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1. Introduction 
Modern energy, such as electricity (termed power) and fossil fuels, is essential for developmental activities such as healthcare and 
industrialization, thus facilitates socio-economic growth [i]. Provision of modern energy is therefore a global concern that is even 
higher in Africa, which is considered the least performing continent with regards to meeting its modern energy demands amidst 
abundant energy resources[ii].For instance, estimates suggestabout57% of the African population lack access to electricity, and nearly 
68% rely on traditional solid biomass for cooking [ii]. It is estimated that energy demands in sub-Saharan Africa (SSA) increased by 
approximately 45% from the year 2000 to 2012 [iii]. 
Similarly, in Ghana, the power demand is estimated to increase by 10 to 15% annually [iv], and is attributed to factors including rapid 
population growth, and expansions in corporate and industrial sectors [v, vi]. Governmental commitment to energy security resulted in 
improvements in access to electricity, which reflected in electricity access rate of 70% [ii]. However, achieving the generation 
capacity to keep up with growing power demands remain a challenge[vi]. The national power mix is dominated by hydro, with a 
contribution of~ 65%, followed by fossil fuel (crude oil, diesel and natural gas)based thermal plants-which supplies nearly 35% of the 
national power [v]. The reliability of the hydro power is dependent on uncontrollable weather conditions, and thus an avenue for 
instability in the hydro power supply. For instance in 2014, adverse weather impacts on the hydro dams contributed to shortfalls of 
approximately 6.5 % of the installed hydro capacity of 1580 MW[v]. The unreliability in the hydro power supply has been a 
compelling factor for the implementation and expansion of thermal power in recent years [v, vii]. However, the thermal power as an 
alternative to the hydro, also faced unexpected challenges including abysmal supply of the required natural gas by Nigeria, as well as 
instability in oil prices, which collectively contributed to about 13% of total thermal power capacity (approximately1260 MW)being 
unrealized in 2014 [v]. Ensuring stability of the thermal power supplies will therefore demand sustainable fuel resources and measures 
to absorb fiscal shocks due to unstable prices. A promising solution seems to be the local discovery and exploitation of oil and 
gas[vii]. However, considering existing economic constraints compels the selling of most of these resources abroad [ii], it is unlikely 
that utilizing the local oil and gas for the growing power demands can be sustained in the long-term.  
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Abstract:  
There is potential to recycle used oil (UO), waste lubricating oils from automobiles or machineries to produce diesel fuel (DF) 
that can contribute to energy supply in Ghana. However, very little is known about the economics of recycling UO to DF (Rec-
UO-to-DF) and the DF use thereof for power generation (DF-power) in Ghana. This study assessed the economics of Rec-UO-
to-DF and DF-power in Ghana under 2016 economic conditions, through developing process and economic models based on 
literature. The economics were assessed relative to prevailing diesel price ($0.79/l) and grid power prices ($0.08-0.24/kWh- 
residential and $0.24-0.41/kWh- commercial). Sensitivity analysis was undertaken to establish impacts of UO pricing on DF 
prices, and DF pricing on power prices. Maximum Expected Selling Price of- UO (MESP-UO) and -DF (MESP-DF) required for 
economic viability of the Rec-UO-to-DF and DF-power respectively were determined. The results showed a 12000 l UO/day 
recycling facility could produce ~8420 l DF/day, which could generate 1250 kW power via a diesel generator. UO price was 
found influential on DF price- 10% increase in UO price yields 3.2% increase in DF price. The MESP-UO was found at $0.21/l. 
Regarding DF-power, 10% increase in DF price results in 7.5% increase in power price, suggesting high reliance of process 
economics on the DF price. Instabilities in fuel prices therefore implies high uncertainties regarding economic viability. At 
prevailing DF price ($0.79/l), power price for profitability was found at $0.31/kWh (within commercial range), implying DF-
power is economical for only commercial use. Extension of DF-power to residential users would require 31% reduction of 
prevailing DF price, which could be feasible if Rec-UO-to-DF process acquires UO at $0.05/l (~24% of MESP-UO). Enforcing 
environmental regulations on UO management could help lower UO prices, which will promote its recycling to DF for DF 
power, and thus contribute to sustainable power supply. 
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In related developments, used oil (UO),which refers to any conventional oil from refining crude oil, or synthetic oil that has been 
physically or chemically contaminated by impurities in the course of its usage [viii, ix], has been suggested as an inexpensive resource 
for diesel fuel production [viii, x].In the context of this study, UO is limited to fossil based oils and entails exhausted (per the intended 
use)transmission oil, engine oil, and hydraulic oil (collectively termed lubricating oil)from automobiles or machineries[ix, xi]. The 
advancement in industrialization and the transport sector in Ghana resulted in high lubricating oil usage[xii]. Available data from the 
National Petroleum Authority indicates the total local consumption of lubricating oil in 2013 was nearly 45 million liters, all of which 
was imported [xii]. It is also estimated about 20% of lubricating oil is expended during its usage or service period [xii, xiii]. Therefore, 
under the assumption that the year 2013’s consumption of lubricating oil remains same for other years, it can be projected that 
approximately 36 million liters of UO will be generated annually. Locally, almost all the generated UO are illegally dumped on lands 
around garages, or disposed-off into drains, which eventually ends up in water bodies [xii]. Typical impurities found in UO that pose 
environmental and health concerns includes heavy metals such as lead (Pb) and cadmium (Cd), sulfur, poly nuclear aromatics (PNAs) 
amongst others [xiv, xv]. Associated environmental and health detriments of such indiscriminate disposal of UO, due to the impurities, 
include long span soil infertility,  diseases in man and animals from drinking or exposure to UO polluted water, and destruction of 
aquatic life [xiv, xvi]. Alternate uses and measures of secured disposal of UO will therefore help contribute to environmental 
sustainability and safeguard health of the populace.  
Conversely, UO could be used as fuel in diesel engines, industrial boilers or kilns [vii, x]. However, direct combustion of used oil 
releases hazardous gases into the environment, thus demands reprocessing or recycling measures to lower the concentrations of the 
impurities to acceptable limits, prior to its use as fuel[viii, xvii, xviii].Some recycling approaches that are well understood and 
practiced include solvent extraction, distillation-clay, acid treatment, activated charcoal/clay, and acid-clay treatment, with the choice 
of approach informed by the type and concentration of impurities, or the end-use thereof [viii, xi, xiii, xix].The acid-clay process is 
known to be the most widely used for the production of diesel fuel[viii, xiii], and in some cases suggested as the best treatment 
approach [xx, xxi]. The conventional acid-clay recycling process mainly entails filtering off solid impurities, heating to remove water 
and other lighter impurities, treatment with acid to react with impurities such as metallic oxides, asphaltenes, and aromatics to form a 
separable sludge, and further treatment with activated clay as an adsorbent to eliminate mainly gum forming contaminants[viii, xi, 
xxi].Compared to other reprocessing approaches, the acid-clay process is said to be advantageous due to less complex process 
equipment demands and thus less initial investment costs, less skill requirement in process operations, and lower operating cost 
demands [xi]. However, environmental awareness in recent times is making the conventional acid-clay process less popular due to the 
formation of large volumes of acidic clay and sludge residues, which poses treatment challenges and high cost implications[viii, xi]. 
However, Beg et al. [xiii]suggested the introduction of an acid neutralization stage (with NaOH) after the acid treatment stage 
minimizes the acidic level of the formed sludge and clay. Also, incineration under controlled flue gas conditions and secured landfill 
disposal are said to be adequate management practices for the sludge and acid-clay, respectively[xi, xviii].Thus, this modified acid-
clay process seems appropriate for Ghana, as the associated low economic and low technology requirement befits the developing 
economy. 
Therefore, considering the immense quantity of UO generated in Ghana, production of diesel fuel (DF) from UO is envisaged to be a 
possible alternative to the challenges of instability in the supply and the prices of fuel for thermal power generation, and thus 
contribute to the sustainability of the thermal power supply in Ghana. However, little is known regarding the economics of such 
measures in Ghana. According to Chia-Yu[viii], the recycling of UO to DF (Rec-UO-to-DF) in the United States was profitable, 
though not substantial enough to attract more investors.  Also, the profitability of Rec-UO-to-DF is said to be reliant on diesel prices 
[viii]. Therefore, the implementation of Rec-UO-to-DF for power generation in Ghana will demand a comparative economic 
assessment with the conventional diesel approach. Also, the economic assessment must address concerns on profitability of 
implementing such measures from the perspectives of all stakeholders-including traders of UO, investors in Rec-UO-to-DF facilities, 
and investors in the thermal power facilities. Of all the aforementioned stakeholders, the role of the UO traders is essential to sustain 
the UO as a raw material. Furthermore, considering the fact that presently the UO ends up in pockets of small quantities scattered 
around in various service stations, or in drains and consequently in water bodies [xii], an extensive labor network and incentive will be 
required to mobilize and transport the UO to the recycling site. Consequently, the delivered UO price that will make the Rec-UO-to-
DF process economical assuming the produced DF is sold at the prevailing diesel price, termed Maximum Expected Selling Price of 
UO (MESP-UO), should be an important factor to be determined. Sensitivity analysis showing how the price of UO impacts on the 
price of the produced DF must therefore be performed. Also, the delivered DF price that will make the DF-based power generation 
(DF-power) process economical, assuming the generated power is sold at the maximum grid price, termed maximum expected selling 
price of DF (MESP-DF), must also be established. Thus, a sensitivity analysis demonstrating how DF price influences the power 
price, while ensuring profitability of the DF-power process, must be considered vital for assessment.  
This study therefore assessed the economics of Rec-UO-to-DF, and the use of the DF in thermal power generation in Ghana, relative 
to prevailing prices of diesel and grid power. Additionally, the economics sought to establish applicable selling prices of UO, as well 
as tolerable prices of DF, with respect to economic viability of applications in power generation. These were achieved by developing 
process models for the Rec-UO-to-DF- and DF-power generation- processes, followed by their respective economic models. The 
findings from this study will provide a fundamental basis for stakeholders to actively deliberate on the use of DF from UO as a 
sustainable fuel for thermal power applications. 
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2. Materials and Methods  
 
2.1. Conceptual Approach 
In order to assess the economics of the recycling of UO to DF (Rec-UO-to-DF) and the DF-based power (DF-power) processes, 
process and economic models were developed for each referred process. The process and economic modeling approach considered 
was similar for both the Rec-UO-to-DF and DF-power processes, which is summarized in Fig. 1. The process modeling commenced 
with establishing the process configuration, involving the plant capacity and choice of process, in consultation with literature. This 
was followed with evaluation of the mass and energy balances, which was based on available literature or estimates. The results of the 
mass and energy balances were then used in sizing or specifying the process equipment. In developing the economic models, the 
results of the mass and energy balances were considered in estimating the Total Production Cost (TPC), while the sized or specified 
equipment costs, determined from various literature or manufacturers quotes, were used to estimate the Total Capital Investment 
(TCI), as detailed under section 2.3.The obtained TPC and TCI were then used to develop a cash flow spreadsheet in Microsoft Excel 
2010, which was subsequently used for the Economic assessments. 
 

 
Figure 1: Conceptual Approach 

 
For the economic assessments of the Rec-UO-to-DF, a maximum expected delivered price of UO to the facility assuming the 
produced DF is to be sold at prevailing diesel price (MESP-UO) was to be evaluated. This was achieved by performing sensitivity 
analysis showing how the produced DF’s price responds to variations in the selling price of the UO, under conditions of an 
economically viable process. The MESP-UO was subsequently obtained as the price of UO found at the prevailing price of diesel 
from the results of the sensitivity analysis. Similarly, in the economic assessments of the DF-power process, the maximum expected 
price of delivered DF to the power facility, under assumption of selling the generated power at the maximum grid price (MESP-DF), 
was required. A sensitivity analysis illustrating how the prices of DF impacts on the power prices, while maintaining conditions of 
economic viability of the process, was performed. The MESP-DF was obtained from the findings of the sensitivity analysis as the 
prices of DF that correspond to the prevailing grid power prices. 
 
2.2. Process Descriptions and Modeling  
 
2.2.1. Recycling Used Oil to Diesel Fuel (Rec-UO-to-DF) Process  
The Rec-UO-to-DF process considered in this study was a modified acid-clay process, mostly based on the studies by Beg et al. [xii], 
as summarized in Fig. 2.  The process begins with pumping the UO from a storage tank into an acid treatment tank (agitator tank), 
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where it is mixed with a predetermined amount of 98 wt.% sulfuric acid (H2SO4)solution- based on composition of the oil[xi, xiii]. 
The mixture is then stirred for about 10 minutes, after which it is left without interruption for about 2 hours; a period during which 
asphalt and acidic sludge, formed by reactions between the acid and some impurities such as sulfur and metal salts, sediments for 
collection [xiii].The acid treated-UO is then pumped to a neutralization tank (agitator tank), where a calculated amount of sodium 
hydroxide (NaOH) is added and left undisturbed for about 30 minutes[xiii]. The NaOH reacts with some acidic components of the oil 
to produce salt and water. Also, sludge forms and settles for collection during the neutralization process. The next stage is the 
activated-clay contact stage, which entails addition of ground activated clay (particle size of about 0.5 mm) to the oil in proportions of 
about 15wt.% of oil[xi, xxii] in an agitator tank. The clay-oil mixture is then thoroughly stirred and left for a contact period of about 
25 minutes [xxii], during which the clay adsorbs impurities to form a sludge that is separated from the oil. The activated-clay treated 
oil is then filtered to eliminate solid matter by means of a filter press[xvii]. The final step entails removal of water from the oil to 
improve its fuel properties. This is achieved by heating the oil to a temperature of about 170⁰C in a closed steel vessel that is directly 
fired by diesel burners. During the heating, it is ensured that the temperature is held at an intermediate temperature of 100⁰C for the 
evaporation of water[xvii].The subsequent increase in the temperature to 170⁰C ensures the evaporation of lighter organic impurities 
that might have been added to the used oil by the suppliers [xvii].The final oil product, that is the diesel fuel, is subsequently cooled to 
about 30⁰C by means of cooling water jackets, for storage. 
 

 
Figure 2: Modified Acid-Clay recycling process for production of diesel fuel from used oil (Adapted from Beg et al. [13]) 

 
In the process modelling, the considered capacity of the Rec-UO-to-DF facility was based on factors related to securing the UO 
feedstock. The collection of UO nationwide for supply to the Rec-UO-to-DF facility will require extensive transportation, and thus 
perceived high cost of transportation. Thus, a decentralized recycling approach in all ten regions in Ghana was considered in this 
study. A regional production capacity of 12000 l UO/day was therefore considered based on literature and conservative assumptions 
as summarized in Table 1.The mass and energy balances were estimated based on experimental findings of Hayalu [xi], as well as 
conservative assumptions based on reports, as summarized in Table 2.  
 

Parameters Value 
National annual lubricant oil consumption1 45 million l/yr 

National annual UO generated2 36 million l/yr 
Regional annual UO generated3 3.6 million l/yr 
Plant operating days per annum 300 days/yr 

Rec-UO-to-DF plant’s daily capacity 12000 l UO/day 
1 Based on the assumption that consumption of lubricating oil in the year 2013 (reported to be 45 million liters by Mensah-Brown 
[xii]) remains constant for other years; 2 Estimated based on an assumption of 20% of lubricant oil losses during usage [xii, xiii]; 
3Securing the UO raw material is vital to sustaining plant operation. It was therefore assumed the plant can secure only regional UO 
due to perceived challenges and high cost of transporting UO from other regions. Also, equal UO generating capacities in all 10 
regions in Ghana was assumed 

Table 1: Assumptions considered in estimating the capacity of the Rec-UO-to-DF plant 
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MASS BALANCE 
Process 

stage 
Components/Chemicals Daily amounts (apart from NaOH & Activated clay given in kg, all other values 

are given in l) 
Acid 

Treatment 
Step 

98 wt.% H2SO4 2400 1 
Sludge 1680 

Acid treated oil 10320 2 
Neutralizati

on Step 
NaOH (assumption of 95% 

purity) 
9003 

NaOH neutralized oil 99104 
Sludge 410 

Activated 
Clay 

Treatment 
Step 

Activated clay (Bentonite 
clay) 

13405 

Activated clay treated oil 94906 
Sludge + clay 2090 

Filtration 
Step 

Filtered oil 85407 
Impurities 950 

Heating 
Step 

Diesel fuel product 8420 
Water 120 8 

ENERGY BALANCE 
Electricity for equipment such as pumps. 480 kWh9 

Daily fuel for heating stage (assumed to be 
conventional diesel fuel) 

0.002l9 

1 Specified as 20% (v/v) of UO feed [xi]; 2 Specified oil recovery of 86% (v/v) of UO feed [xi]; 3 According to Hayalu [xi], 
approximately 1/4 of the H2SO4 remained unreacted at the acid treatment step. Hence, NaOH was estimated as stoichiometric 
equivalent required to  neutralize the unreacted H2SO4[xi]; 4 Specified oil recovery of 96% (v/v) of oil fed to neutralization step [xi]; 
5 Estimated based on optimum of 15 wt.% of oil and density of the oil fed at 900 kg/m3[xi]; 6 Specified oil recovery of 95.8 % (v/v) 
of oil fed to clay treatment unit [xi]; 7 Based on assumed oil recovery of 90% (v/v) of the oil fed [xxiii] ; 8Estimate based on 
assumption of total evaporation of water content of 1.4 % (v/v) [xii]; 9Estimated based on assumption that the electricity and heating 
energy demands will not vary from those of an acid-clay reprocessing of used oil to base oil estimated at 0.04 kWh/l base oil and 440 
kJ/ton base oil respectively[xvii]. 

Table 2: Mass and energy balances for the considered 12000 liters UO/day Rec-UO-to-DF plant 
 
2.2.2. Diesel fuel-based power generation (DF-power) process 
A diesel engine generator (diesel generator) was the considered power technology in this study, due to its ease of operation and less 
technical know-how demands [xxiv], thus compatible with the socio-economic conditions of Ghana. The main components of a diesel 
generator are a prime mover and an alternator[xxv]. According to Wolfgang [xxv], the prime mover is an internal combustion engine 
which converts the fuel into mechanical energy. This process begins with injection of the fuel into the engine cylinder where it is 
atomized and mixed with compressed intake air. Moving pistons in the cylinder compresses the intake air until the fuel ignition 
temperature is attained, resulting in a controlled internal explosion within the cylinder when the fuel is introduced.  The hot 
combustion gases of the explosion then expands pushing against a piston connected to a shaft mechanism, hence results in rotation of 
the shaft. The rotating shaft is coupled to the alternator. In the alternator, a network of magnets connected to the shaft (armature) 
rotates to produce a rotating magnetic field, which results in generation of the electricity by induction via a stator (a winding of coils 
over an iron core) in conventional generators [xxv]. In operation of the diesel generator, a variation in the speed of shaft implies 
fluctuations in the voltage of the generated power. To ensure steady power generation, control mechanisms entailing a governor and 
actuator, which controls the speed of the shaft by regulating the flow rate of fuel (thus the combustion gases), and a voltage regulator 
are engaged in operation of the generator[xxvi], as shown in Fig. 3. Manufacturers of diesel generators usually supply pre-assembled 
primary and auxiliary components such as the control mechanisms, the fuel storage and conditioning, and the electrical switchgear and 
distribution systems[xxiv], collectively called a genset. 
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Figure 3: Diagram showing key components of a diesel generator (Source: Dewadasa et al. [26]) 

 
According to Beg et al. [xiii], the DF produced from the acid-clay recycling process (adopted in this study) had similar fuel properties 
to conventional diesel. Therefore, in the process model, sizing of the diesel generator was based on the assumption that the produced 
DF from the Rec-UO-to-DF facility will be solely used in the power generation (DF-power) plant. Thus, the estimated daily diesel fuel 
production of 8420 l/day (see details in Table 2) was considered as the fuel requirement of the power plant. The power plant was also 
assumed to operate in a regular power (base load) supply mode, and not as a standby option. Accordingly, the diesel generator 
capacity was estimated to be 1250 kWas elaborated in Table 3.  
 

Parameter Value 
Daily diesel fuel supply 8420 l/day 

Hourly diesel fuel supply1 350 l/hr 
Corresponding diesel generatorsize2 1250 kW 

1 Considering the intended operating mode of the power plant is as a base load power supply, it was assumed that the plant was 
operated at full load and 24 hours per day; 2Projected based on estimation of a diesel generator with a fuel consumption rate of ~340 
ldiesel/hr generating 1250 kW power at full load operation [xxvii]. 

Table 3: Assumptions in sizing the diesel generator 
 
2.3. Process Economics 
The MESP-UO and MESP-DF are dependent on operating costs, capital investment, revenue from product sales, and economic 
assumptions [xxviii], thus their estimation will require cash flow analysis over the plant life of the process. Therefore, the sensitivity 
assessment to determine the MESP-UO and MESP-DF involves a discounted cash flow rate of return (DCFROR) assessment. The 
DCFROR was performed using the cash flow spreadsheet developed from the estimated Total Capital Investment (TCI) and Total 
Production Cost (TPC). The economic assessment was based on fiscal conditions of year 2016- where US$ 1 was equivalent to GH¢ 
3.98 as at November 2016 [xix]. 
The TCI entails the cost of the built plant ready for start-up, termed Total Fixed Capital- TFC, and the capital required for initial 
operation of the facility, termed Working Capital- WC[xxx]. The TFC consist of the cost of equipment, installations, civil work, 
piping, and contractor’s fees amongst others [xix].Cost of the sized equipment (based on the mass and energy balances) were obtained 
from literature, or manufacturer’s quote [xxxi, xxxii]. The obtained equipment cost, together with suggested appraisal measures for 
similar fluid processing[xxx], and diesel generator power plants [xxxiii, xxxiv],was used to estimate the TFCs as detailed in Table 4. 
The WC was estimated as the total production cost (TPC) for one month [xxx]. The TCI was subsequently obtained by summing the 
TFC and the WC.  
 

Cost Component DF-power Plant 
Appraisal Factors 

Rec-UO-to-DF Plant 
Appraisal Factors 

Direct Plant Cost (DPC)1 135% of Purchase Cost of Genset 4 132% of Purchased Equipment Costs (PEC) 6 
Installation &Construction Cost (ICC)2 34% DPC4 45% of PEC + 10% of DPC 6 

Indirect Plant Cost (IPC)3 35% of ICC 5 30% of PEC +8% of DPC 6 
Total Fixed Capital (TFC) DPC + ICC + IPC5 DPC + ICC + IPC5 

Working Capital (WC) Total Production Cost (TPC) for a month 6 TPC for a month6 
Total Capital Investment (TCI) TFC + WC TFC+WC 

1 Includes costs of equipment, installation, piping, civil works, structures and buildings [xxx]; 2 Includes engineering design, 
supervision, management overheads[xxxiii]; 3Includes commission, contingency, contractor’s fees and interest during commissioning 
[xxxiii]; 4Estimate based on data from Bartel et al. [xxxiv];5 Adopted from Bridgewater et al.[ xxxiii]; 6Adopted parameters(lumped or 
direct values) for fluid or simple chemical processing plants from Peters and Timmerhaus [xxx] 

Table 4: Summary of assumptions in estimating the Total Capital Investments (TCI) 
 

Actuator 

Diesel Engine 

Governor 

Alternator 

Voltage regulator 

Fuel supply 
control 

Field voltage control 
Generated 
electricity 
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The TPC comprises the Direct Cost- DC (raw materials, labor, utilities, maintenance & repairs, operating supplies), Fixed Charges- 
FC (Plant depreciation, taxes, insurance), General Expenses- GE (administration expenses, interests on loans) and Overhead Cost-OC 
(Non-manufacturing costs such labor burden, safety and health provision)[xxx].Table 5 summarises the costs of major utilities and 
raw materials considered in the estimation of the DC for the Rec-UO-to-DF and DF-power facilities. Power tariffs in Ghana differ 
based on the consumption rate, and the end use, which ranges between $0.08-0.24/kWh for residential end use, and $0.24-0.41/kWh 
for commercial/industrial end use [xxxv].The power price considered in the economic assessment for the Rec-UO-to-DF process was 
$0.22/kWh, which was based on commercial end usetariff of $0.22/kWh for a consumption rate between 300-600 kWh [xxxv]. On the 
other hand, the considered power prices for the DF-power process ranged between $0.08-0.41/kWh- based on the assumption the 
generated power could be sold to residential or commercial facilities. Labor costs were obtained from salary data or projected based 
on minimum wage of$2.01[xxxvi]. Plant maintenance cost and OC were specified as 2.5% and 2.0% of the TFC, respectively [xxxiii]. 
Zero salvage value and linear depreciation were presumed in the estimation of plant devaluations. Corporate tax rate of 25% of net 
income[xxxvii] was also considered.  
 

Process Inputs Prices 
Used Oil (UO) $0.158/l1 

Diesel fuel $0.79/l2 
98 wt.% H2SO4 $0.64/l3 
NaOH pellets $0.38/kg3 

Activated clay (Bentonite) $0.54/kg3 
Electricity $0.08-0.41/kWh 4 

1 This was the initial assumed price for setting up the economic model, which was the average from  an unverified advertisement on 
procuring UO at prices of $0.135-0.18/l (Available online: http://ghanaoffer.com/classifieds/show-ad/113/we-looking-for-used-
engine-oil/accra/west-africa/ghana/business-opportunities/); 2 Retail price from Oil Marketing Companies (OMCs) as at July, 2016 
(Available online: http://www.ghana.gov.gh/index.php/media-center/news/166-omcs-reduces-fuel-pricesdrastically);3Average prices 
provided by local suppliers; 4Approved tariff ranges by the Public Utility Regulations Commission (PURC), comprising $0.08-
0.24/kWh for residential end use, and $0.24-0.41/kWh for commercial/industrial end use [xxxv]. 

Table 5: Costs of major process inputs (raw materials & utilities) considered in this study 
 
In the DCFROR analysis, a private investment with a financing structure of 50% equity and 50% loan was assumed. Based on 
prevailing nominal interest rate of 26% [xxxviii], the investor’s expected returns was specified as 40%. Hence, the considered 
discount rate in this study was the weighted (based on the interest rates and financing structure) nominal discount rate of 33%.Thus, an 
IRR of 33% was the set condition of economic viability in this study. Also, to resolve impacts of the nominal discount rate on the real 
value monetary projections, an annual inflation rate of 16% [xxxviii] was considered in the future cash flow projections [xxxiii]. A 
plant life of 20 years was considered for the DF-power plant [xxxiv], while that of the Rec-UO-to-DF was specified as 15 years due to 
the severe corrosive nature of the process chemicals and UO [xi]. Project implementation period of 1 year was assumed for the Rec-
UO-to-DF and DF-power plants. 
 
3. Results and Discussions 
 
3.1. Financial Demands of the Rec-UO-to-DF and the DF-power Processes 
 
3.1.1. Capital Investment Demands 
Fig. 4 shows the breakdown of the estimated Total Capital Investment (TCI)for the studied Rec-UO-to-DF and DF-power generation 
processes. The estimated TCI for the Rec-UO-to-DF and DF-power were approximately $455000 and $736000 respectively. Specific 
TCIs, which is the TCI per unit feed or product, were found to be $38/l UO per day and $588/kW for the Rec-UO-to-DF and DF-
power plants, respectively. Estimated DPCs were approximately 40% and 48% of the TCI for the Rec-UO-to-DF and DF-power 
processes respectively. For both processes (Rec-UO-to-DF and DF-power), the estimated working capital (WC) was ~ 30% of their 
respective TPCs.  
With regards to the Rec UO-to-DF process, literature on investments was unavailable for comparison. Hence available data on 
refinery of crude was used as a basis. According to Gary and Handwerk [xxxix], specific TFC for crude oil refineries is typically 
around $228/l crude oil per day (adjusted value of reported $157/l per day), with a margin of ±50% in actual practice. Although, the 
Rec-UO-to-DF process is not as complex as crude oil refining, its specific TCI of $38/l UO per day shows it is relatively less capital 
intensive when compared to the $228/l per day for crude oil refining. Local oil refineries, with objective of producing diesel as main 
product, could consider investments in Rec-UO-to-DF, as a means to augment the DF production at a lesser investment demand. 
Likewise, investment in Rec-UO-to-DF by local investors with relatively minimal capital also seems probable. 
For the DF-power plant, the obtained specific TCI of $588/kW compares fairly with reported specific TCI, adjusted value of 
$453/kW, for similar diesel generator power plants in the USA [xxxiv]. Reports suggest the specific TCI for diesel generator power 
plants is highly dependent on the plant capacity [xxiv]. Thus variation in the considered plant capacities could have contributed to the 
difference in specific TCIs [xxiv], as the referred study’s estimate was average for 1-10 MW plants, as compared to the 1.25 MW 
considered in this study. 
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The estimated DPC for the DF-power was ~2 folds the estimated DPC for the Rec-UO-to-DF process (see Fig. 4). This could be 
justified by the high purchase and freight costs of the diesel genset [xxxiv], compared to the relatively accessible and inexpensive 
equipment for the Rec-UO-to-DF process [xi, xvii], as both referred equipment accounted for ~75% of their respective DPCs (see 
details in Table 4). Also, the high TCI for the DF-power plant when compared to the TCI for the Rec-UO-to-DF process (~1.6 folds 
high), suggests a potentially high investment challenge for the power generation as compared to the recycling of UO to DF. Creation 
of governmental incentives to promote private investment in DF-power generation could target avenues of minimizing investment 
costs for the power generation section, such as implementation of policies on import tax exemption for diesel gensets or tax rebate for 
DF-power processes. 
 

 
Figure 4: Breakdown of Total Capital Investment (TCI) for the studied processes 

 
3.1.2. Production Cost Demands 
The breakdown of the Total Production Cost (TPC) for the Rec-UO-to-DF and DF-power plants are shown in Fig. 5.Estimated annual 
TPCs for the Rec-UO-to-DF and DF-power are $1.64 million and $2.60 million respectively. Specific TPC (TPC per unit feed or 
product) of $0.65/l DF and $0.29/kWh were obtained for the Rec-UO-to-DF and DF-power respectively.  
In relation to the Rec-UO-to-DF process, the UO (raw material) and the operating supplies (NaOH pellets, H2SO4solution, and 
activated clay) were the major contributing components of the TPC, contributing nearly 35% and 48% of the TPC respectively. The 
UO contribution of 35% of TPC corresponds to the assumed initial UO price of $0.153/l (see Table 5). For chemical processes, raw 
materials contribution to production cost are typically within ranges of 10 to 50% of TPC [xxx]. Thus, the estimated raw material cost 
contribution of 35% of TPC (at the initially assumed UO price of $0.153/l) for this study seems probable. Also, the operating supplies, 
comprising NaOH pellets, 98wt. % H2SO4, and activated clay, are usually imported [xl]. The additional freight cost and import taxes, 
which reflects in retail cost, could explain the high impacts of cost of supplies on the operational cost for the Rec-UO-to-DF process.  
 

 
Figure 5: Breakdown of Total Production Costs (TPC) for the studied processes 
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For the DF-power process, the DF (raw material) accounted for ~80% of the TPC. The fixed charges, comprising the costs of plant 
depreciation and local taxes [xxx], accounted for 12.3% of the TPC. In a related study, fuel costs and fixed charges for a light crude oil 
fueled power generation plant in Ghana (in 2008) were approximately 71% and 11.2% of the TPC respectively [xli]. The breakdown 
of the estimated TPC therefore compares well with the findings of PSEC [xli]. The higher fuel cost contribution to TPC for this study, 
as compared to the findings by PSEC [xli] (higher by 9%), can be attributed to variations in the process fuel and the prices thereof, as 
well as differences in economic conditions for the year 2008- the study of PSEC [xli] and year 2016- this study [vii]. Also, typical 
specific TPC for thermal power generation in Ghana reportedly ranged between $0.06/kWh and $0.1/kWh- adjusted 2016 values 
[xlii]. The wide margin (margin of $0.19/kWh) between the reported and the found specific TPC in this study could be mainly due to 
differences in fuel prices, as fuel cost accounts for the largest share (80%) of the TPC [xli, xlii]. The high contribution of fuel cost to 
the TPC (80%) implies the production cost for DF-power generation is highly reliant on the fuel’s cost. This finding is further 
supported by the trend of escalating thermal power generation costs when there is a rise in crude fuel prices [v, xli]. Conclusively, 
high fluctuations in fuel cost implies high uncertainties in economics for the DF-power process. 
 
3.2. Impacts of Raw Material Pricing on Economics of Rec-UO-to-DF and DF-power Processes 
 
3.2.1. Impacts of UO Pricing on the Economics of the Rec-UO-to-DF process 
Fig. 6 shows the responses of Internal Rate of Return (IRR) and DF selling price to changes in the UO price for the Rec-UO-to-DF 
process. It was shown (Fig. 6) that the DF price and the IRR were linearly related to the UO price. 
The Maximum Expected Selling Price of UO(MESP-UO)[i.e. delivered UO price that makes the Rec-UO-to-DF process economically 
viable (IRR of 33%)when the DF is sold at prevailing diesel price ($0.79/l)] was found to be$0.21/l (see Fig. 6). Purchasing the UO at 
a price ≥ $0.22/l, while selling the DF product at prevailing diesel price of $0.79/l, results in the Rec-UO-to-DF process to be 
economically unviable (IRR ≤ 31%). In a report by the Energy Commission (2015), light crude oil prices were projected at $55-60 per 
barrel for refinery operations. Taking an average price of $57.5 per barrel (~$0.36/l) as a basis, the light crude oil price is ~46% of the 
prevailing diesel price ($0.79/l). On the other hand, the found MESP-UO ($0.21/l) is 27% of the prevailing DF price. Hence, on the 
basis of feed to product cost ratio, purchasing the UO at the found MESP-UO still makes the Rec-UO-to-DF process competitive to 
the processing of crude oilto diesel.  
According to Nolan et al. [xliii], some UO recycling companies acquired the UO at a maximum cost of $0.05/l (adjusted 2016 value) 
from the UO generators in some states in the USA. Also, Chia-Yu [viii] reported landfill disposal of a 55-gallon container of UO 
mixed with sorbent cost around $150 to $350 in some states. The found MESP-UO ($0.21/l) is ~4 folds the adjusted price ($0.05/l) by 
Nolan et al. [xliii], which suggests the MESP-UO as relatively high. The well-established and enforced environmental regulations on 
disposal or reprocessing of UO in the USA [xliv] compels the generators to deliver the UO for a relatively low incentive or in some 
cases even pay for its disposal. On the other hand, environmental laws on UO disposal are not enforced in Ghana, which promotes the 
indiscriminate disposal [xii]. It is therefore envisaged that the actual selling price of the UO could be considerably lower than the 
found MESP-UO ($0.21/l) should environmental regulations regarding UO disposal or recycling be strictly enforced. 
 

 
Figure 6: Response of DF price and IRR to changes in UO prices for the Rec-UO-to-DF process 
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In addition, a 10% increase in UO price results in a 3.2% increase in the DF price [estimated from the linear correlation: DF price 
=1.467*(UO price) + 0.48; see Fig. 6]. Variation in the UO price therefore appears to have a relatively minor impact on the DF price. 
However, in the context of the local economic conditions, an increase in DF price by 3.2%, which translates to increase in the price by 
$0.025/l, could be economically significant considering the increment ($0.025/l) is approximately 1.3% of the daily minimum wage 
(~$2). The severity of the increment is even more significant in scenarios of larger fuel consumptions. Relative to the national 
minimum wage of ~$2, the found MESP-UO ($0.21/l) is envisaged as an ample incentive for entrepreneurs to venture into the 
business of collection and supply of UO to recycling facilities.  
 
3.2.2. Impacts of DF Pricing on the Economics of the DF-power Generation Process 
Fig. 7 shows the correlation between the power price and the DF price for the DF-power generation process. It was shown that the DF 
price correlates linearly with the power price [Power price = 0.29 (DF price) + 0.08; see Fig. 7].Additionally, a 10% increase in DF 
price results in a 7.5% increase in the power price (estimated using the linear correlation: Power price = 0.29 (DF price) + 0.08; see 
Fig. 7). Therefore, the DF price is highly influential on the required power price for economic viability of the DF-power process. This 
is further evident in the fuel cost contributing to ~80% of the TPC for the process (see Fig. 5). 
At the prevailing DF price of $0.79/l, the minimum power price that will ensure economic viability (IRR of 33%) of the process was 
found at $0.31/kWh. This power price ($0.31/kWh) is within the range for grid price for commercial applications ($0.24-$0.41/kWh), 
but ~23% higher than the maximum grid price for residential applications ($0.08-$0.24/kWh).Thus, this finding recommends the DF-
power generation as most appropriate for commercial applications, with regards to economic viability under the year 2016 economic 
conditions. 
The delivered DF price that ensures economic viability (IRR of 33%) of the process under condition of selling the generated power at 
maximum grid prices [termed maximum expected selling price of DF (MESP-DF)], were found to be  $0.55/l  and  $1.14/l for 
residential (maximum price of $0.24/kWh) and commercial (maximum price of $0.41/kWh) respectively. Thus, it can be inferred that 
the DF-power is economically viable for commercial applications, considering its MESP-DF ($1.14/l) is ~1.5 folds the prevailing 
diesel price ($0.79/l). On the other hand, application of the DF-power for residential power supply will require reduction in the 
prevailing DF price ($0.79/l) by ~31%. Purchasing the DF at the MESP-DF for residential use ($0.55/l) could however be realized if 
the DF is sourced from a Rec-UO-to-DF facility that obtains its UO at ≤ $0.05/l [projected from the correlation: DF price =1.467*(UO 
price) + 0.48; Fig. 6]. Interventions to improve the economics of DF-power in Ghana should therefore develop and enforce the 
environmental laws on UO disposal, which will compel UO generators to supply the UO at lesser cost for recycling to DF. This will 
further help prohibit the indiscriminate disposal of UO and as a result reduce the associated health and environmental detriments. 
 

 
Figure 7: Power price vs Diesel fuel (DF) price for the DF-power generation process 

 
4. Conclusions  
It is projected that over 12.5 MW of power could be produced if all the UO generated in Ghana is recycled to DF for purposes of DF-
power, as the study’s basis of 1.25 MW corresponds to utilizing only 10% of estimated UO generated.  
Under condition of selling the produced DF at prevailing diesel price ($0.79/l), UO price of $0.21/lor less is required for economic 
viability of Rec-UO-to-DF. Considering the daily minimum wage of $2, the found MESP-UO ($0.21/l) is deemed appreciable for 
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locals to undertake collection and supply of UO to recycling facilities. Recycling of UO to DF therefore provides opportunity for job 
creation, thus contribute to socio-economic development. 
Economics of DF-power generation is significantly reliant on the DF price, which accounts for nearly 80% of the TPC. Fluctuations in 
fuel prices therefore creates an avenue of high uncertainties in the economics of the DF-power process. The use of conventional diesel 
(at $0.79/l) for power generation requires a minimum power price of ($0.31/kWh) for the process to be economically viable, thus  
limiting conventional diesel based power generation to commercial power usage (price of $0.24-0.41/kWh).Economic viability (IRR 
of 33%) of DF-power generation will require DF prices of not more than $0.55/l and $1.14/l for residential and commercial uses, 
respectively. The extreme scenario of DF price of $0.55/l (31% less than prevailing diesel price) for DF-power to be applicable to 
residential tariffs could be achieved by sourcing DF from a Rec-UO-to-DF facility, which in turn obtains its UO at ≤ $0.05/l. 
Absence of enforcement of environmental regulations on UO management in Ghana contribute to indiscriminate disposal of UO, with 
associated environmental detriments. Enforcement of environmental laws on handling UO could help lower the anticipated price of 
UO, which will promote its recycling for purposes of DF for power generation. Such measures could help mitigate the power deficit in 
Ghana, and consequently contribute to environmental and energy sustainability in Ghana. 
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4.2. Highlights 

 UO based diesel in Ghana is competitive to conventional diesel at UO prices of ≤ $0.21/l 
 Profitability of DF-power is highly reliant on DF price, reflected as 80% of TPC 
 DF-power is a promising solution to mitigate shortfalls in power demand 

 
4.3. Abbreviations 
DF, diesel fuel; DF-power, diesel fuel based power generation; IRR, internal rate of return; MESP-DF, maximum expected selling 
price of diesel fuel; MESP-UO, maximum expected selling price of used oil; Rec-UO-to-DF, recycling of used oil to diesel fuel; TCI, 
total capital investment; TPC, total production cost; UO, used oil; Wt. %, percentage by weight 
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