefore, a total of R 101,840,000 can be generated
from 800,000 tons of the MSW received in the AD plant.

The price of R303.88 per ton is assumed for landfilling
the residual. For this paper, it is assumed that the resid-
ual waste remaining after the AD conversion process and
mechanical handling is sent to landfill. Only ~ 15% of the
MSW received at the AD station is sent for landfilling.

Operation and maintenance refer to the fixed and variable
costs related to the operation of plants. Fixed costs can be
expressed as a percentage of capital costs. For AD plants,
fixed costs normally range from 2.1% to 7% of the initial
CAPEX per year. For this study, 5% is assumed [11].

Like gasification, plant fixed costs consist of labour,
scheduled maintenance, and routine equipment replace-
ment (for boilers, feedstock handling equipment, and insur-
ance). The variable costs depend on the output of the system
and they are usually expressed as a value per unit of output
(USD/kWh). These costs include fuels costs, ash disposal,
unexpected maintenance and equipment replacement. The
variable cost for gasification technology plant is ~USD4.4/
MWh, which is about R59.89/KWh [11].

Table 2 shows a summary of all the assumptions used
in this paper. It also shows the energy recovery of each AD
WTE plant. Figure 2 below is the schematic diagram of an
AD WTE plant, showing the difference in weight of the
MSW and the energy recovered.
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Fig.2 AD waste to energy plant

1000000 tons| Capacity factor

—»| ratioof 80%
MSW

120000

tons of MWS to landfill

The amount of MSW processed and energy
produced in a hybrid of gasification and anaerobic
digestion plant

The hybrid system was developed to combine AD and gas-
ification for energy recovery by using MSW as substrate.
The first stage is AD; most of the assumptions will be the
same as in the AD plant, as demonstrated in this study.

The average CAPEX as stated for a hybrid system uti-
lising AD and gasification process technology system
that will do simultaneous energy conversion is about R1
035,152,242. This cost is derived from the CAPEX/Kw
of AD and gasification waste to energy. In addition, the
capacity of gasification in the post-treatment is less. In the
post-treatment, only 99,744 tons of waste from AD process
are treated [11].

If 1,000,000 tons of the unsorted are delivered to the
hybrid of gasification and AD plant annually, when capac-
ity factor is included, only 800,000 tons of unsorted are
received at the plant for mechanical handling. After the
mechanical handling process, RDF is produced. RDF is the
fuel produced from various types of MSW, which will be
fed into the first stage of the process, that is, AD for energy
generation.

Typically, ~0.3 ton of RDF can be produced from 1 ton
of unsorted wastes after the entire mechanical handling pro-
cess. Therefore, 800,000 tons of unsorted waste are equiva-
lent to 240,000 tons of RDF and they feed into the first stage
of AD.

According to Hadidi and Omer, 1 ton of RDF has the
potential to generate 992 kWh. Therefore, 240,000 tons of
RDF have a potential to produce an energy content of about
238,080 MWh [11].
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L 24000 tons of glass
800000 | Mechanical - 64000 tons of paper
» handling EEE— 40000 tons of plastic
MSW | treatment EEEE— 64000 tons of metal
192000 tons
608000
tons of MSW
A
Second
treatment for
RDF
Conversion
240000
tons of RDF
AD 85708.8

treatment
plant

MWh of energy

Recycling revenue: Like the assumption of a gasifica-
tion plant, 8% of South African MSW consists of metals;
that is, 80 kg per ton. Assuming a selling price of R0.47/kg
of metal, R37.60 per ton is therefore generated from sell-
ing recycled metals. Glass accounts for 3% of recyclables,
which is 30 kg per ton. Assuming a selling price of R0.27/
kg, R8.10 is generated from the selling of glass [11]. The
total waste recycling revenue is R45.7 per ton from selling
recycled glass and metal that is delivered as unsorted waste
to the gasification feedstock. Therefore, a total of R36560
000 is generated annually for recycling glass and metal.

Hadidi and Omer [28] stated that only 15% of the MSW
received at the AD station is sent to landfill. The total per-
centage of plastic and paper is 14%, which is ~ 112,000 tons
[28]. It therefore constitutes the total of 232,000 tons when
added to the total of 15% of waste that was supposed to be
sent for landfill.

The total percentage of the waste rejected after the
mechanical treatment of the waste received from the first
stage of the hybrid WTE plant is 16.88%. Therefore, 83.12%
of the waste will be sent to the post-treatment stage of hybrid
WTE plant [28, 31].

The following Eq. 5 is for the energy produced (kWh) in
the hybrid WTE system [23]:

Energy from gasification = 0.28 X G X Rf X LHV g X n,
&)

e (.28 is used to convert kWh to MJ and conversion rate of
1 MJ is equivalent to 0.28 kWh.

e Rf is the percentage of the rejected MSW after mechani-
cal operation has taken place. The total percentage of
the waste rejected after the mechanical treatment of the
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Fig.3 Hybrid of gasification
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waste received from the first stage of hybrid WTE plant
is 16.88%; therefore, 83.12% of the waste will be gasi-
fied.

e LHV s the lower heating value of the reject (MJ/t). The
value in use is 10,000 MJ/t.

e n,is the efficiency of the gasification which is 0.23. The
value is used since the power out from the hybrid system
is less as compare to gasification waste to energy.

e G is the amount of tons of MSW treated annually from
the first treatment stage of the hybrid WTE plant (t/yr).

Ash disposal for this process is 4% of the received waste
after the mechanical treatment of the first stage of the pro-
cess of hybrid WTE plant. For this study, R303.88 per ton

v

D ——

Second energy

9280 Gasification 113345.0386
tons of ssh systemplant [~ >Mwh of energy
to landfill second

is assumed for landfilling the residual which, in this case,
will be ash. However, Bottom ash and char, which are the
by-products generated from gasification process, can be
developed into commercial products such as construction
material, fertiliser and catalysts.

Figure 3 presents the schematic diagram of mass balance
of the hybrid of gasification and AD WTE plant.

Results and Discussion
In this study, the Excel spreadsheet was used to model dif-

ferent financial indicators. The set of financial indicators
were employed to calculate the economic viability of a
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hybrid WTE system of gasification and AD for MSW. The
assumption used to design a model was used to describe and
measure the performance of gasification, AD and a hybrid of
gasification and the AD WTE plant. The assumptions made
were also used to investigate a set of financial indicators,
namely NPV, IRR, PI, PBP, PB, LCOE and LCOW.

Results

Table 2 shows the results of the financial model developed
for the three WTE plants, namely AD, gasification and a
hybrid of gasification and AD WTE plants for 20 years’
evaluation time.

Discussion

According to the assumptions made, the respective results of
financial data set, namely IRR, NPV, PI, LCOE and LCOW,
were achieved.

The financial model was developed to assess the techno-
economic viability of gasification, AD and hybrid of gasi-
fication and AD WTE plants in South Africa. This model
employs the different cash inflows and outflows and can
determine set of financial indicators. The same is used to
evaluate the sensitivity analysis to determine the key factors
that affect the economic viability.

The results obtained in the financial model are discussed
in detail, according to each set of financial indicators as used
in this study, as follows:

Gasification WTE

The assumption for a 75.6 MW gasification plant was
discussed and this WTE plant has the capacity to process
240,000 tons of RDF. Financial data sets, namely IRR,
NPV, PI, LCOE and LCOW were achieved over 20 years life
cycle of the gasification WTE plant. The values are shown
in Tables 2.

The techno-economic analyses of gasification revealed
positive returns across the main key financial set of indica-
tors and the results are discussed as follows.

The acceptable payback is set according to the financial
investment contract agreement. The profitable case scenario
is when the payback point is less than the financial investor’s
minimum payback. However, for this study, financial inves-
tor contract agreement is neglected. As shown in Tables 2,
gasification WTE technology has manifested a payback
period of less than 10 years. Some literature also manifested
a PBP of less than 10 years [11]. In addition, the study gives
a confidence of good results and confidence in terms of
reliability and viability. The economic viability criteria as
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referenced by Goosen [17], affirmed that a payback period
of seven or less years accomplished regard the project to be
economically feasible. Although the payback period attained
is close and higher to marginal value of viability criteria, the
project will not be regarded as being uneconomical. A com-
prehensive look will be taken the results of other financial
sets of indicators.

As previously discussed in this report, the NPV of the
project is equal to the sum of its cash flow and outflow,
discounted at a rate that is dependable with the project risk.
The criteria for determining the techno-economic viability
of the WTE plant state that if the NPV is greater than zero,
the plant or technology is economically viable. As shown in
Tables 2, the NPV of R656 388 489.68 for a 20-year period.
This indicates that the gasification WTE technology will be
financially viable. Moreover, gasification plants manifested
higher NPV for investment, due to that it has higher capacity
of waste handling and energy generation.

As defined earlier, the profitability decision rule is to
invest when the PI is greater > 1.0 and to abstain from invest-
ing when the Pl is < 1.0.

The profit index for the 20-year periods are both profit-
able, simply because they are both greater than 1. This also
indicates the fact that the gasification WTE plant technology
operating under the same assumptions made in this study
will, therefore, result in a financial gain for the investors.

IRR is the value that makes the NPV equal to zero and
it should always be higher than the discounted payback
(WACCQ).

The assumed value of WACC is 12% and the actual val-
ues of IRR are 15.13% for 20 years, respectively. This is
expected since the capital investment for this technology is
higher, since it has the capability of high-energy efficiency
yield when compared to the AD and the hybrid of gasifica-
tion and AD WTE. From the results of IRR, it is obvious
that high-energy generation and high CAPEX value with
considerable OPEX yield of the required IRR will make the
technology economically viable and be able to positively
influence an investment decision.

LCOE is a measure of energy source which compares the
different methods of energy generation. It is regarded as the
average minimum cost of energy at which different energies
produced must be sold to make the WTE plant to be finan-
cially viable. LCOE focuses on only the amount of energy
produced and how much must be sold. It does not comprise
the other source of income, such as recycling. As shown in
Tables 2, LCOE is lower than the actual energy price that
was considered in this report. The LCOE is R 0.19 and the
electricity retail price assumed is R1.3 per KWh, which is
the current tariff rate in South Africa for domestic opera-
tion. From the finding, it is obvious that LCOE of the WTE
plant is considerably lower than the current electricity price
rate, which, however, indicates that even if these WTE plants
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are without recycling revenue from the selling of recyclable
waste, they will still be economically viable.

This is the method that allows for the different WTE con-
version technologies with different waste capacities to be
compared against one another based on the unit cost of waste
(ton), during the operational life of the facility. A R459,30/
ton of waste processed with the LCOW technology is rela-
tively high when compared to the other WTE technologies.

AD WTE

The assumption of 11.5 MW AD plant was discussed and
this WTE plant has the capacity to process 240,000 tons of
organic waste from wet fraction after the mechanical process
has taken place. Financial data set, namely IRR, NPV, PI,
LCOE and LCOW was achieved over a 20-year. The values
are shown Tables 2.

The techno-economic analysis of AD plant has also
revealed the positive return across the main key financial
set of indicators and its results are discussed as follows.

As shown in Tables 2, AD WTE technology has scored
a PBP less than 10 years. The investors will not wait for
more than 10 years to recover the return on their invest-
ment. Purser [20] and Goosen [17] reported similar results.
Goosen [17] reported that a PBP of seven or less years must
be accomplished for the project to be economically feasible
[17]. The PBP attained is close and higher than the marginal
value of viability criteria; however, the project will not be
regarded to be uneconomical, hence a faster PBP is mani-
fested. The recycling revenue plays a vital role in influencing
a faster PBP. In AD WTE all recyclable components are
recycled hence higher revenue is manifested.

As shown in Tables 2, the NPV of R 298 998 029.15 for
the 20-year period. This indicates that the AD WTE technol-
ogy, by using the assumption employed in this report, the
technology will result in a financial gain for the investors for
the 20-year periods of operation.

The profit index for the 20-year periods are profitable,
simply because they are > 1. The AD WTE exhibited a
higher profit index when compared to other WTE technolo-
gies. This also indicates the fact that the AD WTE plant
technology, operating under the same assumptions of AD
WTE presented in this report will result in a financial gain
for the investors because it is considered economically
viable.

The assumed value of WACC is 12% and the actual val-
ues of IRR is about 17.03% for 20 years. The IRR is also
higher than the gasification and the hybrid of AD and gasi-
fication. This is probably the outcome of low CAPEX costs,
together with considerable low energy recovery. Apart from
these observations, these figures are higher than the WACC
and confirm the fact that the WTE technology is a viable
option for investment.

As revealed in Table 2, LCOE is lower than the actual
energy price used in this report. The LCOE is R0.69 and the
electricity retail price assumed is R1.3 per kWh, which is the
current domestic tariff rate in South Africa. From the find-
ing, it clear that the LCOE of the WTE plant is considerably
lower than the current electricity price rate, which indicates
that even if this technology was without recycling revenue
from selling recyclable waste, it will not be economically
viable, since recyclable waste plays a vital role in making
AD technologies to become profitable. AD has manifested
an LCOE (R0.69 per kWh) because of its low capacity to
produce energy. Nevertheless, its investment cost is also
lower than other WTEs, and it might be the best alterna-
tive from an environmental point of view due to its cleaner
energy production.

This is the method that allows for different WTE con-
version technologies with the different waste capacities to
be compared against one another, based on the unit cost of
waste (ton) during the operational life of the facility. R62.7/
ton of waste processed is lower than the LCOW of gasifica-
tion, but higher than the LCOW of hybrid technology sys-
tem of gasification and AD WTE technologies. According
to Purser, the value of LCOW is less than the cost landfill,
which concludes this technology to be economically viable
[20].

The assumption for 25.37 MW hybrid of AD and gasifica-
tion plant was discussed and this WTE plant has the capacity
to process 240 000 tons of RDF and runs a post-process of
the residuals from the digester of the AD. Financial data set,
namely IRR, NPV, PI, LCOE and LCOW were achieved over
the 20 years. The values are shown in of Tables 2.

The techno-economic analyses of the AD plant have also
revealed a positive return across the main key financial set
of indicators and its results are discussed as follows.

As revealed in Tables 2, a hybrid of AD and gasification
WTE exhibited a PBP less than 10 years. This technology
is the one that has recorded a high PBP when compared to
other WTE technologies. This is expected since it produces
less energy recovery and high capital investment when com-
pared to other WTE technologies. The recycling revenue
plays a vital role in influencing a high PBP since, in hybrid
technology, only glass and metals are sold. Therefore, recy-
cling revenue is not high as in AD technology. However,
this confirms the fact that the hybrid of AD and gasification
technology, operating under the same assumptions used in
this report, can be economically viable since the payback is
lower than the 10-year period.

As revealed in Tables 2, the NPV of R 335 313 324.30
for over a period of 20 years. This indicates the fact that the
hybrid of AD and gasification WTE technology by using the
assumption employed presented earlier will result in a finan-
cial gain for the investors for 20-year periods of operation.
The NPV for a hybrid of AD and gasification over 20-year
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periods is lower than the NPV of gasification and AD WTE
technologies. This is expected since gasification WTE has
high energy recovery and high revenue is expected, hence
having higher NPV than other WTE technologies presented
in this report. The AD WTE has high recycling revenue that
results in high NPV. The hybrid of gasification and AD WTE
technology in this study manifested a positive NPV and it is
therefore considered to be financially viable.

The PI for the 20-year periods are profitable simply
because they are both more than 1. AD WTE has scored a
higher profit index as compared to other WTE technologies.
This also indicates that the AD WTE plant technology oper-
ating under the same assumptions made in this paper will,
therefore, result in a financial gain for investors because they
are economically viable.

The assumed value of WACC is 12% and the estimated
values of IRR are 19.68% for 20 years. The IRR is also
higher than the gasification method and lower than the AD
WTE, at 19.68%. This is the outcome of the CAPEX costs,
together with considerably low energy recovery. Apart from
these observations, these figures are higher than the WACC
and this confirms the fact that the WTE technology can be
considered as a viable option for investment.

As revealed in both Tables 2, LCOE is less than the actual
energy price used in this report. The LCOE is R 0.69 and
the retail price assumed is R1.3 per KWh, which is the cur-
rent domestic tariff rate in South Africa. From this find-
ing, LCOE of the WTE plant is significantly lower than the
current electricity price rate. This, however, indicates that
even if this technology were without recycling revenue the
technology will still be economically viable, since recycla-
ble waste plays a vital role in making AD technologies to
become profitable. LCOE of hybrid technology is higher
than the LCOE of gasification technology and lower than
the LCOE of AD technology.

As stated earlier, LCOW is the method that allows differ-
ent WTE conversion technologies with the different waste
capacities to be compared against one another based on the
unit cost of waste (ton) during the operational life of the
facility. R69.88/ton of waste processed is lower than LCOW
of gasification and AD WTE technology.

Sensitivity Analysis on the NPV Criteria
for Gasification WTE

Sensitivity analysis is a method of evaluating uncertainty
in the output of a model by varying the input parameters.
In this study, sensitivity analysis will focus on the NPV
criteria of AD, gasification and a hybrid of both WTE
technologies because NPV is the highest investment crite-
rion affected by input parameters. To compute the sensitiv-
ity analysis model, input parameters will allow the subject
to have positive and negative changes to the NPV criteria.
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The positive and negative changes to the NPV criteria
will be discussed in detail. The parameters selected for
the analysis are a capacity factor, WACC, OPEX (fixed and
variable), CAPEX, total energy produced, electricity gen-
eration, generated electricity revenue, recycling revenue
and RDF of the waste received. Each of these parameters
is designated to vary from (-25 to 25%) and NPV is calcu-
lated according to the change of each variable input data.
The sensitivity will be outlined according to the following:

e High sensitivity means the difference between the NPV
at zero percent and the NPV at —25 and 25 percent is
maximal.

e Low sensitivity means the difference between the NPV
at zero percent and the NPV at—25 and 25 percent is
minimal.

According to Fig. 4, NPV of the gasification WTE plant
has a positive change with a change in the capacity factor,
the energy produced, recycling revenue, energy price with
the inflation rate and RDF (MSW input fuel). Negative
change is also indicated in WACC (discount payback or
Weight Average Cost of Capital), fixed OPEX, variable
OPEX and CAPEX. The dependent variables that have
high sensitivity are WACC, energy price and CAPEX and
input variable that are less sensitive are fixed OPEX, vari-
able OPEX, capacity factor and recycling revenue indi-
cated in Fig. 4.

The refuse derived fuel (RDF), this variable is related
to all input variables and has the capability in determining
the amount of energy that is generated during the gasifi-
cation WTE. The amount of RDF used for this study is
240,000 tons. This value is subjected under sensitivity
analysis where is designated to vary from — 25 to 25%,
it indicates that the project is less attractive to investors
when the WTE facility processes less waste material.

The amount of waste processed follows the same trend
as the amount of energy produced as indicated in Fig. 4.

The base scenario in terms of energy price, R1.30/KWh
was used for this study. This value is also subjected under
sensitivity analysis where is designated to vary from -25
to 25%.

The — 25 to 25% criteria values varied from -R 431 348
280.91 to R 1 744 125 260.27 respectively. A lower NPV
were the result of the lowest price scenario and a higher
NPV result were the results of highest price scenario as
revealed in Table 3 and Fig. 4. The energy price has sig-
nificance effect in influencing the financial performance of
the WTE plant than the amount of waste processed (RDF)
as indicated in both Table 3 and Fig. 4. According to
NERSA as referenced by Goosen [5], the price of energy
will always go up in the future. Therefore, the gasification
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Fig.4 Gasification technology
WTE plant sensitivity analysis
result
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Table 3 Gasification plant Sensitivity —_25% 0% 259

NPV (in R) based on input

parameters change WACC High R 1586242 75391 R 656 388 489.68 R 23 049 858.31
Fixed OPEX Low R 809 539 926.47 R 656 388 489.68 R 503 237 052.89
Capacity Factor Low R 487 341 752.09 R 656 388 489.68 R 825435 227.28
Variable OPEX Low R 712 329 905.18 R 656 388 489.68 R 600 447 074.18
CAPEX High R 1377 549 026.40 R 656 388 489.68 — R 64 772 047.04
Energy Produced High R522 376 922.77 R 65 388 489.68 R1 143 646 559.52
Recycling Revenue Low R 602 057 527.63 R 656 388 489.68 R 710719 451.73
Energy Price High — R 431348 280.91 R 656 388 489.68 R 1744 125 260.27
RDF Low R 353811 702.57 R 656 388 489.68 R 958 965 276.79

WTE financial performance will improve while keeping
the amount of waste processed constant.

The recycle revenue has a minimal change in the NPV
criteria as illustrated in Table 3. The—25 to 25% criteria
manifested R 602 057 527.6 to R 710 719 451.73 respec-
tively. This indicate, gasification WTE is financially viable
without the recyclable revenue being generated.

CAPEX and WACC manifested a similar trend. 25%
increase in CAPEX manifested NPV of about — R64 772
047.04. A 25% decrease in CAPEX increases the NPV to
about R1 377 549 026.40. The return on an investment

would be difficult to be covered if the amount of CAPEX
is increased by 25% and it also resulted in the financial
loss in term of the economic viability.

Table 3 illustrates the results of the gasification of
WTE. The sensitivity analysis results show that the NPV is
highly sensitive to changes in CAPEX, WACC, electricity
prices, RDF and energy produced. The sensitivity analysis
also shows that the NPV is less sensitive to changes in the
energy produced, RDF, fixed OPEX, Capacity factor vari-
able OPEX and Recyclable revenue.
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Sensitivity Analysis on the NPV Criteria for AD WTE

A similar sensitivity analysis is also calculated on the AD
plant using different input variables for the NPV (in R) cri-
teria. NPV of the AD WTE plant has a positive relationship
with change in capacity factor, the energy produced, fixed
OPEX, variable OPEX, CAPEX and the RDF as highlighted
in Table 4. A negative change is also indicated in relation to
the discount capacity factor, recycling revenue and energy
price. The financial indicators that have high sensitivity
are WACC, energy price, recycling revenue and CAPEX
investments. The variables with low sensitivity are the fixed
OPEX, capacity factor, variable OPEX, energy produced
and RDF.

Amount of waste processed or refuse derived fuel (RDF):
This variable is related to all cost variables and is supposed
to have significant effect on the amount of electricity pro-
duced in the anaerobic digestion WTE as indicated by
Table 4. The value of 240,000 tons per annum was used.
Like in gasification WTE, this value waste treated is also
subjected to sensitivity analysis where is designated to vary
from — 25 to 25%. 25% decrease of the amount of waste
processed decrease the NPV slightly. The effect of waste
processed is less in AD than in the gasification WTE. Fur-
thermore, similar trend is manifested between RDF and the
amount of energy produced.

AD stores waste for longer time in the digestor and the
dependant factor is the decomposition rate of the waste,
hence — 25 to 25% sensitivity criteria has no effect in influ-
encing the financial performance. The consideration that
must be considered that if AD is an option for decision mak-
ers, then larger facilities than the base case would still yield
NPV of within the same range.

One of the reasons for starting this study was to imple-
ment a renewable WTE that could operate within Eskom
(South African energy supply entity) grits and enforce
independence on fossil fuel electricity generation. The
price of electricity is therefore main key in decision mak-
ing criteria of the investors. The electricity price used for
this study is R1.30 per kw. The sensitivity analysis of the

price of electricity for anaerobic digestion WTE showed
very similar trends as gasification WTE. The highest sce-
nario results of NPV is about R 476 876 160.00. This
shows that the increase in energy price expands financial
performance of the AD technology. However, the effect of
the price increase in AD is less than in gasification WTE.

The price of electricity has a greater effect on the
financial performance than the amount of waste pro-
cessed (RDF). For decision making criteria on the finan-
cial performance, one must be aware that a slight increase
on the energy price would impact the financial viability
positively.

The sensitivity analysis between CAPEX and WACC
have similar trend, however, WACC trend is non-linear
and intersects the trend of CAPEX on the x-axis. This is
expected since the electricity produced is resultant from
RDF waste processed in the AD process and the value
of WACC is always dependent on CAPEX. The energy
produced in the AD WTE technology is directly propor-
tional to NPV. This was expected; the higher the energy
produced, the higher the NPV manifested. Lastly, the sen-
sitivity analysis results show that the NPV is highly sen-
sitive to changes in the CAPEX, WACC, generated elec-
tricity prices and energy produced. The study also shows
that NPV is less sensitive to fixed OPEX, variable OPEX,
capacity factor, recycling revenue and RDF. Furthermore,
the sensitivity analysis shows that an increase in WACC
and CAPEX is inversely proportional to NPV. An increase
in the electricity tariff price rate is directly proportional
to the NPV. The financial indicators, including CAPEX,
WACC and energy price, highly influence the NPV of AD
WTE plant when they are subjected to changes.

Table 4 shows the AD technology WTE plant sensitivity
analysis result and the variables that highly affect the sensi-
tivity. Energy produced variables, OPEX and RDF are omit-
ted in the plot since their sensitivity analyses are minimal.

Figure 5 shows the AD technology WTE plant sensitivity
analysis and the variable that highly affects the sensitivity.
Energy produced, variables, OPEX and RDF are omitted in
the plot since their effects are minimal.

Table 4 Plant AD plant

i | Sensitivity -25 0 25

NPV (in R) based on input

parameters change WACC High R 568 255 424.00 R 298 998 016.00 R 116 720 104.00
Fixed OPEX Low R 342 529 216.00 R 298 998 016.00 R 255 466 848.00
Capacity Factor Low R 206 167 520.00 R 298 998 016.00 R 391 828 544.00
Variable OPEX Low R 308 506 880.00 R 298 998 016.00 R 289 489 184.00
CAPEX High R 471 688 192.00 R 298 998 016.00 R 126 307 864.00
Energy Produced Low R 147 655 984.00 R 298 998 016.00 R 450 340 064.00
Recycling Revenue High R 303 318 880.00 R 298 998 016.00 R 294 677 184.00
Energy Price High R 121 119 888.00 R 298 998 016.00 R 476 876 160.00
RDF Low R 303 318 880.00 R 298 998 016.00 R 294 677 184.00
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Fig.5 AD technology WTE
plant sensitivity analysis
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Sensitivity Analysis on the NPV Criteria for Hybrid
of Gasification and AD WTE

A similar sensitivity analysis was also designed for the
hybrid of gasification and AD plant by using input variables
with the financial indicators NPV (in R). From Fig. 6 and
Table 5, it is indicated that NPV of hybrid of gasification
and AD WTE plant has a positive change with an increase
in capacity factor, energy price and recycling revenue.

A negative change is also manifested with a decrease in
CAPEX, variable OPEX, energy price with the inflation rate,
energy produced, RDF, capacity factor and CAPEX. The
financial indicators that have high sensitivity are WACC,
fixed OPEX, CAPEX and energy price. The financial indi-
cators that have low sensitivity change are the fixed OPEX,
capacity factor, energy being produced, recycling revenue
and RDF.

The values of NPV with changes in WACC and CAPEX
parameters have a similar trend. This is expected since the
electricity produced is the resultant of the RDF waste pro-
cessed in both the gasifier and the AD digester and the value
of WACC is always dependent on CAPEX similarly to gasi-
fication and AD WTE.

The amount of energy produced in the hybrid of gasifi-
cation WTE technology is inversely proportional to NPV.
When the amount of energy is increased, the CAPEX

-10 0 10 20 30

increases as well. If the CAPEX increases, the NPV of the
WTE plant is affected. Furthermore, the sensitivity analy-
sis shows that an increase in WACC and CAPEX is also
inversely proportional to NPV. An increase in the electric-
ity tariff price rate is directly proportional to the NPV. The
financial indicators, including CAPEX, WACC and energy
price highly influence the NPV of hybrid of gasification
and AD WTE plant whenever they are subjected to change.
Table 5 shows the hybrid of gasification and AD technology
WTE plant sensitivity analysis result.

All three WTE technologies have manifested favourable
NPV, PI and PBP. They are therefore regarded to be economi-
cally viable. However, there is a great difference between
the investment and the size of each WTE technology and it
is difficult to choose which one performs better in terms of
viability. The researcher therefore opted to rely on only the
LCOW, LCOE and IRR. Hybrid of gasification and AD WTE
is a better performer with the lowest LCOW and lower IRR
and LCOE higher than gasification WTE. Gasification WTE
performs moderately well with lowest IRR and LCOE. Gasi-
fication WTE has manifested a higher LCOW. Lastly, the AD
WTE manifested a higher LCOE and IRR with the second
highest in LCOW.

The non-thermal technologies (AD) have its own disad-
vantages in terms capability of large number of energy sup-
ply. However, it performed moderately well and better than
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Fig.6 Hybrid technology WTE
plant sensitivity analysis result
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Table 5 Hybrid WTE plant Sensitivity ~ —25% 0% 25%
NPV (in R) based on input
parameters change WACC High R 664 499 712.00 R 210 261 840.00 — R 96 293 280.00
Fixed OPEX High R 309 185 568.00 R 210 261 840.00 R 111338 136.00
Capacity factor Low R 157 696 384.00 R 210 261 840.00 R 262 827 312.00
Variable OPEX Low R 219 770 688.00 R 210 261 840.00 R 200 753 008.00
CAPEX High R 602 696 704.00 R 210 261 840.00 — R 182 173 008.00
Recycling revenue Low R 155930 880.00 R 210 261 840.00 R 264 592 816.00
RDF Low R 214 582 704.00 R 210 261 840.00 R 205 940 992.00
Energy price High R 198 472 272.00 R 210 261 840.00 R 222 051 424.00
Energy produced Low — R 193 962 592.00 R 210 261 840.00 R 614 486 272.00

gasification in terms IRR and LCOW but weaker when it
comes to LCOE. It has the highest LCOE, which renders
its energy price to be expensive when differentiated to other
WTE technologies presented in this study. Furthermore, AD
has manifested the highest LCOE and the LCOW is a lot lower
than gasification WTE. The AD is insensitive to the RDF or
the capacity of waste treated, as illustrated by the sensitivity
analysis of LCOW and LCOE. Therefore, it is very difficult
for AD WTE to accumulate an LCOE less than gasification
WTE technology. Unless the otherwise CAPEX investment is
reduced, it will be able to reduce LCOW and LCOE. However,
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if the CAPEX investment is reduced, the size of the technolo-
gies must be reduced as well.

The hybrid of both gasification performs moderately well,
with the lowest number of LCOW and the second lowest
LCOE. Furthermore, gasification WTE manifested the highest
LCOW and the value is higher than the landfill cost presented
in this study. The aim and purpose of the study was to estab-
lish a combination of two technologies that will be effective
when integrated into a waste management system. Therefore,
the study recommends the hybrid to be implemented as it has
manifested all favourable results according to its financial
tools.
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Conclusion

This study investigated the economic feasibility of using a
hybrid of gasification technology and anaerobic digestion
technology to recover energy from MSW such as metal,
paper, plastics and organic wastes in South Africa. Finan-
cial analysis tools such as payback period (PBP), net present
value (NPV), profit index (IP), internal rate of return (IRR),
levelised cost of electricity (LCOE) and levelised cost of
waste (LCOW) were used to evaluate the economic viability.

Gasification WTE revealed a higher NPV than AD and
hybrid of gasification and AD WTE. Hybrid had the low-
est NPV since recycling revenue is less when compared to
the AD. AD is higher than hybrid technology with energy
recovery and less than the gasification WTE technology.
WTE has inequalities between the capital investment and
the size; hence, the NPV difference between these technolo-
gies is immense. The hybrid of gasification and AD is the
better performer, since it has manifested the higher IRR and
lower LCOE and LCOW. The hybrid of gasification and AD
revealed positive results on the whole set of financial indica-
tors presented in this study. This indicate that combination of
two technologies (Gasification+ AD WTE) will increase the
financial and technical feasibility of both Gasification + AD
WTE technologies. Hence be integrated into a solid waste
management system.

Sensitivity analysis revealed that the energy price and
capital expenditure are the major variables that can affect
the feasibility of the hybrid WTE system (Gasification+ AD
WTE). The hybrid system is less sensitive to operating cost
(both fixed and variable), capacity factor, weighted cost of
capital (WACC) and recycling revenue.
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