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Furthermore, there are benefits in undertaking a cost-benefit analysis. The benefit of a 

CBA is that it facilitates meaningful comparisons by providing a common basis for 

comparison with any other proposal that has been similarly assessed (Commonwealth of 

Australia, 2006). CBA is conducive to good performance management in that it shows the 

project benefitted the community. Also, an important benefit of CBA is that it provides a 

good measure of an investment’s net benefit, thereby allowing unrelated projects to be 

compared directly (Commonwealth of Australia, 2006). The decision rules that CBA 

employs are standard and widely used, it informs decision makers and shareholders by 

simplifying non-prescriptive information, and it is adaptable and flexible enough to 

account for income distributional effects, monetary efficiency, environmental 

sustainability, and the impacts of externalities (DEAT, 2004). Also, cost-benefit analysis 

inspires clear and logical thinking about the true value added and it gives an estimation 

on the value of a project relative to an estimate of the value of what would have happened 

if there was no project at all. In a CBA, the conclusions of an evaluation are more robust 

and credible (Commonwealth of Australia, 2006).  

In light of the above, it must be noted that cost-benefit analysis has general limitations 

which must be taken into account at the outset (Prest & Turvey, 1965) because it is only 

a technique for taking decisions within a framework which has to be decided upon in 

advance and which involves a wide range of considerations, many of them of a political 

or social nature. CBA can only be used for projects where the costs and benefits can 

precisely be put into monetary terms (Maliva, 2014); however, if the project cannot be 

accurately quantified, the analysis becomes hampered. CBA does suffer from difficulty in 

translating all costs and consequences into monetary terms (Coons and Kaplan, 1996). 

Cernea (1999) argued that, although CBA justifies a project economically, when the total 

benefits are greater than the total costs, it disregards how these costs and benefits are 

distributed. In other words, CBA does not ask who pays the costs, nor who benefits or 

loses; it only assesses the total impact of the project to determine how it performs 

compared to other projects. Dreze and Steyn (1987) argued that this technique is not 

relevant and serviceable for what one might call large scale investment decisions. 
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Lastly, CBA disregards the risks incurred by individuals from various subsets. The 

project’s real risks of impoverishment are dispersed differently than its benefits (Cernea, 

1999).  It was argued that, although the total benefits are real, they inevitably do not offset 

the costs from each individual. Cernea (1999) stated that the cost-benefit analysis can be 

effortlessly influenced or manipulated in any way by omitting costs incurred by the project. 

For example, it can be manipulated in a manner by which costs, and benefits are valued, 

especially if accurate market prices cannot be obtained or are inconclusive; or in the way 

the discount rate is estimated to calculate the current value of a condemned asset 

(Cernea, 1999). Finally, regardless if the CBA method is at its peak and has no issues, it 

is unable to answer the economic and ethical questions involving forced displacement, 

thus depending on its conclusions is practically doubtful from both a social and market 

perspective (Cernea, 1999). 

3.4.3    Cost-effective Analysis (CEA) 

According to Tietenberg and Lewis (2012), this tool can be used to evaluate the projected 

costs of reaching a specific result. Also, it can be used to compare the costs and impacts 

of different ways to achieve the same objective. Hence, cost effectiveness is expressed 

as a ratio between cost and outcome (Johanneson, 1995 cited in Zou et al, 2013). The 

cost effectiveness ratio is expressed in the below equation: 

CER = C0/E0           (3.4.3) 

Where C0 refers to the initial capital costs in the first year and E0 denotes the outcome in 

the first year (Zou et al, 2013). If the ratio is smaller, the cost-effectiveness will be higher 

and vice versa. Each alternative or option has its own estimated cost-effectiveness ratio, 

thereby each of them can be classified as the most cost-effective (lowest ratio) to the 

least cost effective (highest ratio) (Commonwealth of Australia, 2006).  

Moreover, the cost-effectiveness technique is used where the costs and benefits cannot 

be easily measured in monetary terms or where valuation data would be expensive to 

collect or likely to be controversial in nature (Edwards, 2011). Also. it is a suitable method 

where valid and reliable estimation of benefits are not feasible (Maliva, 2014). The cost-

effectiveness method argues that, unlike cost-benefit, a low cost does not equal greater 
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effectiveness and vice versa (Henderson, 2010). Furthermore, according to Maliva (2014) 

and Edwards (2011), this method has its limitations in that it considers only the costs to 

reach a predetermined goal or principle. Another limitation pf CEA is that it can rank an 

entire list of projects without any guarantee that any of them are going to be implemented. 

3.4.4    Cost-minimisation Analysis (CMA) 

The strength of cost-minimisation analysis (CMA) lies in the reader’s acceptability that the 

results are indeed equivalent (Newby and Hill, 2003). CMA is primarily used when cost 

savings are the main objective, and it should outweigh all other considerations. CMA has 

significant and reasonable appeal to specialists and decision makers who strive for 

simplicity in their studies and evidence (Briggs and O’Brien, 2001). For example, if two 

treatments in question yield the same results, then the one with the lowest cost will be 

chosen.  

CMA is an appropriate method of analysis when the data on costs and outcomes is 

available. However, it was argued that even if this data is readily available, the CMA 

method is rarely used because it is “too simple” (Briggs and O’Brien, 2001). Cowdin 

(2008) argued that CMA is the least comprehensive analysis that achieves precise 

physical aims at the lowest cost. Also, CMA is very limited in the sense that it can only 

compare options that yield the same results (Newby and Hill, 2003). CMA is frequently 

perceived as being the poorest among the methodologies in health-economics, whereby 

many analysts equating it as being a simple cost analysis. Such a perception is largely 

due to the poorly controlled and disorganised use made of this methodology to date 

(Haycox, 2009). 

3.4.5    Cost-utility Analysis (CUA) 

Cost-utility analysis measures the value or usefulness obtained from each of several 

candidate designs that are under consideration for implementation (Robinson, 1993). The 

value developed by this analysis is a subjective measuring of intangible variables that are 

affected by design. The results of a CUA are similar to the use of CBA; however, CBA is 

a quantifiable analysis which measures the tangible elements of a proposed project 

(MacKillop and Sheard, 2018). Cost-utility analysis, in contrast, derives utility units which 
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are a measure of intangible elements of a proposed project, e.g., desires. Hence, it relies 

more on intuition and judgment (MacKillop and Sheard, 2018). CUA is employed when 

policy makers are concerned about two or more measures of success, for example, 

reducing unemployment and poverty, and maintaining the quality of the environment. 

Diverse projects have different anticipated effects on the above measures, and they 

require an assessment of the ‘utility’ of the different combinations of these measures 

(Gorr, 1998 cited in DEAT, 2004). 

Cost-utility analysis is one of the best economic valuation methods when it comes to 

allocating health resources (Robinson, 1993) in that it assesses the efficiency of 

healthcare interventions. In addition, CUA is preferred over CBA because the latter 

requires monetization of all costs and outcomes, an impossible task where pain and 

suffering are involved (Hildred and Beauvais, 1995). With CUA, measuring the results 

may be subjective in nature; however, the advantage thereof is that it shows the benefit 

of an intervention as perceived by the people who receive it; therefore, it is an analysis 

with a different dimension or perspective. In practice, this form of analysis seeks to 

address the needs of the patients or parents who have normally been neglected (Sheps 

& Birnbaum, 1993). 

However, CUA is also the most controversial economic analysis technique. The 

controversy stems mainly from the measurement of utility (Coons and Kaplan, 1996). 

Utility is the value or worth placed on a level of health status, or improvement in health 

status, as measured by the preferences of individuals or society. Health state utilities or 

preference values are needed to calculate QALY (Coons and Kaplan, 1996). However, 

there is no agreement as to the most suitable measurement approach. Also, Round et al 

(2014) argued that CUA does not provide enough grounds to support decisions on 

resource allocation, but it is a useful method and it performs an essential role better than 

other techniques. 

3.5    REVIEW OF PREVIOUS STUDIES 

3.5.1    Empirical Studies on Economic Analysis and Cost-benefit Analysis 
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It was said that the key strength in economic analysis and more particularly cost-benefit 

analysis lies in their versatility. In other words, they are very versatile methods to guide 

decision-making. Economic analysis was employed by Schwarz et al (1990) in their study 

on indirect sludge drying. This study reports on an engineering and economic evaluation 

of the use of indirectly heated sludge dryers prior to incineration. Cost estimates of sludge 

incineration for four different designs incorporating sludge dryers are compared with the 

corresponding costs of conventional sludge incineration. The five different designs 

included hollow-disk, hollow-paddle, hollow-screw, screw-conveyor dryers and thin-film 

dryers (Schwarz et al, 1990). For the economic analysis, the principle of amortized capital 

costs was used to calculate the overall project costs and costs per dry tonne of sludge. 

The analysis included inflation and escalation of operating and maintenance costs (O & 

M costs). Benefits in the form of the electricity savings were subtracted from the O & M 

costs to get the net O & M costs. The net O & M costs were then added to the amortized 

annual capital costs in order to derive the total annual costs. In addition, simulations were 

done on the hollow-disk and thin-film dryers. Sensitivity analysis was also done in this 

study in order to determine the sensitivity of the costs to the input parameters (Schwarz 

et al, 1990). Based on the economic analysis, it was found that there is an economic 

advantage of drying the sludge prior to incineration, in comparison to conventional 

incineration.  Drying sludge partially not only reduces the total costs, but it saves energy 

as well. 

On a different note, a study conducted by Roy et al (2004) utilised economic analysis as 

a decision-making tool in their study. This study took place in Kolkata, India, and assessed 

the demand for quality drinking water. The study assumed that individual households 

were able to value changes in water quality services, thus willingness to pay (WTP) was 

used as the theoretical framework for this study. This study also made use of fieldwork in 

the form of surveys as a means for collecting data. Thereafter, statistical analysis was 

employed to analyse the survey data and it was found that the WTP reflected the 

economic evaluation of improved water quality; spending power and education levels of 

households were important determining factors of willingness to pay. This study further 

recommended that any sustainable water management policy decision through the 
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imposition of a water tariff needs to consider households’ income distribution patterns and 

expenditure classes (Roy et al, 2004).  

In addition, Shah (2005) integrated economic analysis into a drinking water project in the 

Anantpur District in the Indian state of Andhra Pradesh. The projected was undertaken 

due to the drought that plagued the district. The study looked at the cost of delivery and 

benefits of a drinking water supply project. The project entailed laying of pipelines; 

construction of water storages; construction of balancing, overhead service and ground 

level service reservoirs; construction of booster stations, storage tanks and cisterns; and 

the installation of generators and pump houses. The study found that the project was 

carried out in quick time and has largely met its aim of supplying sufficient and safe water 

to the district (Shah, 2005). 

Punyawadee et al (2008) conducted a cost-benefit analysis of the Flue Gas 

Desulphurisation Technology (FGD) used at the Mae Moh Power Plant in Thailand. The 

main aim of this study was to evaluate the impacts of this technology on the welfare of 

the people, the surrounding environment and agricultural and forest productivity. In 

addition, the start-up costs, operational costs and other costs were compared with the 

residual value and all the projected benefits of the FGD technology over a period of 25 

years (Punyawadee et al, 2008). The projected benefits of the FGD to agriculture in 

Thailand were approximately 80 million baht in net present value. It was said that, 

because of the FGD, there will be increases in teak productivity (teak wood plantations). 

Investment in teak productivity, as a result of the FGD system, was said to be 706 million 

baht. Also, the FGD system was said to bring about improvements in human health. In 

contrast, it has been found that this technology has not been cost effective, i.e., it is an 

economic burden rather than benefit to society (Punyawadee et al, 2008). There was too 

much risk attached to the system. For example, it was projected that the incremental 

benefits of the FGD system, over its lifetime, totals to 4.7 billion baht. However, the 

projected costs involved totalled to 13.8 billion baht (Punyawadee et al, 2008). Hence, 

the projected costs outweighed the benefits by a huge margin. 

Moreover, a study conducted by House et al (2011) was about economic and energetic 

analysis of capturing carbon-dioxide from ambient air. The main aim of this study was to 
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determine whether the methods to capture and mitigate carbon-dioxide emissions were 

economically feasible. This study was conducted in the USA and it incorporated the 

economic analysis of methods to capture carbon-dioxide and methods to mitigate carbon-

dioxide emissions. This study only estimated the private costs and benefits of carbon-

dioxide capturing. Based on the economic analysis, it was found that air capture 

processes are significantly more expensive than mitigation technologies. For example, 

air capture costs $1,000 per ton of CO2, whereas mitigation technologies cost $300 per 

ton of CO2 (House et al, 2011).  

In addition, Herzog (2011) made use of economic analysis in his study on technologies 

for CO2 separation and capture. This study was conducted in an energy laboratory in 

Cambridge, USA. The focus of this study was CO2 capturing from power plants. The study 

presented an overview on the technology, a detailed cost analysis of the technology and 

opportunities to lower costs in the future. For the cost analysis, a composite cost model 

for several types of power plants, e.g., coal-fired and gas, was developed, followed by a 

sensitivity analysis. Herzog (2011) concluded that new technologies like gasification 

showed the most promise for coal-fired power plants. By 2012, the incremental costs for 

CO2 sequestration could be far less than 1 cent per kWh for coal plants and 1.5 cents per 

kWh for gas plants. 

Furthermore, Molinos-Senante et al (2011) used cost-benefit analysis as a decision-

making tool in their study on reusing wastewater for environmental purposes. The project 

took place in Spain and 13 wastewater treatment plants in the Valencia region that use 

effluent8 for environmental purposes were used as a case study. Molinos-Senante et al 

(2011) argued that economic feasibility studies of wastewater-reuse projects should be 

completed using the cost-benefit analysis technique. The total benefit of the project was 

estimated by accounting for the internal benefit, the external benefit and the opportunity 

cost as outlined in the below equation. 

 

8 Effluent refers to treated sewage water (non-potable water), mostly used in construction sites. 
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BT = BI + BE – OC          (3.5.1) 

where BT is the total benefit (total income minus total costs); BI represents the internal 

benefit (internal income minus internal costs); BE represents the external benefit (positive 

externalities minus negative externalities); and OC refers to the opportunity cost. The 

results of this study indicated that only some of the projects were economically feasible 

based on internal benefit; however, when external benefits were included, all projects 

were economically feasible. The study concluded that future economic feasibility studies 

on water-reuse should numerically evaluate economic, environmental and resource 

availability (Molinos-Senante et al, 2011). 

3.5.2    Empirical Studies on Flue Gas Condensation Technology / Condensing Heat 

Exchangers 

A study conducted in India regarding a Teflon coated condensing heat exchanger stated 

that the technology enabled boiler efficiency to exceed 90% (Azmatullah, 2005). It was 

said that the Teflon coated heat exchanger reduced fuel consumption and it enabled a 

mid-size industrial plant to save an average of $1,000 per day on energy costs; thereby 

the technology paid for itself after 25 months (Azmatullah, 2005). Another study 

conducted by Feeley et al (2006) at Lehigh University in 2006 incorporated the 

development of a condensing heat exchanger for a coal-fired power plant. The study took 

a cost-benefit approach and it concluded that this technology would benefit these power 

stations in that it would enable them to produce freshwater from flue gas, which is 

normally lost through evaporation.  The total cost to employ this technology per power 

plant was $691,888 (Feeley et al, 2006). 

In addition, Terhan and Comakli (2016) conducted a study on a condensing heat 

exchanger in Turkey. This exchanger was to be added onto a 60MW gas-fired heating 

system in order to recover latent heat from exhaust flue gas. They incorporated theoretical 

analysis and economic analysis (annual equivalent benefit and payback method) in their 

study. The analyses concluded that the initial investment was $83,711.16; operating costs 

and recurring costs were $7,375.80 and $5,279.48 respectively; and the annual savings 

in terms of energy was $407,369.16. Hence, the payback period was less than one year, 
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thereby making this heat exchanger economically viable. Moreover, a study conducted 

by Wei et al (2017) in China stated that the condensing heat exchanger concurrently 

saves water and energy and decreases pollutant emissions. This flue gas heat recovery 

system comprised of a direct-contact heat exchanger, heat pump, and precipitation tank. 

Technical economic analysis of this system was performed, and it found that the initial 

investment was 28.8 million Renminbi9 (RMB), the annual revenue in terms of water and 

energy savings was 7.4 million RMB and the payback period was approximately 3.8 

years. Hence, Wei et al (2017) concluded that there was an economic advantage with 

this system. 

Furthermore, Han et al (2017) incorporated economic analysis into their study on low 

pressure economizer (LPE) and spray tower (SPT) heat exchangers in China. The 

economic analysis model calculated the total investment cost (TIC) and the annual cash 

flows in terms of electricity sale income, heat supply income and water saving income. It 

then estimated the NPV and payback period on the below equation: 

NPV = ∑
𝐴𝐶𝐹

(1+𝑟)𝑡– TIC          (3.5.2) 

Where t refers to the time/year in question. It was found that the TIC for the LPE and SPT 

heat exchangers were $2.53 million and $2.06 million respectively and the ACF for the 

LPE and SPT heat exchangers were estimated to be $990,000 and $500,000, 

respectively. The net present value (NPV) was calculated based on a ten-year life cycle 

of both the LPE and SPT and the interest rate was assumed at 8% per year. The NPV of 

the LPE and SPT heat exchangers, after ten years, was estimated to be $4,090,000 and 

$1.3 million, respectively. The payback periods for the LPE and SPT were estimated to 

be 2.98 years and 5.18 years, respectively. Hence, the analysis concluded that both the 

LPE and SPT heat exchangers were economically viable. 

In addition, Han et al (2017) conducted another study in China on the LPE and SPT heat 

exchangers. However, this study was about a flue gas pre-dried lignite-fired power system 

 

9 RMB stands for Renminbi, which is China’s official currency. 
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(FPLPS) to recover waste heat and water from high-moisture lignite. The FPLPS system 

integrated the fan mill flue gas dryer with an open pulverizing system and it yielded an 

increase in boiler efficiency (Han et al, 2017). In addition, the system integrated the LPE 

and SPT heat exchangers to realise the extraction from water from lignite. Economic 

analysis on the LPE and SPT were done and it was found that the FPLPS system along 

with the LPE and SPT heat exchangers improved plant efficiency by a range of 1.14% to 

1.47% depending on the moisture content of the lignite (Han et al, 2017). Furthermore, 

the water recovery ratio from the LPE and SPT were 39.4% and 83.3% respectively. The 

discounted payback period of both the LPE and SPT heat exchangers were both around 

three years. Lastly, parametric analysis on both the SPT and LPE were conducted and it 

was concluded that the economic viability of both SPT and LPE was dependent on the 

moisture content of the lignite and the market price (Han et al, 2017). 

3.5.3    Empirical Studies on Desiccants 

A study conducted by Gandhidasan and Abualhamayel (1996) in Saudi Arabia proposed 

the use of a liquid desiccant to capture fresh water from the atmosphere. The proposed 

system used a single flat, tilted surface exposed to atmosphere as an absorber. Calcium 

chloride was chosen as the liquid desiccant due to it being inexpensive and readily 

available. The strong desiccant flowed as a thin film over the surface and in contact with 

the ambient atmospheric air. In addition, this study asserted that, if the vapour pressure 

of water in ambient air surpasses the vapour pressure of the desiccant, transfer of mass 

takes place from ambient air to the desiccant (Gandhidasan and Abualhamayel, 1996). 

The desiccant that absorbs moisture from ambient air will be diluted. The water-rich 

desiccant will then be heated to condense the vapour stream, thereby producing water. 

The results of this study concluded that, if the flow rate of the desiccant increased coupled 

with an increase in ambient humidity and wind velocity, the amount of water absorbed by 

the desiccant increased. Also, Gandhidasan and Abualhamayel (1996) concluded that 

further studies were still in progress.  

Badami and Portoraro (2009) made use of economic analysis in their study about using 

a liquid desiccant cooling system for an innovative small-scale trigeneration plant.  The 

trigeneration plant consisted of a co-generator that uses an automotive derived gas fired 
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internal combustion engine (ICE) coupled with a liquid LiCI-water desiccant cooling 

system that recovers heat from the flue gases and from the ICE cooling water (Badami 

and Portoraro, 2009). The authors argued that economic analysis of the plant played an 

integral role in the viability of this study. They made use of earnings before interest, taxes, 

depreciation and amortization (EBITDA); net present value (NPV); simple payback period 

(SPB); and internal rate of return (IRR) as economic measures of merit. It was found that 

the EBITDA, also calculated as the difference between total annual profits and costs, of 

the plant was €28,500 per year; the NPV after 15 years varied from €200,000 to €220,000; 

the SPB varied from 6.80 years to 7.60 years; and the IRR varied from 9.7% to 11.5% 

(Badami and Portoraro, 2009). Based on these economic measures of merit, the authors 

concluded that this desiccant cooling system might be viable from an economic point of 

view.  

Also, Angrisani et al (2016) utilised economic and energy analysis in their study on a 

novel geothermal heating and cooling system in Ischia, Sicily. This heating and cooling 

system was based on the coupling between a low or medium-enthalpy geothermal source 

and an Air Handling Unit that includes a desiccant wheel. The study also used simple 

payback period (SPB) and net present value (NPV), but it went a bit further by 

incorporating the profitability index (PI) as an economic measure of merit. Based on the 

economic assessment, the proposed system showed a SPB of 1.2 years; an NPV of 

€327,500 after 20 years; and a PI of 9.60, which coincided with a significant economic 

saving of €28,900 per year. Angrisani et al (2016) concluded that, under these 

evaluations, the proposed system can be extremely profitable. 

In addition, Srivastava and Yadav (2018) conducted an experimental investigation to 

produce water from atmospheric air by using composite desiccant material in Haryana, 

India. The composite desiccant materials have better absorption capacity compared to 

the conventional solid and liquid desiccants. And they do regenerate at low temperatures. 

In this study, the composite desiccant material was made up of sand (host material) and 

hygroscopic salts, namely Lithium Chloride Anhydrous (LiCI), Lithium Bromide Anhydrous 

(LiBr) and Calcium Chloride Anhydrous (CaCI2). The LiCI, LiBr and CaCI2 mixed with the 

sand was denoted as CM-1, CM-3 and CM-2 individually. A scheffler reflector, a material 
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handler and a water measuring vicker were used in conjunction with the composite 

material to generate water from atmospheric air (Srivastava and Yadav, 2018). It was 

found that the maximum water generated per day for CM-1, CM-2 and CM-3 were 90ml, 

115ml and 73ml respectively (Srivastava and Yadav, 2018) and their annual cost of 

generating water was $0.71, $0.53, and $0.86 individually. 

3.5.4    Empirical Studies on Membrane Technology 

Jevons and Awe (2010) outlined the economic benefits of reverse osmosis membrane 

technology and compared it with evaporators. This study investigated as to how food 

ingredient manufacturers in the European Union (EU) can limit their carbon footprint, 

recover water, and save on water and energy costs. Jevons and Awe (2010) argued that 

membrane technology, individually or in conjunction with evaporation, shows economic 

benefits such as water recovery and reuse and potential value-added products recovered 

from the food ingredient production waste streams. It was found that reverse osmosis 

membrane technology can achieve a greater than 75% reduction in operating costs 

compared to mechanical vapour recompression evaporators. Although the evaporators 

(€950,000) have similar low operating costs as the membrane technology (€973,000), 

their capital cost of €2,057,000 is significantly higher than that of the membrane 

technology (€900,000). Lastly, Jevons and Awe (2010) concluded that companies that 

employ evaporators as a de-watering step in the manufacturing of products, e.g., dairy, 

sugar, sweeteners, beverages, organic acids, and renewable biofuels, can potentially 

lower their carbon footprint with membrane technology. 

In addition, a cost-benefit analysis regarding transport membrane condenser (TMC) 

technology was conducted by the Gas Technology Institute in Illinois USA in 2012. The 

Institute analysed the TMC technology in terms of boiler feed water (BFW) and Flue Gas 

Desulphurisation makeup water saving and there were four power plants. Firstly, it was 

assumed that the price of de-mineralized water is $5.25/1000 gallons and BFW makeup 

water required 10 gallons of water per MWh (Wang, 2012). The first power plant had total 

makeup water savings of $ 1,443,200 per year; the second power plant had water savings 

of $445,200 per year; the third had total makeup water savings of $151,800; and the 

fourth power plant had water saving of $37,900 per year (Wang, 2012). Also, the initial 
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investment of the TMC technology for first, second, third and fourth power stations was 

$1,570,000; $1,570,000, $770,000, and $260,000, respectively. Hence, the technology 

had payback periods of 1.09 years, 3.53 years, 3.12 years, and 3.30 years respectively, 

thereby making it economically viable (Wang, 2012). 

Also, Zhai and Rubin (2012) did a study on membrane-based carbon-dioxide (CO2) 

capture systems for coal-fired power plants. This took place in Pittsburgh in the USA. The 

study aimed to evaluate the performance and cost of two-stage polymeric membrane 

systems for carbon-dioxide capture at coal-fired power plants. Also, it investigated the 

impacts on membrane capture systems of key parameters and designs using a widely 

used costing method that permits comparative evaluation for different CO2 capture 

technologies in a common framework (Zhai and Rubin, 2012). The costing method utilised 

in this study was based on the Electric Power Research Institute’s (EPRI) Technical 

Assessment Guide (TAG), which was widely adopted as an industry benchmark (EPRI, 

1993 cited in Zhai and Rubin, 2012). The initial results demonstrated the viability of the 

membrane systems in capturing carbon-dioxide at coal-fired power plants. However, to 

simultaneously achieve a 90% carbon-dioxide capture and a 95% product purity, adding 

the two-stage membrane system will double a power plant’s cost of energy and that plant 

may incur a high energy penalty of up to 30% of its gross electric output. Sensitivity 

studies were conducted on the results and it concluded that using both compressors and 

vacuum pumps to lower feed gas compression pressure is effective in reducing the 

membrane system’s energy penalty. Also, improving the membrane properties and 

lowering the production costs of permeable membranes would lower the capture costs 

and further enhance the viability of the membrane technology (Zhai and Rubin, 2012). 

Moreover, a study conducted by Macedonio et al (2017) incorporated the implementation 

of membrane condenser technology at a power plant in Italy. This study investigated three 

different membrane condenser configurations in terms of recovered liquid water and 

energy consumption. The first configuration was the cooling of waste gas via an external 

coolant medium before entering the membrane; the second one was the cooling of the 

waste gas by a cold sweeping gas when entering the membrane; and the third was a 

combination of configuration one and two. A simulation study and an experiment were 
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done, and it found that configuration two had the least energy consumption and 

configuration three achieved the highest water recovery (Macedonio et al, 2017). 

Furthermore, Mittal (2018) did a study on zeolite membrane separation processes, and 

he incorporated techno-economic analysis in his study. This study was conducted at the 

University of Minnesota in the USA. The objectives of this study were to design and build 

a comprehensive mathematical model of a zeolite membrane separation process for 

accurate performance prediction under a wide variety of operating conditions, and to 

develop and optimise a conceptual process design approach and perform a techno-

economic evaluation for several significant application specific flowsheets (Mittal, 2018). 

Mittal argued that zeolite membrane separation is a promising alternative to the traditional 

energy intensive industrial separation techniques, e.g., distillation. The economic analysis 

was done to determine the NPV (net present value) profits of the membranes over base 

case distillation. A discount rate of 10% per annum was assumed, an economic life of five 

years and a replacement cost of 50% of the initial investment was assumed (Mittal, 2018). 

The initial investment and operating costs of the membranes were calculated to be 

approximately $10 million and $5.38 million, respectively. The NPV profits were 

calculated over a 20-year period, and it was found the membrane separation process 

resulted in zero profit in contrast to distillation. Lastly, Mittal (2018) concluded that 

additional enhancements are needed to reduce the area requirement or equivalently bring 

down the membrane costs in order to achieve a payback period of one year. 

3.6    CONCLUSION 

This chapter outlined the literature regarding economic analysis. It gave a brief history of 

economic analysis as well as the definition of economic analysis. This chapter discussed 

the four main techniques of economic analysis. With reference to this study, the cost-

benefit method is by far the most appropriate method of economic analysis to be used in 

this study because it is a versatile tool for decision-making. Under this approach, one will 

be able to accurately estimate the economic costs and benefits of the water vapour 

selective membrane technology for Eskom. 
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In addition, the empirical studies on economic analysis and cost-benefit analysis 

emphasise their versatility as decision-making tools. Also, the empirical studies on flue 

gas condensation technology and desiccants showed that there was economic viability in 

implementing these technologies. However, it has already been stated that the membrane 

technology is more superior than flue gas condensation and desiccant drying systems. In 

contrast, the studies on the technologies were limited in the sense that they incorporated 

only a few of the economic measures of merit e.g., net present value (NPV), the payback 

period (PP), the internal rate of return (IRR), and the profitability index (PI); and only some 

of them made use of sensitivity analysis.  

More importantly, the studies on membrane technology were very limited and one 

dimensional in that two of them only made use of net present value (NPV) and the 

payback period. In addition, none of these studies made use of sensitivity analysis. 

However, it must be noted that there was not much literature available that deals 

specifically with the economic analysis of membrane technology. Therefore, this study 

followed the cost-benefit approach and went a step further by including the net present 

value (NPV), payback period (PP), discounted payback period (DPP), internal rate of 

return (IRR), modified internal rate of return (MIRR), and the profitability index (PI) as 

measures of economic merit. The inclusion of all these measures was done to add more 

substance and depth to this study. Lastly, this study also employed a sensitivity analysis 

by changing some of the variables and adding a few more scenarios, to see how these 

changes impact the results. 
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CHAPTER 4: RESEARCH METHODOLOGY 

4.1    INTRODUCTION 

This chapter explains the methodology used in conducting the research. It is structured 

as follows. It begins with the analytical framework used in this study. In addition, it 

indicates the sources of data and provides a brief description of the data. Also, it provides 

a description of the variables, and outlines the scope and limitations of the study. 

4.2    ANALYTICAL FRAMEWORK 

This study made use of the cost-benefit method to estimate the costs and benefits of the 

membrane technology. Under the cost-benefit approach, this study made use of the net 

present value (NPV) method, the payback method, the discounted payback method, the 

internal rate of return (IRR) method, the MIRR method and the profitability index as 

economic measures of merit. In addition, it also employed sensitivity analysis to test the 

results by changing the variables. In other words, to see how the results changed when 

the variables were changed. 

4.2.1    Net Present Value (NPV) Method 

The net present value (NPV) method was employed in this analysis. The NPV (in its 

simplest form) is given by the below equation (Melzer, 2012): 

 NPV = present value of cash inflows – initial investment   (4.2.1) 

 According to Maliva (2014), the above equation can be rewritten in this form: 

 NPV = -C0 +(∑
𝐵𝑡

(1+𝑟)𝑡
 - ∑

𝐶𝑡

(1+𝑟)𝑡
)       (4.2.2) 

Where C0 is the initial investment in year 0; Bt denotes the projected benefits and Ct 

denotes the costs in year t. The cost of capital is denoted by “r”, and the time variable is 

denoted by “t”.  

In addition, if the cash flows are assumed to be same year-on-year, the NPV can be 

estimated by the below equation (Excel Forum, 2020): 
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NPV = 
𝐶𝐹0

𝑟−𝑔
 – Initial Investment       (4.2.3) 

The initial investment refers to the start-up cost of the whole system, e.g., the entire cost 

of the membrane condenser system. The growth rate of the cash flows is denoted by “g”. 

The projected costs for each year include the operating costs, replacement costs, 

opportunity costs and maintenance costs. The projected benefits include the energy and 

water savings. Also, the cost and benefits were discounted into present value terms by 

the discount rate. 

Decision rule 

The membrane condenser system is economically feasible if it has a positive NPV and 

vice versa.  

4.2.2    Payback Method / Period (PP) 

The payback method was also employed to determine the amount of time the membrane 

condenser technology took to pay itself off. The payback period is found by dividing the 

initial investment by the annual cash inflows. Melzer (2012) provided the below equation 

to calculate the payback period: 

Payback Period = 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑠
       (4.2.4) 

In other words, to calculate the payback period one divides the total cost of the membrane 

condensers by the anticipated net-benefits. The annual cash flows refer to the anticipated 

net-benefits, that is the savings minus the costs. 

Decision rule 

The shortest payback period was chosen and vice versa. 

4.2.3    Discounted payback method / period (DPP) 

The discounted payback method was also employed for the same reason as the payback 

method. However, with this technique the projected cash flows were discounted in 

present value terms in order to yield a more accurate answer. The discounted payback 
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period was estimated by dividing the initial investment of the project by the present value 

of the annual cash flows. To calculate the DPP, the present value of annual cash flows 

was calculated first. The present value of the annual cash flows was calculated using the 

compound interest formula (Melzer, 2012): 

Present value of Annual Cash Flows = 
𝐹𝑢𝑡𝑢𝑟𝑒 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑠

(1+𝑖)𝑛
  (4.2.5) 

where “i” refers to the discount rate expressed as a decimal; and “n” refers to the number 

of interest periods, e.g., years. Thereafter, the DPP was estimated by the below equation: 

Discounted payback period = 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑠
    (4.2.6) 

Decision rule 

The shortest discounted payback period was chosen and vice versa. 

4.2.4    Internal Rate of Return (IRR) Method  

The internal rate of return method was also employed in this analysis. This was done in 

order to determine whether the cost of capital of the membrane condenser technology 

outweighs its IRR. The IRR can be estimated by the below equation (Excel Forum, 2020): 

IRR = 
𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
+ 𝑔        (4.2.7) 

Where “g” represents the growth rate of the cash flows. If cash flows are assumed to grow 

indefinitely by the same amount, the IRR can be estimated in this way. However, if cash 

flows differ year-to-year, the IRR is estimated by means of Microsoft Excel. 

Decision rule 

Normally, one would accept the project if the IRR is greater than the discount rate and 

reject it if it is lower. 

4.2.5    Modified Internal Rate of Return (MIRR) Method 

The MIRR method was used in comparison with the IRR method. In that remedied the 

IRR’s drawbacks. The MIRR yielded a more accurate answer, in that it assumed that the 
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cash flows were reinvested at the cost of capital. According to Balyeat and Cagle (2015), 

the procedure to estimate the MIRR is as follows: 

Firstly, calculate the present value of the costs (PVC) associated with the project, using 

cost of capital (r) as the discount rate: 

PVC = ∑
𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑡

(1+𝑟)𝑡
𝑛
𝑡=0          (4.2.8) 

Secondly, calculate the terminal value (TV) of the cash inflows expected from the project: 

TV = ∑ 𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑡 (1 + 𝑟)𝑛−𝑡𝑛
𝑡=0        (4.2.9) 

Lastly, obtain the MIRR by solving the following equation: 

PVC = 
𝑇𝑉

(1+𝑀𝐼𝑅𝑅)𝑡          (4.2.10)                                                 

This study used these equations to estimate the MIRR for the Medupi power station. 

Decision rule 

Normally, one would choose the project which MIRR is greater than its cost of capital and 

reject it when the MIRR is lower than the cost of capital. 

4.2.6    Profitability Index (PI) 

The profitability index was employed to determine the profitability of the hollow-fibre 

membrane condenser system for each coal-fired power stations. According to Ermenyi 

(2015), the PI is estimated using the below equation: 

PI = 
𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑢𝑡𝑢𝑟𝑒 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 = 1 + 

𝑁𝑃𝑉

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
    (4.2.11) 

This analysis employed this equation to estimate the profitability index of the Medupi 

power station. 

Decision rule 

http://etd.uwc.ac.za/ 
 



55 
 

If the PI is greater than 1.0, the investment adds value, hence invest. However, if the PI 

is less than 1.0, the investment destroys value, thus do not invest. In contrast, if the PI is 

equal to 1.0, one would be indifferent as to accept or reject the investment. 

4.2.7    Sensitivity Analysis 

Afterwards, this study employed sensitivity analysis by varying the variables and creating 

different assumptions to determine the sensitivity of the results under changing variables 

and different assumptions. Sensitivity analysis is about varying the key assumptions 

underlying the project. Sensitivity analysis made the results of this CBA more credible 

and it compensated for uncertainty. The variables that were altered were the discount 

rate and the inflation rate. The discount rates used were altered, i.e., they were changed 

by 50, 100 and 150 basis points. The projected inflation rates were used to calculate the 

cash flows and replacement costs that would take place after the year 2019.  

In addition, the below five scenarios were used to test the results under the varying 

assumptions: 

• What if the interest rates decline by 50, 100 and 150 basis points? 

• What if the cost of the membrane modules double? 

• What if the cost of the membrane modules decreases by half (50%)? 

• What if the annual cash flows are the same indefinitely? 

• What if the membrane modules have an economic life of 20 years? 

 

4.3    SOURCE OF DATA AND DESCRIPTION OF VARIABLES 

4.3.1    Data 

The study relied on experimental data obtained by the South African Institute of Advanced 

Material Chemistry (SAIAMC) at the University of the Western Cape (UWC) where 

membrane modules capable of recovering water from humidified flue gas are being 

developed. The performance of prototype membrane modules is currently being 

measured at UWC using a model gas with a composition similar to the gas exiting a 

commercial wet-flue gas desulphurisation system. SAIAMC provided estimates on 
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material cost to produce membrane modules and the experimental data revealing how 

much water was recovered at specific operational conditions using these modules.  

In addition, this study conducted telephonic interviews with representatives of Eskom to 

determine the cost of electricity and the cost of demineralized water. It also conducted 

telephonic interviews with the Department of Environmental Affairs in order to derive the 

cost of non-compliance, in other words, the consequences should Eskom not adhere to 

the Air Quality Act 2010.  

Data on the hollow-fibre membrane module was obtained from SAIAMC. Cost estimates 

on the membrane module were obtained from the Ludwin Daal Costing Report, compiled 

by a company called DNV KEMA Energy & Sustainability, which is based in the 

Netherlands. These estimates were expressed in Euros, which was converted into Rands.  

4.3.2    Description of Variables 

The variables used in this study were: 

• Initial investment/initial outlay (-C0) 

The initial investment included the number of membranes modules, condenser, vacuum 

pump, and piping and reticulation. These cost estimates were obtained from the Ludwin 

Daal Costing Report compiled by DNV KEMA. 

• Costs (Ct) 

The cost variable included the operating costs, replacement costs, and opportunity costs.  

o Operating costs 

Operating costs included the costs to maintain the membrane technology. Operating 

costs in this regard included energy and maintenance costs for the pump house 

associated with pumping the water for Medupi Power Station. 

o Replacement costs 

Replacement costs included the cost to repair and replace the membrane condensers, 

machinery, and equipment. The membrane modules have a five-year replacement value; 
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hence replacement costs will only come into effect after five years. However, the 

condenser, vacuum pump and piping and reticulation have a 20-year replacement value. 

o Opportunity cost 

Opportunity costs included the costs of the next alternative forgone. The opportunity cost 

in this regard would be the money that Eskom would save if they chose not to implement 

the membrane technology. 

• Benefits (Bt) 

The primary benefit included the projected cost savings in terms of demineralized water. 

The water benefit / loss was reflected in the difference between the cost of water, purified 

and pumped from the water source and the cost of water recovered from the saturated 

flue gas downstream the wet-FDG system. In addition, an added benefit was the energy 

savings. The membrane technology saved energy in that that no reheating of flue gas 

was necessary. 

• Cost of capital (r/i) 

The cost of capital, the discount rate or the interest rate is the cost of using the funds of 

creditors and owners. In other words, it is the rate of return that the creditors and owners 

require as compensation for their contributions of capital. The government bond rate (10 

years and longer) was used as the discount rate in this study. This was because Eskom 

is a large state-owned company, and they borrow from the bond market. Currently, the 

bond yield fluctuates between 8.00% and 9.00%. Therefore, an average rate of 8.50% 

was assumed. 

• Time period (n/t) 

The time period refers to the period of the analysis. This assessment was done over a 

five-year, ten-year, 15-year and 20-year period. 

• Inflation rate 

Inflation is the general rise in the prices of goods and services in a country. The Consumer 

Price Index (CPI) is regularly used to calculate inflation. However, inflation is also 

measured by the Producer Price Index (PPI). The operating costs and replacement costs, 

except the rent, increases year-on-year due to inflation. The inflation rate was also used 
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as the growth rate of cash flows in the analytical framework of this study. The average 

annual inflation rates of 2014 to 2018 were used. Also, these average inflation rates were 

used to predict future inflation rates (e.g., from 2019 onwards). The below table illustrates 

the average annual inflation rates of South Africa from 2014-2018. 

Table 4.1: Average annual inflation rates for the years 2016 to 2022 

Year Inflation rate 

2014 6.10% 

2015 4.60% 

2016 6.40% 

2017 5.30% 

2018 4.70% 

Average inflation rate 5.40%10 

Source: StatsSA, 2019 

It was said that South Africa’s inflation has been quite stable for the past years, levelling 

off between 4.50% and 6.30%, and is in fact expected to stabilise at around 5.00% in the 

future (Statista, 2019) The projected average annual inflation rates were used as the 

growth rate of the cash flows in the analysis as well as the sensitivity studies. 

• Exchange rate 

The exchange rate is simply the price of one currency in terms of another (Mohr and 

Fourie, 2008). The rand to euro exchange rate was used in this analysis, due to fact that 

the data on the hollow fibre membrane condenser is denoted in euros. Hence, it had to 

be converted into rands. The average annual exchange rates were used in this study. 

The below table shows the average annual rand/euro exchange rate from 2018. 

 

 

 

 

 

10 5.40% is the average of the inflation rates of 2014 to 2018 
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Table 4.2: Average annual rand/euro exchange rates for 2014 to 2018 

Year Rand/Euro Exchange rate 

2014 R14.40 

2015 R14.16 

2016 R16.29 

2017 R15.06 

2018 R15.61 

Source: www.resbank.co.za and author’s own calculations, 2019 

4.4    PROJECT SCOPE AND LIMITATIONS 

The South African Institute of Advanced Material Chemistry (SAIAMC) of the University 

of the Western Cape (UWC) mandated by the Water Research Commission (WRC) is 

investigating the potential of membrane technology for water recovery from flue gas. 

Membrane technology has been proposed as an efficient and effective means to recover 

water from flue gas. However, it comes at a cost and one must consider the economic 

cost implications of this technology. The scope of this study included the economic 

analysis of water vapour selective membrane technology at Eskom’s Medupi Power 

Station. Medupi is situated in the most water-stressed region in South Africa, with the 

nearest water source being the Crocodile river that is over 100 kilometres away. For 

Medupi to be equipped with wet-FGD, the water must be pumped from the Crocodile river. 

The cost benefit analysis is expected to guide Eskom management and policy makers at 

the Department of Environmental Affairs on how to implement and comply with the Air 

Quality Act when operating coal fired power stations in areas with severely limited water 

resources. While wet-flue gas desulphurisation is the preferred choice of technology 

worldwide to bring SO2 emissions within acceptable limits, it certainly proves to be 

challenging when water is not readily available. Since Medupi was commissioned after 

the South African Government passed the Air Quality Act 2008, it qualifies as a newly 

built power generation facility and is required by law to limit the SO2 level in flue gas to 

500 mg/Nm3. Moreover, the implementation of the FGD facility is the World Bank 

precondition for the financing of the coal-fired power station. However, the water required 

to treat the vast amounts of flue gas was simply not available in the area. As a result, a 

large investment had to be made to supply the required quantity of water to the FGD 
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system. The cost benefit analysis focused on the feasibility around water recovery from 

flue gas using the water vapour selective membrane technology as described in earlier 

chapters of this study. 

The limitations of this study include the fact that the results were based on estimations 

only. It also only used Medupi power station as an example. In addition, this study was 

done from a financial point of view, because only the private costs and benefits were 

estimated. As per SAIAMC, the social costs and benefits of the water vapour selective 

membrane technology were not part of the scope of this study. Thus, they were not 

estimated in this study. 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1    INTRODUCTION 

This section estimates the costs and benefits of implementing the water vapour selective 

membrane technology at Eskom’s Medupi Power Plant, as per the second research 

objective. In addition, it discusses the consequences should Eskom do nothing and 

continue to emit. Thereafter, it estimates the cost and benefits should Eskom choose to 

implement the membrane condenser technology by means of net present value analysis 

(NPV analysis); payback and discounted payback periods; internal rate of return (IRR); 

modified internal rate of return (MIRR); and profitability index (PI). Lastly, this section 

performs a sensitivity analysis on the CBA. 

5.2    ESTIMATING THE COSTS AND BENEFITS OF WATER VAPOUR SELECTIVE 

MEMBRANE TECHNOLOGY 

This section explores three options that Eskom has. Option one is Eskom doing nothing 

and continues emitting. Option two is Eskom spends R467.4 million on building a pipeline 

to pump water from the Mokolo-Crocodile catchment area and clean the water to treat the 

flue gas at Medupi Power Station. Option three is Eskom spends R364.1 million which 

consists of installing membrane systems (R266.3 million with pay-off over five years) and 

infrastructure (R97.8 million with pay-off over 20 years) that recovers 858m3 of water per 

hour and reuses that water for the FGD process, thereby preventing option two. 

5.2.1    Option One – Doing Nothing 

If Eskom chooses to do nothing and continue emitting flue gas into the atmosphere, there 

will be implications involved. The upside of doing nothing is that Eskom gets to keep the 

money that they would have spent had they implemented the membrane technology. 

However, the downside of doing nothing comes with grave consequences. They would 

thus not comply with the law and face the prospect of heavy fines. In addition, if a power 

station emits SO2 levels that are higher than the maximum threshold outlined in the Air 

Quality Act, that power station can no longer operate, and thus must shut down (Herbst, 

Deidre. Telephone interview. 14 June 2019). For example, if this power station were to 
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shut down, it would result in loss of revenue for Eskom, loss of power and jobs for the 

people. In addition, if Medupi Power Station were to shut down, it loses the opportunity to 

earn R96 million11 per day; that is revenue in excess of R35 billion per annum. Also, 

Eskom borrowed money from the World Bank to finance the Medupi Power Station, and 

as a pre-condition of the World Bank, Eskom must implement an FGD system. Thus, 

doing nothing is not an option for Eskom. 

5.2.2    Option Two – Clean the Water and Treat the Flue Gas 

This option entails Eskom spending R 467.4 million on building a pipeline to pump water 

from the Mokolo-Crocodile catchment area and clean the water to treat the flue gas at 

Medupi Power Station. Thereby, Eskom would be complying with the Air Quality Act.  

The infrastructure cost to secure water for Medupi is part of a R12.3 billion investment 

known as the Mokolo-Crocodile Water Augmentation Project Phase 2A (Eskom 2019). 

This project will augment water supplies to the Lephalale municipality, Eskom’s Matimba 

and Medupi power stations, Exxaro’s Grootegeluk coal mine, and will also enable the 

further development of the mineral and energy prospects in the larger Waterberg region 

with a delivery capacity of 197 million m3 per annum. Since the FGD system at Medupi 

power station will consume 3.80% of this capacity (7.5 million m3/a, 858 m3/hr (Eskom 

2019), the effective investment cost to secure water for FDG at Medupi was set at R467.4 

million. 

The interest rate for borrowing such capital is estimated at 8.50%.  With a payback period 

assumed to be 20 years, the monthly payments mount up to approximately R4,056,206. 

The energy and maintenance cost for the pump house associated with pumping the water 

for Medupi is estimated at R500,000/month. As mentioned, the infrastructure provides 

water for Medupi’s FGD at a rate of 858m3/hr, which is 617760 m3/month. This brings the 

raw water cost to R4.00/m3. Purification of the raw water to the required quality will cost 

in the order of R5.00/m3. Total cost estimate for FDG water is R9.00/m3 (See table 5.4).  

 

11 See appendix C for a full breakdown of daily revenue 
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It should be noted that the wet-flue gas desulphurisation plant at Medupi uses 858m3/h 

to reduce the SO2 emissions to limits that comply with the Air Quality Act. Downstream 

the FDG process, this water, which has been pumped in from the Crocodile River, purified 

to acceptable limits, is now ready to exit the power plant together with the flue gas. 

However, cleaning flue gas is not profitable and undertaking this option will result in cash 

outflows of approximately R4,556,206 per month for the next 20 years.  

5.2.3    Option Three – Implementing Water Vapour Selective Membrane 

Technology  

This option entails Eskom spending R364,082,591 which consists of installing membrane 

systems (R266,254,431 with pay-off over five years) and infrastructure (R97,828,160 with 

pay-off over 20 years) that recovers 858m3 of water per hour and reuses that water for 

the FGD process, thereby complying with the law and preventing option two. 

The cost estimates are based on the lab scale membrane module calculations and it 

shows that each pilot scale membrane module can collect 1.32kg water per hour. In order 

to capture all the water that is added to the flue gas during the FGD process, 647 821 

membrane modules are needed (858 000 l/h / 1.32 = 647 821 modules). A breakdown of 

the cost of a membrane module is presented in Table 5.1. Each membrane module 

(produced at large volume) costs R411. 

Table 5.1: Membrane module cost breakdown at volume12  

Item Detail of item 
Quantity/ 
module 

Cost 
/module 

Membrane R900/km 250 m R225.00 

Frames Currently SS316, 2mm 1 R10.00 

Resin 

R222/L for 25l drum, estimated at 

R130/l at much large orders. The 

quantity of resin required per module is 

0.6 L R78.00 

 

12 This membrane module cost breakdown was made on the assumption of 100 000 modules per year and 
400 modules per day 
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Item Detail of item 
Quantity/ 
module 

Cost 
/module 

currently 0.86L. However, can still be 

optimised to an estimated 0.6L/module 

Spacer set 
5 spacers per set, 2 sets per module, 

injection moulded cost R5.5 per set 
2 R11.00 

Labour 
Winding, cutting, QC, based on 20 

modules/p/p/d 
R50 R50.00 

Consumables 
Mould costs, cutting blades (1000 

modules per mould and blade) 

0.001 * 

R7000 
R7.00 

Equipment 
Winding machines R500 000, 1-year 

warranty 
0.000001 R5.00 

Overheads 
Factory rental, utilities, admin (R200 

000/month, 8000modules per month) 

R200 000 / 

8000 
R25.00 

Total   R411.00 

Source: Bladergroen et al, 2019 

A full-size water recovery plant will require R266,254,431 (647 821 * R411) in terms of 

membrane modules for five years before replacement is required (Ludwin Daal Costing 

Report, 2013). In addition to the membrane module a further investment of R97,828,160 

is required for additional capital expenses.  A breakdown of these capital expenses is 

provided in the table below. 

Table 5.2: Breakdown of capital cost related to membrane technology 

infrastructure 

Item Details (Year) Cost (R) 

Membrane 

modules 

647,821 modules (0.8m2/module, 

1.32kg/h/module based on 50% recovery 

from 95%RH 55-degree Celsius flue gas), 

5-year warranty 

R266,254,431 

 

Condenser €1,853,000 (2014 cost) 

R34,737,748 
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Item Details (Year) Cost (R) 

Piping and 

gas 

reticulation 

€2,960,000 (2014 cost) 

R55,490,41213 

 

Vacuum pump 

Rotary vane vacuum pump (100000 m3/h 

at 10 mbar, with gas ballast) built by 

Busch (x10) 

R7,600,000 

Total  R364,082,591 

Source: Ludwin Daal Costing Report (2013) and author’s own calculations 

The table above shows the complete breakdown of the capital costs of the water vapour 

selective membrane technology as it consists of membrane modules, a condenser, piping 

and gas reticulation. The membrane modules have a lifetime of five years, whereas the 

condenser, vacuum pump, piping and gas reticulation have a lifetime of 20 years. In 

addition, there are operating costs involved as well. The below table provides a 

breakdown of the operating expenses after one year. 

Table 5.3: Breakdown of operating cost related to membrane technology 

infrastructure  

Cost Variable Cost 

Variable costs R3,600,00014 

Total Operating costs after 1 year R3,600,000 

Source: Author’s own calculations 

Based on the above table, the operating expenditure includes variable costs, which are 

made up of energy and maintenance costs. In addition, to the costs, the membrane 

technology has benefits in terms of water savings. 

 

13Converted to Rand (R14.40/Euro, 2014) and compensated for annual inflation. 

14 Monthly running cost for vacuum pump and air-cooled condenser of R300,000 
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As mentioned, the infrastructure provides water for Medupi’s FGD at a rate of 858m3/hr, 

which is 617760 m3/month. This brings the raw water cost to R4.00/m3. Purification of the 

raw water to the required quality will cost in the order of R5.00/m3. Total cost estimate for 

FDG water is R9.00/m3. The table below estimates the cost for importing and extracting 

water. 

Table 5.4: Cost comparison between importing or extracting water15 

Item 
Investment 

Total (R) 

Cost per 
month 

(R) 

Water cost when 
imported from 

Mokolo-Crocodile 
scheme (R/m3) 

Water cost 
when 

extracted 
from Flue 

gas (R/m3) 

Membrane 

modules payback 

over 5 years 

R266,254,431 R4,437,574 

 

 R7.20/m3 

Infrastructure 

item with 20 

years warranty 

R467,400,000 R1,947,500 R3.20/m3  

R97,828,160 

 

R407,617 

 
 R0.70/m3 

Monthly pumping 

and maintenance 

cost 

 R500,000 R0.80/m3  

Monthly running 

cost for vacuum 

pump and air-

cooled condenser 

 R300,000  R0.50/m3 

Water purification 

(investment + 

running cost) 

  R5.00/m3 - 

Total cost   R9.00/ m3 R8.40/m3 

Source: Author’s own calculations 

The cost of de-mineralized water to compensate for this capital expenditure and operating 

expenditures over the expected operational lifetime of the membranes (five years) was 

estimated to be R8.40/m3. It must be noted that the water from the membrane technology 

 

15 This is based on the assumption of 617 760m3/month. 
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is pure, thus pumping costs and purification costs do not apply, thereby this translates to 

a saving of R5.20 per m3 and the recovered water can be reused for FGD purposes. 

Also, the membrane modules recover 858 m3 of water per hour, thus it translates to 

7,516,080 m3 per year. With a saving of R5.20 per m3, the annual water savings amount 

is approximately R39,083,61616 per year. Moreover, as a secondary benefit, the 

membrane technology saves energy in that no reheating of flue gas is necessary. Energy 

savings amount to approximately R10,685,65417. In summary, the annual cash flows will 

thus be the annual operating costs minus the annual water and energy savings. 

Based on time periods of 5, 10, 15 and 20 years and cost of capitals of 8.5%, 9%, 9.5%, 

and 10%, the economic measures of merit are indicated in the table below. 

Table 5.5: Initial economic measures of merit 

Initial 
Investment 

R364,082,591 

Time Period 5 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R163,136,354)18 (R165,832,001) (R168,471,196) (R171,055,456) 

PP19 - - - - 

DPP - - - - 

IRR -10.26% -10.26% -10.26% -10.26% 

MIRR -3.66% -3.48% -3.29% -3.11% 

 

16 The water savings are subjected to increase annually due to inflation. 

17 According to the Ludwin Daal Costing Report (2013), energy savings amounted to 570,000 Euros in 
2014. Thus, this figure was converted to Rands using the R14.40/Euro exchange rate of 2014 and 
compensated for annual inflation to 2019. In addition, the energy benefits increase annually due to inflation. 

18 The brackets indicate negative figures. 

19 Payback periods and discounted payback periods could not be estimated due to high replacement costs 
of membrane modules every five years. 
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PI 0.55 0.54 0.54 0.53 

Viable? No No No No 

Time Period 10 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R201,588,604) (R204,737,658) (R207,755,776) (R210,649,853) 

PP - - - - 

DPP - - - - 

IRR -5.96% -5.96% -5.96% -5.96% 

MIRR 3.54% 3.86% 4.19% 4.51% 

PI 0.45 0.44 0.43 0.42 

Viable? No No No No 

Time Period 15 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R234,852,729) (R237,629,130) (R240,216,228) (R242,629,478) 

PP - - - - 

DPP - - - - 

IRR -4.21% -4.21% -4.21% -4.21% 

MIRR 5.54% 5.92% 6.29% 6.67% 

PI 0.35 0.35 0.34 0.33 

Viable? No No No No 

Time Period 20 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R263,628,733) (R265,436,113) (R267,037,973) (R268,458,799) 

PP - - - - 
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DPP - - - - 

IRR -3.30% -3.30% -3.30% -3.30% 

MIRR 6.42% 6.83% 7.23% 7.64% 

PI 0.28 0.27 0.27 0.26 

Viable? No No No No 

Source: Author’s own calculations 

Based on the above table, after all the time periods, the net present values under the 

different discount rates are negative and the payback periods and discounted payback 

periods cannot be estimated. The internal rates of return and modified internal rates of 

return are less than the discount rates. Also, the profitability indexes are less than 1. 

Hence, after 5, 10, 15 and 20 years, the investment into membrane technology is not 

economically viable. In summary, over a time period of 5, 10, 15 and 20 years, coupled 

with an increasing interest rate, option three is not viable.  

5.3    SENSITIVITY ANALYSIS 

The sensitivity analysis was done on option three. In the sensitivity studies, the following 

scenarios were evaluated: 

5.3.1    What if the interest rates decline by 50, 100 and 150 basis points? 

The below table shows the economic measures of merit if the interest rates were to 

decline by 50, 100 and 150 basis points. 

Table 5.6: Declining interest rates 

Initial 
Investment 

R364,082,591 

Time Period 5 Years 

Discount 
Rate 

8.50% 8.00% 7.50% 7.00% 

NPV (R163,136,354) (R160,382,686) (R157,569,374) (R154,694,743) 

PP - - - - 
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DPP - - - - 

IRR -10.26% -10.26% -10.26% -10.26% 

MIRR -3.66% -3.84% -4.03% -4.21% 

PI 0.55 0.56 0.57 0.58 

Viable? No No No No 

Time Period 10 Years 

Discount 
Rate 

8.50% 8.00% 7.50% 7.00% 

NPV (R201,588,604) (R198,301,293) (R194,867,951) (R191,280,320) 

PP - - - - 

DPP - - - - 

IRR -5.96% -5.96% -5.96% -5.96% 

MIRR 3.54% 3.22% 2.89% 2.57% 

PI 0.45 0.46 0.46 0.47 

Viable? No No No No 

Time Period 15 Years 

Discount 
Rate 

8.50% 8.00% 7.50% 7.00% 

NPV (R234,852,729) (R231,870,157) (R228,662,993) (R225,211,118) 

PP - - - - 

DPP - - - - 

IRR -4.21% -4.21% -4.21% -4.21% 

MIRR 5.54% 5.16% 4.79% 4.41% 

PI 0.35 0.36 0.37 0.38 

Viable? No No No No 

Time Period 20 Years 
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Discount 
Rate 

8.50% 8.00% 7.50% 7.00% 

NPV (R263,628,733) (R261,588,250) (R259,283,595) (R256,679,778) 

PP - - - - 

DPP - - - - 

IRR -3.30% -3.30% -3.30% -3.30% 

MIRR 6.42% 6.02% 5.61% 5.21% 

PI 0.28 0.28 0.29 0.29 

Viable? No No No No 

Source: Author’s own calculations 

Based on the above table, after all the time periods, the net present values under the 

different discount rates are negative and the payback periods and discounted payback 

periods cannot be estimated. The internal rates of return and modified internal rates of 

return are less than the discount rates. Also, the profitability indexes are less than 1. 

Therefore, after 5, 10, 15 and 20 years, the investment into membrane technology is not 

economically viable. In summary, over a time period of 5, 10, 15 and 20 years, coupled 

with a declining interest rate, option 3 is still not viable. 

5.3.2    What if the cost of the membrane modules doubles? 

If the cost of the membrane modules were to double from R266,254,431 to R532,508,862 

then the initial investment of the membrane technology will increase to R630,337,022. 

However, the results are the same as the initial results. The net present values under the 

different discount rates are negative and the payback periods and discounted payback 

periods cannot be estimated. The internal rates of return and modified internal rates of 

return are less than the discount rates. Also, the profitability indexes are less than 1.  

Therefore, if the cost of the membrane modules were to double, the investment will not 

be viable (These estimates are shown in Appendix D).   

5.3.3    What if the cost of the membrane modules decreased by half? 
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If the cost of the membrane modules were to decrease by half from R266,254,431 to 

R133,127,216 then the initial investment of the membrane technology will decrease to 

R230,955,376. However, the results are the same as the initial results. The net present 

values under the different discount rates are negative and the payback periods and 

discounted payback periods cannot be estimated. The internal rates of return and 

modified internal rates of return are less than the discount rates. Also, the profitability 

indexes are less than one. Therefore, if the cost of the membrane modules were to 

decrease by half, the investment will not be viable (these estimates are shown in 

Appendix E).   

5.3.4    What if the annual cash flows are the same indefinitely20? 

The below table illustrates the economic measures of merit if the cash flows are assumed 

to be the same indefinitely.  

Table 5.7: Annual cash flows are the same for an indefinite period 

Initial 
Investment 

R364,082,591 

Annual Cash 
Flows 

R46,169,270 

Growth Rate 5.40% 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV R1,125,248,691 R918,397,124 R761,997,159 R639,597,186 

PP 7.89 Years 7.89 Years 7.89 Years 7.89 Years 

DPP 8.56 Years 8.60 Years 8.63 Years 8.67 Years 

IRR 18.08% 18.08% 18.08% 18.08% 

MIRR - - - - 

PI 4.09 3.52 3.09 2.76 

 

20 It must be noted that replacement costs do not apply in this scenario 

http://etd.uwc.ac.za/ 
 



73 
 

Viable? Yes Yes Yes Yes 

Source: Author’s own calculations 

Based on the above table, the net present values under the different discount rates are 

positive and the payback periods and discounted payback periods are positive and less 

than the assumed periods of 10, 15 and 20 years. The internal rates of return are greater 

than the discount rates. The modified internal rates of return could not be estimated. Also, 

the profitability indexes are greater than one, indicating that the membrane technology is 

profitable. Hence, in the absence of replacement costs for the membrane modules, and 

if the cash flows were the same each year for an indefinite period, the investment into 

membrane technology will be viable. 

5.3.5    What if the membrane modules have an economic life of 20 years? 

The below table shows the economic measures of merit if the membrane modules have 

an economic life of 20 years. 

Table 5.8: Membrane modules with economic life of 20 years 

Initial 
Investment 

R364,082,591 

Time Period 5 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R163,136,354) (R165,832,001) (R168,471,196) (R171,055,456) 

PP 6.74 Years 6.74 Years 6.74 Years 6.74 Years 

DPP 9.67 Years 9.94 Years 10.24 Years 10.55 Years 

IRR -10.26% -10.26% -10.26% -10.26% 

MIRR -3.66% -3.48% -3.29% -3.11% 

PI 0.55 0.54 0.54 0.53 
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Viable? No No No No 

Time Period 10 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV R10,697,453 R1,772,259 (R6,839,470) (R15,151,192) 

PP 6.74 Years 6.74 Years 6.74 Years 6.74 Years 

DPP 9.67 Years 9.94 Years 10.24 Years 10.55 Years 

IRR 9.10% 9.10% 9.10% 9.10% 

MIRR 8.81% 9.05% 9.29% 9.53% 

PI 1.03 1.00 0.98 0.96 

Viable? Yes Yes No No 

Time Period 15 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV R161,076,942 R143,467,615 R126,715,197 R110,769,651 

PP 6.74 Years 6.74 Years 6.74 Years 6.74 Years 

DPP 9.67 Years 9.94 Years 10.24 Years 10.55 Years 

IRR 14.34% 14.34% 14.34% 14.34% 

MIRR 11.18% 11.44% 11.70% 11.97% 

PI 1.44 1.39 1.35 1.30 

Viable? Yes Yes Yes Yes 

Time Period 20 Years 
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Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV R291,166,659 R263,259,165 R237,070,072 R212,473,468 

PP 6.74 Years 6.74 Years 6.74 Years 6.74 Years 

DPP 9.67 Years 9.94 Years 10.24 Years 10.55 Years 

IRR 16.31% 16.31% 16.31% 16.31% 

MIRR 11.74% 12.01% 12.28% 12.56% 

PI 1.80 1.72 1.65 1.58 

Viable? Yes Yes Yes Yes 

Source: Author’s own calculations 

Based on the above table, after five years the net present values under the different 

discount rates are negative and the payback periods and discounted payback periods are 

greater than five years. The internal rates of return and modified internal rates of return 

are less than the discount rates and the profitability indexes are less than one. Hence, 

after five years the investment into membrane technology is not viable. In contrast, after 

ten years there is some economic viability in the membrane technology if the discount 

rate is 9.00% and below. At a discount rate of 9.00% and lower, the net present values 

are positive, and the payback and discounted payback periods are less than ten years. 

In addition, the internal rates of return and modified internal rates of return are slightly 

greater than the cost of capital and the profitability indexes are equal to and greater than 

one. However, at a discount rate of 9.50% and greater, the net present values are 

negative, the payback periods are less ten years and discounted payback periods are 

slightly greater than ten years. Also, the internal rates of return and modified internal rates 

of return are slightly less than the discount rates and the profitability indexes are less than 

one. Hence, the investment into membrane technology will not be viable after ten years 

coupled with an interest rate of 9.50% and above. 
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Nevertheless, after 15 years and 20 years, the net present values under the different 

discount rates are positive and in excess of R100 million and the payback periods and 

discounted payback periods are less than 15 and 20 years. The internal rates of return 

and modified internal rates of return are higher than the discount rates and the profitability 

indexes are greater than one. Therefore, after 15 and 20 years, the investment into 

membrane technology will be viable if the membrane modules have no replacement costs 

for 20 years. 

The below figure illustrates the net present value profile of the membrane technology. It 

compares the net present values of the initial option three with that of the last scenario of 

the sensitivity analysis. 

Figure 5.1: Net present value profile 

Source: Author’s own calculations 

Based on the above figure, the net present values of option three are negative due to the 

replacement costs of membrane modules every five years. However, if the membrane 
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modules were to have an economic life of 20 years, then the membrane technology will 

have positive net present values as indicated in the above figure.  

In summary, if the interest rates were to decline by 50, 100 and 150 basis points, the 

investment into membrane technology will not be viable. Also, if the cost of the membrane 

modules were to increase by 100% or to decline by 50%, the investment will not be viable. 

However, if the annual cash flows are the same each year for an indefinite time period, 

the investment into membrane technology will be viable. Moreover, if the membrane 

modules had the same economic life of 20 years as the other infrastructure, e.g., 

condenser, vacuum pump, piping and reticulation, the investment into membrane 

technology will be viable.  

5.4    CONCLUSION 

This chapter estimated the costs and benefits of implementing water vapour selective 

membrane technology at Medupi Power Station. Eskom faced three options, namely, 

doing nothing, cleaning flue gas at a cost of R467.4 million, or implementing water vapour 

selective membrane technology at a cost of R364.1 million, thereby preventing the 

second option. It was found that by doing nothing Eskom might have to shut down its 

power plant, thereby leading to an annual revenue loss of more than R35 billion. Also, 

Eskom obtained a loan from the World Bank to finance the power station and, as a pre-

condition, Eskom must have an FGD system in place. Hence, doing nothing was not an 

option. In addition, option 2 was also not economically feasible since cleaning flue gas 

was not profitable and this would have resulted in monthly outflows of R4.6 million for the 

next 20 years.  

Moreover, a cost-benefit analysis (CBA) was conducted on option three and it was found 

that this option would also not be economically feasible after 5, 10, 15 and 20 years. 

According to the results of the CBA, the net present values under the different interest 

rates were negative; both the payback and the discounted payback periods could not be 

estimated; the internal rates of return and modified internal rates of return were less than 

the discount rates; and the profitability indexes were less than one. In contrast to the 

empirical studies in the literature review which showed economic viability of the 

http://etd.uwc.ac.za/ 
 



78 
 

technologies in other countries, the initial results of this study concluded that investing in 

membrane technology would not be feasible in South Africa. Therefore, Eskom would 

currently be better off going for option two. Although cleaning flue gas will not be profitable 

for them, they will incur less costs in the future as opposed to option three, and they will 

also be in compliance with the Air Quality Act. 

Furthermore, a sensitivity analysis was conducted on the results of the CBA using five 

scenarios. It was found that the first three scenarios yielded the same conclusions as the 

initial CBA. If the interest rates were to decline, option three is not viable. Also, if the cost 

of the membrane modules were to double or decrease by half, option three is still not 

viable. However, scenarios four and five yielded positive results. If the annual cash flows 

are the same each year indefinitely, option three would be feasible. Lastly, if the 

membrane modules have an economic lifetime of 20 years, option three would be 

feasible.  
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CHAPTER 6: CONCLUSIONS AND POLICY 

RECOMMENDATIONS 

6.1    INTRODUCTION 

This chapter provides a summary of the study. In addition, it provides the key conclusions 

of the study and the implications thereof. Also, it provides some policy recommendations 

that may guide future research for studies on water recovery from flue gas. 

6.2    SUMMARY OF THE STUDY 

This study examined the policies and trends regarding flue gas emissions in South Africa. 

The Air Quality is the only policy that addresses flue gas emissions in South Africa. 

Eskom’s coal power plants were said to be the emitters of flue gas in South Africa and, in 

order to be compliant with the Act, Eskom had to implement wet-flue gas desulphurisation 

systems at Medupi and Kusile power stations.  Wet-flue gas desulphurisation entailed an 

increase in water requirements of these power stations, and thus a need to recover water 

from flue gas to supplement the water requirements. The three methods to recover water 

from flue gas were flue gas condensation technology, desiccant drying systems, and 

water vapour selective membrane technology.   

In addition, this study aimed to estimate the economic costs and benefits of implementing 

these three methods at Eskom. It was found that the water vapour selective membrane 

technology is superior to flue gas condensation technology and desiccant drying systems. 

Thus, it was used as the technology of choice in this study. The study also outlined some 

of the empirical studies on membrane technology, flue gas condensation, and desiccants, 

and the results showed that the implementation of these technologies were feasible in 

other countries. However, these studies were very limited in their use of economic 

measures of merit. Also, the literature available that deals specifically with the economic 

analysis of membrane technology, was very limited. 

Moreover, the study followed the cost benefit approach (CBA) and utilised NPV, PP, DPP, 

IRR, MIRR, and PI as measures of economic merit to estimate the economic costs and 

benefits of implementing water vapour selective membrane technology. However, the 
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economic costs, and benefits of implementing the technology could not be estimated 

since shadow prices and externalities were not part of the scope of this study. As a result, 

this study estimated the private costs and benefits of implementing water vapour selective 

membrane technology at Eskom’s Medupi Power Station. Eskom was faced with three 

options, namely, doing nothing; pumping water from the Crocodile River to clean and treat 

flue gas at Medupi Power Station; and implementing a membrane system to recover flue 

gas at Medupi Power Station. Doing nothing was not an option because Medupi would 

then have to shut down and lose revenue in excess of R35 billion per annum. The second 

option was not profitable because it would result in yearly outflows of R4.6 million for 20 

years. A cost-benefit analysis was done on the third option and it concluded that this 

option was not feasible due to the cost of the membrane modules that must be replaced 

every five years; currently Eskom would be better off going for the second option in that 

they would comply with the law and incur less costs in the future. However, a sensitivity 

analysis was done on the third option and it concluded that if the membrane modules had 

an economic life of 15 years or more, this option would be feasible.  

6.3    KEY CONCLUSIONS AND IMPLICATIONS 

In conclusion, based on the results of the study, the investment into water vapour 

selective membrane technology would currently not be feasible in the South African 

context. As a result, Eskom should clean the flue gas because that would be a better 

alternative moving forward in that they would comply with the law. 

6.4    RECOMMENDATIONS FOR FUTURE STUDIES 

Considering the findings of the study, it is recommended that: 

• There be a buy-in from both the public and the private sector to invest in research 

regarding the development of membrane modules with economic lifetimes of 15 years 

and more, in South Africa. 

• As far the pure financial analysis is concerned, the investment into water vapour 

selective membrane technology is not feasible, but if one considers the shadow prices 

and externalities, the result could be different. 

• More similar studies must be done in other industries that emit flue gas in South Africa.  
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APPENDICES 

Appendix A: Coal-Fired Power Stations and their Capacities 

Coal-Fired Power Plant Capacity (MW) Cooling 

Arnot 2 352 Wet, re-circulating 

Camden 1 510 Wet, re-circulating 

Duvha 3 600 Wet, re-circulating 

Grootvlei 1 200 
Wet, re-circulating and 

dry 

Hendrina 2 000 Wet, re-circulating 

Kendal 4 116 Indirect dry 

Komati 940 Wet, re-circulating 

Kriel 3 000 Wet, re-circulating 

Kusile 4 800 Direct dry 

Lethabo 3 708 Wet, re-circulating 

Majuba 4 110 
Wet, re-circulating and 

dry 

Matimba 3 990 Direct dry 

Matla 3 600 Wet, re-circulating 

Medupi 4 788 Direct dry 

Tutuka 3 654 Wet, re-circulating 

Source: www.eskom.co.za and Wassung, 2010. 
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Appendix B: Illustration of PPC Curve Explaining Scarcity, Choice and Opportunity 

Cost 

Possibility Fish (Baskets per day) Potatoes (Kg per day) 

A 0 100 

B 1 95 

C 2 85 

D 3 70 

E 4 40 

F 5 0 

Source: Mohr and Fourie (2008:8) 

The above table shows the possible combinations of two goods, namely fish and potatoes 

for the Wild Coast community. Potatoes is on the y-axis and is indicated in kilograms (kg) 

per day. Fish, on the other hand, is on the x-axis and is indicated in baskets per day. 

A production possibilities curve for the Wild Coast community 

 

Source: Mohr and Fourie (2008:8) 
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In the above figure, scarcity is illustrated by the fact that all points to the right of the curve 

e.g., point G, are unattainable. The curve thus forms a frontier or boundary between what 

is possible and what is not possible. Choice is illustrated by the need to choose among 

the available combinations along the curve. Opportunity cost is illustrated by the negative 

slope of the curve, which implies that more of one good can only be obtained by sacrificing 

the other good. Hence, opportunity cost refers to the trade-off between the two goods. 
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Appendix C: Breakdown of Daily Revenue  

According to Bladergroen (2019, personal communication), the average capacity of 

Medupi Power Station is 4,000 MW (Megawatt), that means they produce 4,000 MJ/s. 

There are 3,600 seconds in 1 hour and 24 hours in 1 day, thereby Medupi produces, 

on average, 345,600,000 MJ/day (4,000*3,600*24). In addition, 1 kWh equals 3,600,000 

J. Thus, 345,600,000 MJ/day multiplied by 1,000,000 and then divided by 3,600,000 

equals 96,000,000 kWh/day. The average cost of electricity is about R1.00 per kWh 

(Bladergroen, 2019). Thus, the revenue of electricity generation for Medupi Power Station 

will be approximately R96,000,000. The annual revenue will be approximately 

R35,040,000,000.  

Please see below breakdown of daily revenue in excel: 

 

• 4,000 MJ/s * 3,600 * 24 = 345,600,000 MJ/day 

• 1 kWh = 3,600,000 J 

• (345,600,000 MJ/day * 1,000,000) / 3,600,000 = 96,000,000 kWh/day 

• 1 kWh = R1.00 (Average cost of electricity) 

• 96,000,000 * R1.00 = R96,000,000 revenues per day 

• R96,000,000 * 365 = R35,040,000,000 revenues per annum 

 

 

4,000                               MW Average Power capacity 

4,000                               MJ/s

3,600                               s/h

24                                     h/day

345,600,000                  MJ/day

96,000,000                    kWh/day

96,000                             MWh/day

1                                       kWh 3,600,000                          J

1,000                               R/MWh

96,000,000                    R/day

35,040,000,000            R/year

http://etd.uwc.ac.za/ 
 



97 
 

Appendix D: Membrane Modules Costs Double 

Initial 
Investment 

R630,337,022 

Time Period 5 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R193,858,328) (R199,713,588) (R205,446,227) (R211,059,542) 

PP - - - - 

DPP - - - - 

IRR -3.77% -3.77% -3.77% -3.77% 

MIRR 0.81% 1.00% 1.19% 1.39% 

PI 0.69 0.68 0.67 0.67 

Viable? No No No No 

Time Period 10 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R240,843,110) (R248,677,394) (R256,195,854) (R263,414,595) 

PP - - - - 

DPP - - - - 

IRR -1.04% -1.04% -1.04% -1.04% 

MIRR 5.46% 5.80% 6.14% 6.48% 

PI 0.62 0.61 0.59 0.58 

Viable? No No No No 

Time Period 15 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R281,488,528) (R290,072,189) (R298,129,759) (R305,700,754) 

PP - - - - 
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DPP - - - - 

IRR 0.11% 0.11% 0.11% 0.11% 

MIRR 6.71% 7.10% 7.48% 7.87% 

PI 0.55 0.54 0.53 0.52 

Viable? No No No No 

Time Period 20 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R316,649,910) (R325,068,019) (R332,779,322) (R339,854,462) 

PP - - - - 

DPP - - - - 

IRR 0.73% 0.73% 0.73% 0.73% 

MIRR 7.25% 7.67% 8.08% 8.49% 

PI 0.50 0.48 0.47 0.46 

Viable? No No No No 

Source: Author’s own calculations 
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Appendix E: Membrane Modules Costs Decrease by 50% 

Initial 
Investment 

R230,955,376 

Time Period 5 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R147,775,367) (R148,891,208) (R149,983,680) (R151,053,413) 

PP - - - - 

DPP - - - - 

IRR -20.74% -20.74% -20.74% -20.74% 

MIRR -12.41% -12.24% -12.08% -11.91% 

PI 0.36 0.36 0.35 0.35 

Viable ? No No No No 

Time Period 10 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R181,961,350) (R182,767,789) (R183,535,737) (R184,267,482) 

PP - - - - 

DPP - - - - 

IRR -14.18% -14.18% -14.18% -14.18% 

MIRR -0.69% -0.39% -0.09% 0.21% 

PI 0.21 0.21 0.21 0.20 

Viable ? No No No No 

Time Period 15 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R211,534,830) (R211,407,600) (R211,259,463) (R211,093,840) 

PP - - - - 

http://etd.uwc.ac.za/ 
 



100 
 

DPP - - - - 

IRR -11.76% -11.76% -11.76% -11.76% 

MIRR 2.84% 3.19% 3.55% 3.90% 

PI 0.08 0.08 0.09 0.09 

Viable ? No No No No 

Time Period 20 Years 

Discount 
Rate 

8.50% 9.00% 9.50% 10.00% 

NPV (R237,118,144) (R235,620,160) (R234,167,299) (R232,760,967) 

PP - - - - 

DPP - - - - 

IRR -10.67% -10.67% -10.67% -10.67% 

MIRR 4.46% 4.85% 5.23% 5.61% 

PI -0.03 -0.02 -0.01 -0.01 

Viable? No No No No 

Source: Author’s own calculations 
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