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Abstract 

This study presents a detailed economic assessment tailored for retrofitting marine diesel engine (MDE) with Organic Rankine 

Cycle (ORC) towards attaining energy efficiency and carbon neutrality in shipping. Addressing a vital gap in current research, 

the study, adeptly synchronizes thermodynamics, mass and energy balance equations coupled with economic indices to assess 

the viability of ORC retrofit technology onboard a tanker vessel on voyage in the Gulf of Guinea (GoG). To define a roadmap 

to the adoption of ORC onboard towards economic, energy and emission efficiency, the simulation and analysis were brought to 

fruition applying MATLAB. The results obtained establish that employing ORC retrofit significantly boosts the overall ship 

operational and economic performances by converting Waste Heat (WH) into power. Results showed that ORC retrofit remains 

attractive in the case study ship, with a Capital Expenditure (CAPEX) range of 20 to 60%, providing a lower Levelized Cost of 

Electricity (LCOE) and maximum Net Present Value (NPV). An interest rate of less than 8 % produces a strongly positive NPV 

and a LCOE of ₦80 per kWh. A rise in fuel price to about 0.9% cost/kg has a positive effect on the IRR and a reduction in the 

DPBT below 4 years. Analysis revealed that below 60% of base running hours, the NPV may turn negative causing the ORC 

retrofit investment unbeneficial and unviable. Above 60% of base running hours, the NPV rises, signaling the ranges of viability 

of the ORC retrofit especially in the GOG. The study also highlights the importance of adopting a well-matched ORC unit based 

on a vessel’s peculiarity of WH. Also, a proper blend of economic indicators is imperative to achieve an economically viable 

retrofitted system for enhanced operational and energy efficiency for a carbon neutral shipping. 
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1. Introduction 

The Paris Agreement of 2015 urging the restrain of global 

warming well down below 2°C and the International Maritime 

Organization’s (IMO) aim to completely obliterate Green 

House Gas (GHG) emissions from vessels by 2050, pressures 

the marine industry to scrutinize technological and opera-

tional-based measures to achieve the set target [1, 2]. Approx-

imately 300 million tonnes of various categories of fossil fuels 
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are utilized by global shipping annually [3]. Experts have pro-

jected that by 2050, GHG emission will be 250% higher com-

pared to 2012 level because of an increase in global shipping 

activities [2]. Sequel to the anticipated continuous increase in 

emission towards 2050, international organizations and regu-

latory bodies have set decarbonization targets. Nevertheless, 

the maritime sector has not shown any remarkable reduction 

in GHG emission so far, though there appears to be a stabili-

zation in emissions from the sector after targets were sets by 

IMO according to [4]. This makes IMO’s 50% emission drop 

target ambitious and put the policy in peril. To achieve IMO’s 

mitigation feat, the adaptation of various technologies, en-

ergy-efficiency measures and carbon-neutral fuels are sacro-

sanct. Noteworthily, most of these technologies projected to 

scale down emission are yet to be developed and the few avail-

able ones are meant for new vessels [5] Therefore, an in-

formed and concerted effort are essential to keep existing 

ships in compliance with IMO’s decarbonization goal, espe-

cially when adopting technologies or employing alternative 

fuels that represents a paradigm shift towards green energy 

sources for addressing atmospheric filth [6]. 

Owing to the availability of lower-grade WH onboard in 

large quantities, the application of immature energy-effi-

ciency related technologies to harness these energy sources is 

a captivating area that embodies a substantial yet underutilized 

prospect for improving ships energy efficiency and emission 

reduction [7]. Temperatures of MDE exhaust gas down-

stream of the turbochargers basically is around the range of 

200-400°C. Charge-air and jacket cooling water paths typi-

cally operate within the range of 70 and 120°C [8]. Meanwhile, 

these temperature echelons are typically inapt for normal 

steam Rankine cycles, but properly aligns with the operating 

features of Organic Working Fluids (OWF) [9]. 

The retrieval of lower-grade WH to useful energy in ships is 

adjudicated an effective approach to boost the total energy effi-

ciency onboard [10] and research towards ways to achieve this 

feat have been pushed. An important area of attention is the use 

of WH Recovery System (WHRS) [11]. The shipping sector is 

under intense scrutiny to mitigate its environmental footmark 

and a strategic approach to accomplish this sustainably is the 

retrofitting of existing ships with eco- friendly technologies [5]. 

For shipping to be fully decarbonized by 2050 as stipulated by 

IMO, over eighty thousand vessels in operation globally threat-

ening green shipping have to be retrofitted [12] Retrofitting, 

from the marine perspective is the adjustment and up-grading 

of a vessel to optimize their eco-friendly and energy efficiency 

performance. Retrofitting contributes significantly to ship en-

ergy efficiency optimization, thus plummeting operational costs 

while buttressing the general competitiveness of shipping firms 

[5]. Retrofitting becomes imperative in the light of meeting the 

Environment, Social, and Governance (EGS) facet of shipping 

trade for sustainable development and this infers that a shipping 

firm is not only focused on financial gains only but also needs 

to identify the expectations of non-financial obligations from 

stakeholders to avoid being penalized [13]. Therefore, existing 

ships in the maritime domain has to satisfy both the operational 

and technical procedures to achieve GHG emissions reduction 

to evade the ESG penalty. 

Retrofitting a MDE and adopting energy-saving technolo-

gies onboard makes eco-efficient and decarbonized ships 

achievable [13]. Innovative energy-saving technologies and 

WHRS to boost ship’s energy efficiency include but not lim-

ited to air lubrication system, wind-assisted propulsion, and an 

ORC plant [14]. The ORC system is appraised to be a phe-

nomenal technology for changing lower grade WH into bene-

ficial power utilizing suitable OWF [15]. ORC is capable of 

operating proficiently at moderate pressures and temperatures. 

ORC’s fairly small size, working flexibility, and its simplicity 

of integration with available thermal substructure makes ORC 

captivating for onboard installations [7]. 

Studies on decarbonization and energy efficiency onboard 

principally refers to the Energy Efficiency Design Index 

(EEDI) framework [13]. The EEDI in this context, is a metric 

that represents eco- efficiency and a means of quantifying CO2 

emission from ships in the maritime sector [16, 17]. A review 

of available literatures show that good efforts have been ded-

icated to research in the field of ORC for application onboard. 

[10] reviewed the implementation of ORC WHRS in maritime 

contexts, concluding that the ORC system utilizing jacket 

cooling water for preheating and exhaust gas for evaporation 

yielded a 10-15% reduction in fuel oil consumption when fuel 

oil with low-sulfur content was used by the vessels. Study by 

[18] discovered that a 5200DWT multi-purpose platform sup-

ply vessel using an ORC unit to recuperate the WH from the 

vessel’s exhaust gas was capable of a 5-9% savings in fuel oil 

per annum, and also an ORC having a simple configuration, 

offered the best payback time for the venture/investment. The 

application of a fully automated ORC in a 13,600 TEU con-

tainer ship was assessed in a study by [19]. The research con-

cluded that ORC investment as a WHRS for harvesting WH 

from MDE jacket cooling water was economically advanta-

geous in both North Sea and Mediterranean Sea routes. Mul-

tiple evaluation criteria and improvement of WHRS for huge 

MDE was investigated by [20]. The approach adopted com-

bined thermodynamics, economics and environment in the 

parametric analysis of a Dual-Pressure ORC (DPORC) unit 

with six (6) commonly used OWF. The results suggested that 

cyclopentane was the optimal OWF with an optimal perfor-

mance of 60.24% exergy efficiency, 0.167 $/kWh electricity 

production cost. Also, [21] reported a depreciated payback pe-

riod of 11.54 and 10.31 years for the Mediterranean Sea and 

North Sea routes. This result was arrived from their study that 

appraised the techno-economic performance of a totally auto-

mated prototype of an ORC for harnessing jacket cooling wa-

ter WH. Research by [22] adopted a MAN 8G60ME-C10.5 

MDE rated 22,720 kW MCR as a case study. The MDE ex-

haust gas was utilized as the WH source and ten (10) different 

organic working fluids (OWF) were assessed. The research 

indicated that the maximum efficiency of the ORC systems 
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using R245fa was 18.7% at an engine load of 35%. [23] con-

centrated on WH recovery utilizing the warmed ORC system 

and the basic ORC. At 100% MCR, the BORC system's max-

imum net power production was shown to be 445.3 kW, while 

the PORC systems was 491.3 kW. Additionally, the BORC 

and PORC systems' ideal thermal efficiencies were 12.84% 

and 12.71%, respectively. 456 and 510 tons of fuel were saved 

by the systems. The MDE WH potential for ORC coupling 

was addressed in a work by [24] to analyze operative data of 

a tanker vessel. The primary engine's exhaust fumes were used 

to generate 530 kW of electricity, according to simulated data. 

When the auxiliary engine was merged with R245fa and 

R1233zd (E) utilized as OWF, respectively, this power in-

creased to 653 kW and 741 kW, and a 4 to 7% annual reduc-

tion in CO2 emissions was attained. 

Despite the fact that outstanding research have been done 

on thermodynamic modeling and optimization, comprehen-

sive economic viability analysis of ORC retrofit for maritime 

applications remain scarce. There are still a number of issues 

and knowledge deficits that must be resolved before shipown-

ers' widespread adoption is promoted. Studies appraising eco-

nomic viability of ORC retrofit onboard are scanty and have 

attracted relatively few attentions. This missing link is signif-

icant, as the commercial prospect of ORC feasibility onboard 

determines if the technology can transition from research and 

experimental studies to extensive onboard implementation [7] 

Since investment choices are mostly determined by capital 

costs, operational overheads, and projected financial earnings, 

some financial indices like the LCOE, NPV, and Payback Pe-

riod (PBP) offer vital standards for appraising affordability 

and attractiveness of an investment. Also, since WHRS sys-

tems normally operate within lean economic boundaries, op-

timal costing of the ORC retrofit will play a crucial role in 

ensuring its widespread acceptance in the maritime industry. 

This study therefore seeks to deliver a thorough assessment of 

ORC retrofit economic performance in order to bridge the gap 

between technical development and shipboard deployment for 

enhance ship operational, emission and energy efficiency. 

This will ensure that the projected solutions are not just eco-

efficient, carbon neutral but also fiscally feasible. 

2. Materials and Methods 

This study investigates the implementation of ORC-WHRS 

units aboard a tanker vessel MT BERNERS navigating be-

tween within the GoG. The Vessel is equipped with a 2 - 

stroke 7-cylinders in-line reversible turbocharged MDE hav-

ing 4900kW power output at 100% Maximum Continuous 

Rating (MCR) at 170 rpm. The ship embarks on a total go-

return trip of 1066 nm taking nearly 5 to 6 days voyage. The 

engine data log from a go-return journey, which takes between 

120 and 144 hours to go between Duoala port in Cameroun 

and anchoring at Lome port in Togo, provided the data sets 

that serves as sources for the engine-based WHRS. This oper-

ational data was obtained every hour for a period of twelve 

(12) months, and are utilized for the energy analyses. The voy-

age route is shown in Figure 1. 

 
Figure 1. Voyage Route of MT Berners in the GoG. 
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2.1. ORC System Modelling 

The ORC design for implementation on board the case 

study vessel - MT BERNERS as shown in Figure 2 is design 

such that the OWF - R245fa (1,1,1,3,3-pentafluoropropane) is 

superheated by the thermal energy to a degree to aptly expands 

in both the High-Pressure Turbine (HPT) and a Low-Pressure 

Turbine (LPT) at high quality to generate the required energy 

for electricity or propulsion. 

 
Figure 2. ORC schematic diagram for WHR onboard MT BERNERS. 

Considering Figure 2, the WH load from the evaporator,𝑄𝑒 , 

equation (1) can be used to analyze the total heat load that the 

OWF can gain according to (Song et al., 2015). 

𝑄𝑇 = 𝑚̇𝑒𝑥𝐶𝑃𝑒𝑥
(𝑇3 − 𝑇2)            (1) 

Where, 𝑚̇𝑒𝑥: mass flowrate of heat source, 𝐶𝑃𝑒𝑥
: specific 

heat capacity of WH source, 𝑇1𝑎𝑛𝑑 𝑇3: inlet and outlet tem-

peratures of heat source. 

The work done in pumping the OWF from state 1 to state 2 

in Figure 2 was achieved using the expressions given in equa-

tion (2). 

𝑊𝑝 =
(ℎ2−ℎ1)

𝜂𝑝
                 (2) 

Where: 𝜂𝑝 : pump efficiency, ℎ2 𝑎𝑛𝑑 ℎ1 : enthalpies of 

state 1 and state 2. The heat acquired by the OWF at the sys-

tem's evaporator between state 2 and state 3, as depicted in 

Figure 2, is examined utilizing the equation (3) relationship: 

𝑄𝑒𝑣𝑝 = 𝑚̇𝑤𝑓
(ℎ3 − ℎ2)           (3) 

In the turbine, the OWF undergoes isentropic expansion, 

with the work of expansion by the High-Pressure Turbine 

(HPT), 𝑊𝑇𝐻𝑃𝑇
 and expansion work in the Low-Pressure Tur-

bine (LPT), 𝑊𝑇𝐻𝑃𝑇
 are as delineated in equations (4) and (5) 

respectively according to [25]. 

𝑊𝑇𝐻𝑃𝑇
= 𝑚̇𝑤𝑓

. (ℎ3 − ℎ4)          (4) 

𝑊𝑇𝐿𝑃𝑇
= 𝑚̇𝑤𝑓

. (ℎ4 − ℎ5)          (5) 

According to [26], equation (6) can be used to analyze the 

amount of heat rejected from the OWF in the condenser: 

𝑄𝐶 = 𝑚̇𝑤𝐶𝑝𝑠𝑤  (𝑇𝑠𝑤,𝑜 − 𝑇𝑠𝑤𝑖) =  𝑚̇𝑤𝐶𝑝𝑠𝑤 (ℎ5 − ℎ1)  (6) 

Where, 𝐶𝑃𝑠𝑤
: specific heat capacity of sea water, 

𝑇𝑠𝑤𝑖
 𝑎𝑛𝑑 𝑇𝑠𝑤𝑜

: inlet and outlet temperature of sea water while 

ℎ1 𝑎𝑛𝑑 ℎ5: enthalpies at the inlet and outlet of the condenser. 

Similarly, the network output of the ORC module can be 

evaluated from the expression of equation (7): 

𝑊𝑁𝑒𝑡𝑂𝑅𝐶
= (𝑊𝑇𝐻𝑃𝑇

+ 𝑊𝑇𝐿𝑃𝑇
) − 𝑊𝑝        (7) 

The efficiency of the ORC unit was obtained as a quotient 

of the network output to the heat supplied According to [27] 

as given by the expression of equation (8): 

http://www.sciencepg.com/journal/ajset


American Journal of Science, Engineering and Technology http://www.sciencepg.com/journal/ajset 

 

119 

𝜂𝑂𝑅𝐶 =
(𝑊𝑇𝐻𝑃𝑇

+𝑊𝑇𝐿𝑃𝑇
)−𝑊𝑝

𝑄𝑇

            (8) 

To evaluate the net efficiency of the combined MDE-ORC 

system, the model of equation (9) is utilized: 

𝜂𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =  
(𝑊𝑛𝑒𝑡.𝑂𝑅𝐶+𝐵𝑃×60 )

𝑚̇𝑓𝐿𝐶𝑉
           (9) 

2.2. Modelling of Economic Indicators 

A comprehensive economic viability analysis (EVA) of 

ORC banks on several parameters. The process is much more 

complex, differing from location to location and from time to 

time. The cost of the major components of ORC units is used 

to estimate the total investment cost of the system. The current 

analysis on cost modelling technique described by [18] for 

chemical and process industry is adopted for the cost evalua-

tions with the objective of comparing the relative installation 

cost of the ORC system. 

The Chemical Engineering Plant Cost Index (CEPCI) con-

nection provided in equation (10) have to be used to translate 

the actual capital cost from the 2001 cost in order to compen-

sate for inflation while calculating the total module cost. Ad-

ditionally, since the original stated investment cost of the sys-

tem was determined on a different reference year, an appro-

priate “normalization” have to be performed to the present 

year with the use of equation (10): 

𝐶𝐼𝑂𝑅𝐶2024
= 𝑆𝐼𝐶2021

𝐶𝐸𝑃𝐶𝐼2024

𝐶𝐸𝑃𝐶𝐼2021
           (10) 

Table 1 present an average value of CEPCI from 2001 up 

to [28]. The size of the WHR plant affects the ORC's overall 

investment cost in any given year [21]. This can be primarily 

credited to a combination of lowest required fixed costs and 

adopted technology. 

Table 1. Average Yearly Value of CEPCI [29]. 

Year CEPCI Year CEPCI 

2001 394.3 2013 567.3 

2002 395.6 2014 576.1 

2003 402.0 2015 556.8 

2004 444.2 2016 541.7 

2005 468.2 2017 567.5 

2006 499.6 2018 603.1 

2007 525.4 2019 607.5 

2008 575.4 2020 596.2 

2009 521.9 2021 708.8 

2010 550.8 2022 816.0 

Year CEPCI Year CEPCI 

2011 585.7 2023 797.9 

2012 584.6 2024 798.8 

In order to evaluate the overall investment costs of the ORC 

an expression was proposed as shown by equation (11): 

𝐶𝐼𝑂𝑅𝐶 = 5000 × 𝑃𝑂𝑅𝐶
−0.174           (11) 

As mentioned earlier, an applicable “normalization”, based 

on CECPI, needs to be performed on equation (11) using equa-

tion (10). Consequently, equation (12) is used to determine the 

ORC module's cost. 

𝐶𝐼𝑂𝑅𝐶2024
= 5634.87 × 𝑃𝑂𝑅𝐶

−0.174          (12) 

The overall basic cost of the module for the ORC, is calcu-

lated using equation (12), and applying an empirical “installa-

tion factor” of 1.47 to accommodate the total component cost 

(evaporator, condenser, pump and turbine) have been reported 

as a suitable incorporation cost factor by [19]. Accordingly, 

the total direct & indirect costs connected with the ORC-

WHRS aboard installation was achieved applying equation 

(13): 

𝐶𝐼𝑂𝑅𝐶𝑙𝑛𝑠𝑡.2024
= 8283.27 × 𝑃𝑂𝑅𝐶

−0.174         (13) 

The thermo-economic based model was developed using an 

8% interest rate, 20-years project lifespan, and 8000 hours of 

yearly operational hours. According to [29] the payback pe-

riod is the time needed to establish the economic benefit that 

is equivalent to the cost of the original investment and is ob-

tained by translating the investment net-cash-flow of each 

year into the present value based on the benchmark rate of re-

turn given in equation (14): 

𝑃𝐵𝑃 =
𝐶𝐼𝑂𝑅𝐶

𝑅𝐺−𝐶𝑀
               (14) 

Where: 

CM=Cost of operation and maitenance (2% of CIORC) 

RG=Net earnings or annual revenue 

Similarly, according to [30] the return on investment can be 

estimated by the model of equation (15): 

𝑅𝑂𝐼 =  
𝑅𝐺

𝐶𝐼𝑂𝑅𝐶
               (15) 

The net present value (NPV) of the ORC system is obtained 

by applying the relationship of equation (16) according to [19]: 

𝑁𝑃𝑉 = −𝐶𝑂𝑅𝐶 +  ∑ [
𝐶𝑓.(1+𝑓𝑓)

𝑡−1
− 𝐶𝑂𝑀.(1+𝑓𝑓)

𝑡−1
 

(1+𝑖)𝑡 ]𝑛
𝑡=0   (16) 

http://www.sciencepg.com/journal/ajset


American Journal of Science, Engineering and Technology http://www.sciencepg.com/journal/ajset 

 

120 

Where: 

𝑖 = 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒  

t =Year of a future payment 

𝑓𝑓 =Increase of fuel price 

𝐶𝑂𝑅𝐶 = Capital cost of investment which include labour, 

components and other costs 

𝐶𝑓=Fuel avoidance cost (energy saving) 

𝐶𝑂𝑀= Operational & maintenance cost 

The Internal Rate of Return (IRR) is defined as the interest 

rate at which the NPV of all the positive and negative cash 

flows, from a project is equal to zero. IRR is used to evaluate 

the attractiveness of an investment. Hence, the IRR is evalu-

ated using equation (17): 

−𝐶𝑂𝑅𝐶 +  ∑ [
𝐶𝑓.(1+𝑓𝑓)

𝑡−1
− 𝐶𝑂𝑀.(1+𝑓𝑓)

𝑡−1
 

(1+𝐼𝑅𝑅)𝑡 ]𝑛
𝑡=0 = 0   (17) 

The LCoE or electricity production cost, according to [21] 

is the average cost of power generated per kWh. LCOE is 

evaluated by taking into consideration the compound interest 

of the system, operation and maintenance total costs as given 

by equation (18). 

LCoE =
𝐶𝑎𝑛𝑛𝑢𝑎𝑙

𝐸𝑎𝑛𝑛𝑢𝑎𝑙
=

𝐶𝑇𝑂𝑅𝐶
[

𝑖(1+𝑖)𝑛

𝑖(1+𝑖)𝑛−1
]+ 𝐶𝑀

𝑡𝑜𝑝(𝑊𝑇−𝑊𝑃) 
        (18) 

Where: 

𝑛 = 𝑇ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑙𝑖𝑓𝑒 (20 𝑦𝑒𝑎𝑟𝑠) 𝐶𝑎𝑛𝑛𝑢𝑎𝑙 =

𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑠𝑡)  

𝐸𝑎𝑛𝑛𝑢𝑎𝑙  = The annual energy production by the ORC unit. 

The discounted payback time (DPBT) according to [18] is 

estimated by considering the time value of cash for savings in 

fuel annually that will take place in the future to provide a bet-

ter clue of the actual PBP of the investment in tandem with 

accounting ethics, the DPBT is evaluated using the model of 

equation (18): 

𝐷𝑃𝐵𝑇 = −
ln[1−

𝐶𝐼𝑂𝑅𝐶
𝑅𝐺

(𝑒𝑖−1)]

𝑖

          (19) 

3. Results and Discussions 

Results of this study are attained through a methodical com-

putational approach based on the ORC retrofit thermodynamic 

and economic models. The OWF properties were obtained 

from REFPROP 9.0. Mass and energy balance equations were 

employed to evaluate the ORC thermodynamic parametric 

performance and the outputs then serves as inputs for the eco-

nomic viability model, where key economic metrics such as 

LCOE, NPV, and PBP and DPBT are appraised. These will 

highlight the benefits of the retrofitted system towards en-

hancing ship energy efficiency and also to support informed 

decision-making in adopting ORC as one of the solutions in 

the transition towards green shipping. 

3.1. Economic Viability Assessment of the ORC 

Retrofitted System 

The thermodynamic computation was performed in 

MATLAB for the evaluation of some economic indexes with 

respect to the ORC viability and the MDE thermal WH was 

utilized. Furthermore, in order to scrutinize the influence of 

some economic indicators on the economic viability of the 

ORC retrofitted system in the GOG, a sensitivity analysis was 

performed. Figure 3 illustrate the influence of altering the in-

itial capital investment or capital expenditure (CAPEX) on the 

NPV and LCOE. As depicted by the graph, an increase in 

CAPEX, increases the LCOE and decreases the NPV respec-

tively. As the CAPEX increases from 20 to 60% of base cap-

ital, the NPV declines gradually to ₦ 0.7 billion, remaining 

strongly positive while the LCOE moved from 37.80 to 

₦113.40 per kWh which is well below the cost of fuel and 

electricity for band A (₦209/kWh for band A and 

₦64.07/kWh for band B considering the Nigerian electricity 

costing). 

Economically, the 20 to 60% CAPEX is the most attractive 

range, because the NPV is strongest and the PBP will be 

achieved faster at an appreciable margin. Similarly, between 

60 to 100% CAPEX, the NPV remains positive but the LCOE 

approaches ₦ 189.00 per kWh threshold, above which the cost 

of electricity generated by the ORC retrofit will be more than 

the cost of electricity supplied from the national grid at 209.5 

₦/kWhr, making the retrofit project unattractive to ship own-

ers in the GOG. Though the project at this range is still viable; 

it is at a caution zone where fuel-prices, optimal utilization of 

the ORC and discount-rate are to be scrutinized to avoid eco-

nomic slip. Beyond 100% capital investment, the effect of 

dwindling NPV makes the investment unattractive. With fur-

ther modest parameter fluctuations, the NPV will approaches 

zero and may turn negative. 

Consequentially, a misjudged appraisal of the CAPEX 

could affect significantly the economic performance of the 

ORC. This means that any additional increase of the CAPEX 

is spread across the same 8 000 hours of operating the ORC 

and the total energy generated, thereby escalating the cost of 

LCOE. This is so because higher CAPEX adds proportionally 

to annual cost, hence cost per unit energy produced grows. 

Therefore, the dual weight of deteriorating NPV and rising 

LCOE renders the investment unappealing and unattractive. It 

therefore makes economic sense for investors in the GOG in-

terested in ORC retrofit onboard their vessels to prioritize the 

sizing or matching the ORC to the vessel’s actual exhaust-WH 

profile. Oversizing of the ORC must be avoided, and also en-

sure that the CAPEX that keeps the retrofitting projects within 

an optimal-NPV and low-LCOE region are adhered to and en-

couraged. Summarily, for the ORC retrofit onboard to remain 

attractive in the GOG, potential vessel owners should ensure 

capital-efficiency trade-off by adopting a well-matched ORC 

unit of the range of 20 to 60% CAPEX which provides the 

lower LCOE and maximum NPV. Avoid 100% CAPEX and 
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above since any added cost of CAPEX, adds to the annualized 

cost which sky rockets the LCOE while depleting the NPV. 

Additionally, low-CAPEX options are important because it 

offers a wider risk-cushion against uncertainties associated 

with discount/interest rate instability, ORC operational and 

fuel price fluctuations, noting that a positive NPV at today’s 

prices can flip to negative at a slight alteration of any of these 

indicators. 

 
Figure 3. Initial Capital Variation on NPV and LCOE. 

At the same time, an increase of CAPEX creates an equiv-

alent decrease in the IRR and also a corresponding increase to 

DPBT as shown in Figure 4. This is because at a greater 

CAPEX, the IRR reduces since the annual benefit in terms of 

energy savings accrued does not progress proportionately with 

cost and also it takes a longer duration for the investment to 

recover, particularly when cash-flows remain fixed. 

 
Figure 4. Initial Capital Investment on IRR and DPBT. 
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Furthermore, following the curves behaviour of Figure 4, 

the IRR and DPBT are most attractive when the CAPEX is 

between 60 to 80% of the investment cost because it is repre-

sentative of the ORC installations at low-cost with a DPBT of 

eight (8) years. Above 120% CAPEX, the IRR declines below 

30% and the DPBT rises above 12 years. Economically, this 

stage of the ORC retrofit project is unfavourable to ship-own-

ers in the GOG. As stated earlier, a misjudged appraisal of the 

initial CAPEX could affect significantly the economic perfor-

mance of the ORC which will hamper its adoption. Therefore, 

proper sizing and installation of a modular ORC based on the 

vessel’s peculiarity of WH to ensure a reduced initial capital 

investment cost is paramount. 

In Figure 5, the influence of increasing or decreasing the 

interest rate on the NPV of investment and the LCOE is illus-

trated. As illustrated, as the interest rate rises gradually, the 

NPV declines sharply. This is because any savings (fuel or 

electricity) earned by the ORC-WHRS retrofit are worth less 

in value, making the retrofit-system less attractive. 

 
Figure 5. Influence of the Interest Rate Variation on NPV and LCOE. 

Also, an increase of interest rate produces a corresponding 

increase in the LCOE due to the fact that the capital‑recovery 

factor (CRF) inflates or blow up the annualized CAPEX, and 

therefore making each recovered kWh of energy to costs more. 

An interest rate of less than 8 % produces a strongly positive 

NPV and a LCOE of ₦80 per kWh. Therefore, investment in 

the retrofit technology is very favourable at this range of eco-

nomic indexes, hence highly attractive as an investment op-

tion. While above 8% interest rate can wane the gains of the 

ORC WHRS causing appreciable decline in NPV and LCOE 

values, thereby presenting a negative outlook of the ORC ret-

rofit project to ship owners. Whereas, above 16 % interest rate 

with a corresponding LCOE hopping to about ₦105 per kWh, 

the NPV approaches zero and will turn to negative on any 

slight changes in interest rate. Economic indicators above this 

range of investment zone should be avoided as it will be det-

rimental to ship-owners who adopts the ORC retrofit system 

for application in the GOG. Except there are concessional fi-

nance or subsidy for implementing the technology. Therefore, 

with the average SST of 28°C of the GOG, the economic suc-

cess of ORC retrofit is also hinged on low interest rate and 

disciplined CAPEX. 

Likewise, Figure 6 presents the impact of the interest rate var-

iation on DPBT and IRR. The graph shows a proportional rela-

tionship between the DPBT and the interest rate. As the interest 

rate increases towards 29%, the DPBT also increases sharply 

from 4.3 years to about 16.7 years. This is an indication that a 

greater interest rate weighs heavily on the future cash flows, 

such that it prolongs the time to pay off the initial CAPEX. 

Quite contrary to the DPBT, the IRR remains constant at 

12.91% to any alterations in interest rate. IRR is the interest 

rate that makes the NPV of a project's cash flows equal zero 

and can be seen as the break-even interest rate for a project. 

Therefore, it is an inherent property of the cash flow and not a 

function of the discount rate. This account for why the IRR 

remains constant with changes in interest rate. It is therefore 

important based on this discovery that ship-owners should 

only borrow at an interest rate that is below the IRR for the 

project to ensure that the DPBT is within acceptable range. 
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Figure 6. Influence of the Interest Rate Variation on DPBT and IRR. 

Figure 7, the influence of fuel price instabilities on NPV of 

investment and DPBT is illustrated. The NPV indicates a 

sharp and proportional increase with increment in fuel price 

per kg while the DPBT decreases steeply initially from 13. 7 

years to 2.9 years, then gradually asymptotically along the 

horizontal axis to 1.1 years. The reason for the NPV strident 

rise is hinged on the fact that the initial CAPEX remains fixed 

while the annual fuel‑savings grows proportionally with in-

crease in fuel‑price. Therefore, higher or lower future cash 

flows produced will be based on stability (rise or fall) in fuel 

price vis-à-vis the amount of fuel saved, respectively. 

 
Figure 7. Influence of the Fuel Price Variation on DPBT and NPV. 

In furtherance to the sensitivity analysis, the effect of fuel 

price variabilities on IRR and DPBT is presented in Figure 8. 

As observed, a rise in fuel price to about 0.9% cost/kg has a 

positive effect on the IRR which climbs linearly above 140 % 

and a rapid reduction in the DPBT to less than 4 years. The 

main reason for this is that annual fuel‐saving is the lone driver 

of returns in this scenario. Therefore, as the fuel savings rises, 

the ORC retrofit internal yield improves correspondingly until 
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additional cash returns in savings add comparably less to the already high cash flow, before the IRR alters retrogressively. 

 
Figure 8. Influence of the Fuel Price Variation on DPBT and IRR. 

Moreover, having a stable CAPEX, higher annual net cash 

flows ensure repayment of the investment capital faster; 

thereby shortening the DPBT until further fuel price changes 

have diminishing effect. Furthermore, this sensitivity analysis 

highlights to a greater depth the influence of energy price car-

ries on energy investments and particularly WHRS portfolios. 

It is therefore important to note that fuel price behaviour over 

the life span of a retrofitted ORC-WHRS onboard introduces 

considerable risk to the economic performance and feasibility 

of the retrofitted system. 

Figure 9 demonstrate the effect of the ORC retrofit running 

hours on annual basis on NPV of the project and LCOE. The 

graph illustrates that as the ORC running hour increases 

evenly from 20 to 120%, the NPV also increases in a propor-

tionate response from -0.5 to above 3 million while at the same 

time, the LCOE declines logarithmically along the running 

hour axis. 

 
Figure 9. Effect of Running Hours on NPV and LCOE of the ORC Retrofit. 
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The more hours the ORC is operational leads to more en-

ergy being harnessed and which culminates into higher fuel 

savings, thus a positive NPV. At this point the retrofit is eco-

nomically profitable. Analyzing further, the NPV curve re-

vealed that below 60% of base running hours, NPV may turn 

negative causing the ORC retrofit investment unbeneficial and 

unviable. Above 60% of base running hours, the NPV rises, 

signaling the ranges of viability/feasibility of the ORC retrofit 

economically especially in the GOG. It is also evident from 

the graph that the NPV’s growth, fuel savings and ORC retro-

fit in the GOG is most viable at high operational time prefer-

ably from 7000 hours annually. Obviously, from the curves, a 

blend of less running hours and high interest rate impedes the 

viability/sustainability of the ORC investment in the GOG. 

3.2. Sensitivity Analysis of the Retrofit System 

Additionally, Figure 10 presents the sensitivity analysis of 

the combined effect of fuel price and interest rate, on the 

DPBT based on running hours of the ORC retrofit. It can be 

noticed from the graph that a combination of higher fuel prices 

and running hours reduces the DPBT significantly. 

 
Figure 10. Interest Rate and Fuel Price Sensitivity on ORC DPBT and Running Hours. 

A difference of 2% interest at a fuel price of 0.15% of baseline cost, reduces the DPBT by 3 years. While lower fuel prices and running hours 

increases the DPBT by similar margin. Portending similar trend is lower interest rate which also reduces the DPBT. The reason for this is 

because, fuel savings accrued due to ORC adoption are the focal cash inflow source and also more operational hours of the ORC results to 

higher amount of energy being recovered, hence the reduced DPBT. 

Similarly, the combine effect of fuel price and interest rate, 

on NPV of investment is presented in Figure 11. As estimated, 

an increase in the fuel price and decrease in interest rate max-

imizes the viability of the ORC retrofit fiscally, since the NPV 

of investment shows increment positively. From the graphs, 

the economic indexes that are significantly affected by alter-

ing the running hour, fuel price and interest rate are the NPV 

and the DPBT. 

Explicitly, the relative changes noticed in LCOE owing to 

variation in ORC running hours’ is infinitesimal for the three-

interest rate considered and variations in IRR are independent 

of interest rate, as already mentioned earlier, therefore does 

not respond to changes involving interest rate. These evalua-

tions provide the fulcrum for ideal blends of variables to look 

out for so as to obtain a viable ORC retrofit onboard a vessel 

in the GOG. 
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Figure 11. Interest Rate and Fuel Price Sensitivity Analysis on ORC NPV. 

4. Conclusions 

recuperating waste thermal energy is one amongst other 

phenomenal approaches to optimize ship energy efficiency, 

minimize fuel consumption and mitigate emissions onboard 

ships. Huge amount of harvestable WH which are often re-

leased into the environment, and their ultimate utilization is 

seen as significant approach for accomplishing a technically 

cost-effective decarbonization for ships. This study examined 

a detailed thermodynamic and economic analysis of MDE ret-

rofitted with an ORC unit to harness lower grade WH onboard 

and convert them to useful energy for auxiliary usage. Results 

of this research are attained through computational approach 

built on ORC retrofit thermodynamic and economic models. 

The OWF properties were obtained from REFPROP 9.0. Mass 

and energy balance equations were employed to evaluate the 

ORC thermodynamic parametric performance and the outputs 

then serves as inputs for the economic viability model. The 

obtained results permit the identification of some fundamental 

economic indicators combination for optimal performance of 

the retrofitted system onboard the case study vessel consid-

ered to achieve the imposed target of improving energy effi-

ciency, operational cost and emission reduction. 

Several scenarios of the ORC retrofit were evaluated. Eco-

nomically from the CAPEX point of view, result indicated 

that 20 to 60% CAPEX is the most attractive range, because 

the NPV at this range remains very strong and the PBP will 

be achieved faster at an appreciable margin. Interestingly, 

above 60% CAPEX, though the NPV still remains positive, 

the LCOE approaches ₦ 189.00 per kWh threshold, above 

which the cost of electricity generated by the ORC retrofit 

will be more than the cost of electricity supplied from the 

national grid at 209.5 ₦/kWhr in the Nigerian context, mak-

ing the retrofit project unattractive to ship owners in this part 

of the GOG. 

Meanwhile, an interest rate of less than 8 % produces a 

strongly positive NPV and a LCOE of ₦80 per kWh. There-

fore, investment in the retrofit technology is very favourable 

at this range of economic indexes, hence highly attractive as 

an investment option. While above 8% interest rate can wane 

the gains of the ORC WHRS, causing appreciable decline in 

NPV and LCOE values, thereby presenting a negative outlook 

of the ORC retrofit project to ship owners. 

Furthermore, it is therefore important to note that fuel price 

behaviour over the life span of a retrofitted ORC-WHRS 

onboard introduces considerable risk to the economic perfor-

mance and feasibility of the retrofitted system. Analysis of the 

NPV curve revealed that below 60% of base running hours, 

NPV may turn negative causing the ORC retrofit investment 

unviable. Above 60% of base running hours, the NPV rises, 

indicating the ranges of viability/feasibility of the ORC retro-

fit economically, especially in the GOG. It is also evident from 

the graph that the NPV’s growth, fuel savings and ORC retro-

fit in the GOG is most viable at high operational time prefer-

ably from 7000 hours annually. Obviously, from the curves, a 

blend of less running hours and high interest rate impedes the 

viability/sustainability of the ORC investment in the GOG. By 

contrast, a combination of higher running hours and low inter-

est rate enhances the viability/sustainability of the ORC in-

vestment in the GOG. 

This work identifies numerous key economic indicators in 

ORC retrofit onboard a vessel that navigate within the GoG, 
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such as acceptable CAPEX range, NPV and LCOE, influence 

of interest rate and operational window of the ORC. This study 

underscores the necessity of a proper combination of the var-

ious economic parametric indicators of the ORC WHRS ret-

rofit for enhance viability of the system, balancing operational 

feasibility and economic viability. This balance is crucial to 

actualize the full benefit of the retrofitted ORC system align-

ing thermodynamic applications and economic viability 

within a strict operational context. This highlights ORC 

WHRS retrofit advantage in promoting ship energy efficiency 

improvement, reduction in operational cost and mitigation of 

CO2 emission consolidating on the environmental footprints 

potentials of ships towards attaining green shipping across the 

GoG. 

Future research tips proposed will focus on implementing 

other technologies or approaches, such as thermoelectric sys-

tem and the application of thermionic principles for electricity 

generation onboard which could constitute a prime solution 

for energy efficiency enhancement and decarbonization of the 

marine industry. Furthermore, the study should be extended to 

different types of vessels outside tanker ships to gain more in-

sights into energy efficiency improvement and decarboniza-

tion of the maritime space. This research is amongst the steps 

in a holistic approach geared toward advancing ship retrofit 

technology implementation to achieve current and future ma-

rine energy efficiency and environmental footprint enhance-

ment. 

Abbreviations 

MDE Marine Diesel Engine 

ORC Organic Rankine Cycle 
GoG Gulf of Guinea 

WH Waste Heat 
CAPEX Capital Expenditure 

LCOE Levelized Cost of Electricity 
NPV Net Present Value 

IMO International Maritime Organization 
GHG Green House Gas 

OWF Organic Working Fluids 

EGS Environment, Social, and Governance 

WHRS Waste Heat Recovery System 
EEDI Energy Efficiency Design Index 

DPORC Dual-Pressure Organic Rankine Cycle 
PBP Payback Period 

HPT High-Pressure Turbine 

LPT Low-Pressure Turbine 

MCR Maximum Continuous Rating 

𝑚̇𝑒𝑥  Mass Flowrate of Heat Source 
QT Total Heat Load 

𝐶𝑃𝑒𝑥
  Specific Heat Capacity of WH Source 

𝑇1  Inlet Temperatures of Heat Source 
𝑇3  Outlet Temperatures of Heat Source 
WP Pump Work 

𝜂𝑝  Pump Efficiency 

h Enthalpy 
WTLPT Expansion Work in Low-Pressure Turbine 
WHLPT Expansion Work in Low-Pressure Turbine 
𝐶𝑃𝑠𝑤

  Specific Heat Capacity of Sea Water 

𝑇𝑠𝑤𝑖
  Inlet Temperature of Sea Water 

𝑇𝑠𝑤𝑜
  Outlet Temperature of Sea Water 

𝑊𝑁𝑒𝑡𝑂𝑅𝐶
  Network Output of the ORC Module 

𝜂𝑂𝑅𝐶   Efficiency of the ORC 
𝜂𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑   Net Efficiency of the Combined MDE-ORC 

System 
𝐵𝑃   Brake Power of the MDE 
𝑚̇𝑓  Mass Flow Rate of Fuel 

𝐿𝐶𝑉  Lower Calorific Value 
𝑄𝑇   Total Heat Supplied 
CEPCI Chemical Engineering Plant Cost Index 
𝐶𝐼𝑂𝑅𝐶   Cost ORC Module 
SIC Specific Investment Cost 
PORC Power Generated by the ORC 
ROI Return On Investment 
t Year of a Future Payment 
ff  Increase of Fuel Price 
Cf  Fuel Avoidance Cost (Energy Saving) 
COM  Operational & Maintenance Cost 
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