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Abstract: The paper provides a novel alternative solution for the old generation turbine LNG carriers
(LNG/Cs) in order to extend their life cycle, thus avoiding their demolition. Nowadays, the use of
liquefied natural gas (LNG) as fuel for the production of electricity is predominant against other fossil
fuels. LNG has been widely recognized as the most promising alternative fuel, combining both high
efficiency and environmental friendliness. The old generation of steam turbine LNG/Cs with the
distinct disadvantage of a low thermal efficiency ratio, leading to higher fuel costs, are coming to a
crossroad, which is either to keep the vessel on duty until the end of their life cycle, earning low fares
as those are not preferred from the charterers, or to change the use of the vessel, converting them
either to a FSRU (floating storage regasification unit) or to a FPGP (floating power generating plant).
In this paper, the last alternative is proposed via a holistic examination of the techno-economical
(the CBA performed calculates all related metrics) but also in terms of the electric energy market by
utilizing power purchase agreements (PPAs) and the contracts for difference (CfDs). This conversion
into an FPGO is a novel approach providing a ‘win–win’ solution scheme, on the one hand, to areas
with the non-economical bunkering chain of LNG along with non-expensive electricity production,
while on the other hand, it provides an extension of the profitable life cycle of the LNG/Cs under
study, which would otherwise have been considered of obsolete technology. The proposition is
supported by figurative numerical case studies that help extract tangible conclusions regarding the
degree of the investment viability.

Keywords: LNG; LNG carrier; FSRU; FPGP; maritime electricity pricing; cold ironing; open electricity
market; power purchase agreement (PPA); contract for difference (CfD)

1. Introduction

Liquefied natural gas (LNG) had been widely recognized as an advantageous fossil fuel
combining both high efficiency and environmental friendliness. Nowadays, it is considered
as an appealing interim fuel toward complete sustainable decarbonization via alternative
maritime fuels [1], which is, for many reasons aimed to take place by 2050 [2] with a major
milestone being 2030 or even earlier [3]. Within this context, big vessels carrying LNG
(LNG carriers or LNG/Cs) have been being built since the beginning of the millennium,
enabling the gradual cease of use of fuel oil (heavy fuel oil or diesel) in all sectors of human
activity [4]. Moreover, in the sector of electricity generation, thermal power plants have
been using LNG as a fuel in modern units (e.g., co-generation ones [5]), while, of course,
it is imperative that electricity production is eventually based upon the use of renewable
energy sources. In order to facilitate the energy transition, in [4], the authors proposed that
LNG/Cs can act as either floating storage units of LNG located near-shore or even be used
to produce electricity, acting as floating power plants. A similar proposition was made
in [6], according to which, floating power plants (i.e., vessels powered from LNG) that are
moored nearby the shore can be used to supply electricity to the shore grid in case the
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inland power supply cannot be provided to a sufficient extent due to emergency situations,
catastrophes, earthquakes, etc. It was noted though that the solution in [4] or [6] must be
designed on purpose to this end from the very beginning and constructed to serve such
cases. This was confirmed in [7], where an LNG powered barge was constructed to serve
as an alternative to shore power supply (i.e., providing electricity to ships at berth). The
electric energy of the barge discussed in [7] due to the LNG was more environmentally
friendly than the one produced onboard by diesel generator sets. The barge could supply
electric energy to cruise ships or mega yachts of up to 7.5 MW. The technology of this
more environmental friendly electricity provision to ships is based on the IEC/ISO/IEEE
series of standards, covering high-voltage applications [8], communication systems [9], and
low-voltage systems [10], respectively. Still, the common denominator is that building such
customized floating power plants of rather small power capacity is fairly expensive. Thus,
in [11,12], it was stressed that LNG carrying vessels should always be built in big sizes, as
this was proven to be economically beneficial in all cost–benefit analyses. This was also
verified in [13], where a special case study was presented, consisting of small LNG carriers
making round trips to supply a small number of islands in the archipelagos of Indonesia
with LNG where the berthing depth is small. Since the initial building cost is a major issue,
a methodology was developed to investigate the optimum capacity of LNG carriers that fit
in that particular case.

On the other hand, the evolution in LNG treating and storing technology is being
improved so rapidly that the corresponding vessels, the building of which is very costly,
need to be replaced by others more efficient in very short time intervals (e.g., less than
a decade) [14]. The latter means that that LNG/Cs are not fully exploited as originally
planned, their investment is not paid back, and hence, some solutions must be developed
so that their depreciation period can somehow be extended [15]. Therefore, alternative
solutions of exploiting the LNG/Cs of less modern but still non-obsolete technology have
to be investigated [15]. Regarding retrofitting existing vessels in an attempt to increase
their performance, the only solution proposed up-to-date has been the installation of a
re-liquefaction plant that decreases the leakages due to the boil-off-gas (BOG) [16].

Furthering the concept initially introduced in [15], the authors in [17] proposed that it
is worthwhile to retrofit LNG/Cs into floating power plants or more officially named as
floating power generating plants (FPGPs). The case studies were similar to those studied
in [18], which investigated from technical and economical point of view, the option to
have an FPGP installed close to the port of a non-interconnected island. Electricity in
non-interconnected islands is produced via thermal power plants operating with pollutant
heavy fuel oil (HFO) or diesel fuel oil (DFO). Therefore, considering that the electricity
produced onboard a retrofitted LNG/C seems to be less expensive than that of inland
production based on HFO or DFO, in [17,18], the LNG/C into FPGP conversion was proven
to be an appealing solution both from the environmental but also economical point of
view. The technical part of this solution was based on the shore side electrical supply
(SSES) as discussed in [19,20], while it contributed to the resilience of the entire grid under
consideration in normal but also in emergency operating conditions.

On the other hand, significant efforts have been made in the maritime sector to
reach complete decarbonization, once again via alternative fuels including electricity. In
particular, the shore to ship electrical supply (SSES) (i.e., the electrical interconnection of any
berthed vessel with the shore grid in order to stop operating its auxiliary engines), which
stops polluting the wider area of any port with air emissions, seems to be the most readily
available decarbonization technology [1]. However, in most cases, the capacity of the grid
in the vicinity of the port is not sufficient and must be reinforced so that the estimated
total power demands are met, as stated explicitly in [19]. Despite the mid-term measures
or the long-term measures required as described in [20], so that the power demands are
well-predicted and covered, meeting the power demands of all ships at berth is not always
feasible in the short-term within which SSES must be deployed, at least in European Union
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ports, as stipulated by the Fit-for-55 package of Directives and Regulations like the Fuel EU
Maritime and Alternative Fuel Infrastructure (see indicatively [1,2,21]).

Within this framework, and furthering the concept of having a floating power plant
based on LNG, this paper proposes the conversion of a steam turbine LNG carrier into a
floating power generating plant (FPGP) in order to produce non-expensive electricity to
supply the grid of the port, with the latter acting as an energy hub. The port, in turn, can
provide the energy either to berthed vessels or even to inland national grids, as shown
in Figure 1.
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Figure 1. Operation of an LNG carrier as a FPGP.

Considering the novelties of this paper, they consist of furthering ideas like those
presented in [7] for specially designed FPGPs, according to which the proposed electric
energy production based on LNG is more environmentally friendly, and hence can be an
interim solution until the complete implementation of SSES technology based on the grid
capacity to supply 100% green energy. Thus, via the novel approach proposed in the paper,
no dedicated special design for a small-scale LNG/C including the risk of the non-viability
as in [13] is required. More specifically, the proposition discussed consists in retrofitting
an existing LNG/C, which is forced to be considered as obsolete technology, and hence
must be withdrawn from faring business. Moreover, the FPGP proposition can be seen as a
mutually beneficial (i.e., “win–win” solution) as in the transition period:

â On the one hand, the port is partially relieved by the heavily polluting electricity
generation onboard the ships;

â On the other hand, the LNG/Cs acquire a sufficient extension of their exploitation
period, attaining their payback.

Furthermore, the proposed solution was validated by studying the feasibility of
retrofitting an actual LNG/C into an FPGP. An extra novelty is that the cost–benefit analysis
(CBA) was performed not only exploiting by standardized metrics, but also through modern
electric market tools. The former comprised indices like the net present value (NPV), the
internal rate of return (IRR), the depreciation payback period (DPB), and the present worth
cost (PWC). On the other hand, regarding the exploitation of modern electric market rule
tools, case studies were also validated by running exemplary calculations of combinations
of power purchase agreements (PPAs) and contract for differences (CfDs), which have
recently been discussed in [22] and analyzed in depth in [23] regarding the regulatory
framework of the maritime electricity transactions, which must comply with the open
electricity market rules outlined in [24].
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2. Steam Turbine LNG Carriers

An LNG/C with a steam turbine propulsion system usually has two boilers installed
on board capable to burn the boil-off gas (BOG) and produce superheated steam (60 bar,
>525 ◦C). This steam is then fed into two-grade steam turbines, one of high (HP) and
another of low pressure (LP), which drive the propeller shaft through a reduction gear, as
shown in Figure 2 [18,25]. Another stream of superheated steam is also fed to the steam
turbine generators, which produce the power required by the vessel electric loads [5].
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Figure 2. Typical steam turbine propulsion arrangement [12].

Up to 2003, the use of steam turbines was the only alternative for the propulsion of
modern LNG carriers due to the capability of the boilers to operate in GAS, HFO/MDO,
or in DUAL mode (both GAS and HFO). The reliability and low maintenance cost were
included in the advantages of such propulsion systems. On the other hand, the extreme
low thermal efficiency ratio, which leads to high fuel consumption, and the lack of skilled
engine crew specialized in steam arrangements, displaced this system up to a point that
only 10% of the orders was steam turbine propelled, as depicted in Figure 3 [11].
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An extension of the lifespan of steam turbine LNG/Cs has been given through the
use of the so-called ultra-steam turbine (UST), as shown in Figure 4 [11]. The use of an
intermediate pressure turbine between the high and low pressure in cooperation with a
separate steam reheater increased the thermal efficiency up to 42%.
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Older LNG/Cs may seek alternative options for commercial exploitation, offering
unattractive chartering options. The conversion into an FSRU is an established choice in
a growing niche market as it provides a quick to build, short-term option for natural gas
import. Another alternative concept is the integration of the LNG carrier with a gas-to-
power system, either as an FSRU feeding an onshore power plant or as a FPGP (floating
power generating plant) [18]. As discussed, the solution of converting a steam turbine LNG
carrier to FPGP is analyzed hereinafter from the point of view of the profitability of the
investment and the energy market.

3. Techno-Economic Scenarios

In this section, a techno-economic scenario based on an existing steam turbine LNG
carrier is presented. The investment that was evaluated consisted in the conversion of this
ship into an FPGP using assumptions similar to those met in [5,15,18,26], and the LNG
prices were taken from [27].

â The total investment cost was assumed to be the cost for the retrofit of one or two more
turbo generators with the relevant cabling, switchboards, converters, etc., depending
on the power of the plant, which includes the acquisition cost as well as the steel,
piping, and electrical works onboard. This cost was divided into two categories. The
first category was the cost, which was covered with own funds and assumed to be
EUR 5,000,000 for scenarios 1 and 2, while scenario 3 regarded the respective amount
of EUR 1,500,000. The second category was the rest amount of the total investment
cost, which will be covered exclusively by a loan of 10 years duration.

â The initial annual incomes were derived from the produced electricity assuming
300 days of trading per year. The remaining (65) days of the year were considered to
be dedicated to the service and repair works of the vessel.

â The years of trading of the vessel as a floating power generating plant (FPGP) were
assumed to be equal with the loan duration (i.e., 10 years).

â The operating cost was assumed to be the cost of the gas consumed for the production
of electricity, CFUEL, plus the cost of the steam plant maintenance and provisions,
CMAIN, plus the crew pay roll, CCREW. Therefore, the initial annual net income (ft) is
the initial annual income (Ain) subtracting the initial annual costs as described above.

Hence:

ft = (Ain)− (Ccrew + C f uel + CMAIN.)
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For any other year of the period of the techno-economic analysis, the annual income
at year t, (Ain,t) is calculated from the initial annual income, (Nin), considering a net price
inflation rate (NPIR) that is equal to 0.04:

(Ain,t) = (Nin)·(1 + NPIR)t−1

and deducting the annual costs, also considering the relative inflation rates.
More specifically, the annual fuel cost at year t, (AFuelCost,t) is calculated considering

the initial fuel cost (NFuelCost) and the corresponding fuel cost inflation rate (FCIR):

(AFuelCost,t) = (NFuelCost)·(1 + FCIR)t−1

Similarly, the annual maintenance cost at year t, (AMaintCost,t) is calculated considering
the initial maintenance cost (NMaintCost) and the corresponding maintenance cost inflation
rate (MCIR):

(AMaintCost,t) = (NMaintCost)·(1 + MCIR)t−1

Moreover, the annual crew cost at year t, (ACrewCost,t) is calculated considering the
initial crew cost (NCrewCost) and the corresponding crew cost inflation rate (CCIR):

(ACrewCost,t) = (NCrewCost)·(1 + CCIR)t−1

â The annual accounting relief (At) considering linear deduction is obtained by the
investment cost, (IC), divided by the tax deduction period, (TDP):

At =
(IC)
(TDP)

â The annual debit relief considered with equal annuity through the years ALt is:

ALt = L·CRF(NL, iL)

Whereas the CRF is:

CRF =
iL·(1 + iL)

NL

(1 + iL)
NL

where iL is the loan interest rate and NL is the loan payback period

â The loan interest through the year t is:

ILt = rL·Lt

â The loan balance at the beginning of the year t (Lt) is:

Lt+1 = Lt − ALt + ILt

â The reduction in the loan at year t is:

∆Lt = ALt − ILt

â The net cash flow at year t is:

Ft = ft − ALt

On the other hand, the initial net cash flow F0 is:

F0 = −(Investment cost covered with own f unds) · (1 + iM)period o f construction

where iM is the market loan rate.

4. Available Electric Energy of the Vessel for Commercial Use

The examined scenarios from the point of view of the available electric energy that
can be sold are as follows:
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Scenario 1: Available electric energy to be sold is 19.4 MW, which can be achieved by
adding one (1) turbo generator of 15 MW on board the vessel.

Scenario 2: Available electric energy to be sold is 34.4 MW, which can be achieved by
adding two (2) turbo generators of 15 MW each on board the vessel.

Scenario 3: Available electric energy to be sold is 4.4 MW, which can be achieved by
utilizing the spare electric energy produced from the existing turbo generators.

In all aforementioned scenarios, the vessel will be alongside during power supply to
the shore so there is no need for special mooring arrangements to be fitted, and hence no
subsequent related cost.

All of the above are summarized in Table 1.

Table 1. Power data for the vessel under study.

GENERAL DATA
STEAM TURBINE LNGC (Existing Vessel) SCENARIO 1 SCENARIO 2 SCENARIO 3

No. of existing turbo generators 2 2 2
Electric power per generator (kVA) 4313 4313 4313
Electric power per generator (kW) 3450 3450 3450
Total electric power from existing turbo generators (kW) 6900 6900 6900
Voltage (V) 6600 6600 6600
Frequency (Hz) 60 60 60
Ship’s electric load demand (hotel and auxiliary) (kW) 2500 2500 2500
Total exist. available power for propulsion and electric demands (MW) 36.36 36.36 36.36
Total power for propulsion (MW) 29.46 29.46 29.46
Total available existing electric power for commercial use (MW) 4.40 4.40 4.40

STEAM TURBINE LNGC (retrofit for conversion to LNG FPGP)
No. of turbo generators to be added 1 2 0
Power of added turbo generators (MW) 15 15 0
Total power of added turbo generators (MW) 15 30 0
Voltage (V) 6600 6600 6600
Frequency (Hz) 50 50 50
Total available electrical power for commercial use (MW) 19.4 34.4 4.4

5. Operating, Maintenance and Crew Costs Analysis—Assumptions

In this section, all of the cost parameters considered in the analysis as well as the
assumptions made are presented and discussed.

The operating cost of the LNG carrier was assumed to be the cost of the LNG fuel
burnt for the steam production needed for the electricity for commercial use. The cost of the
LNG fuel that is needed for the steam production to meet all the load demands of the vessel
is considered quite low as the vessel is berthed, and hence there are no high load demands.

The specific consumption in kg/h of the LNG for the steam production was derived
with linear interpolation from the pairs of values shown in Table 2 [11]. The assumptions
made and the related calculations of all of costs, namely fuel cost, maintenance costs and
crew costs are summarized in Tables 3–5.

Table 2. Specific fuel gas consumption.

Plant Power (MW) 11.5 22.7 25.5 28.9 30.5

Fuel Gas consumption (kg/h) 4800 6200 6800 7400 7980
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Table 3. Annual fuel LNG cost for all three scenarios considered.

ANNUAL FUEL LNG COST OF SCENARIO 1
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5788 41,674 2,029,504,320 57,475,562 2,033,548 0.7 9.90 9.01 18,321,495

TOTAL 18,321,495
ANNUAL FUEL LNG COST OF SCENARIO 2
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ANNUAL
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(m3)

ANNUAL
CONSUMPTION

(mmBTU)

VESSEL’S
RELOADS
PER YEAR

LNG cost per
mmBTU (USD)

LNG cost per
mmBTU

(€)

ANNUAL LNG
COST (€)

9394 67,637 3,293,912,160 93,283,592 3,300,476 1.1 9.90 9.01 29,736,027

TOTAL 29,736,027
ANNUAL FUEL LNG COST OF SCENARIO 3
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CONSUMPTION

(m3)

ANNUAL
CONSUMPTION

(mmBTU)

VESSEL’S
RELOADS
PER YEAR

LNG cost per
mmBTU (USD)

LNG cost per
mmBTU (€)

ANNUAL LNG
COST (€)

3913 28,174 1,372,054,320 38,856,578 1,374,788 0.5 9.90 9.01 12,386,318

TOTAL 12,386,318
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Table 4. Annual maintenance costs for all scenarios.

ANNUAL MAINTENANCE COST OF SCENARIO 1

ITEM ENERGY
(MWh)

MAINTENANCE COST
per MWh

MAINTENANCE COST
(€)

STEAM PLANT MAINTENANCE 139,680 2.50 €/MWh 349,200
TOTAL 349,200

ANNUAL MAINTENANCE COST OF SCENARIO 2

ITEM ENERGY
(MWh)

MAINTENANCE COST
per MWH

MAINTENANCE COST
(€)

STEAM PLANT MAINTENANCE 24,7680 2.50 €/MWh 619,200
TOTAL 619,200

ANNUAL MAINTENANCE COST OF SCENARIO 3

ITEM ENERGY
(MWh)

MAINTENANCE COST
Per MWh

MAINTENANCE COST
(€)

STEAM PLANT MAINTENANCE 31,680 2.50 €/MWh 79,200
TOTAL 79,200

Table 5. Monthly crew payroll.

CREW ON BOARD

Rank No. Off Monthly Salary
(EUR) Total (EUR)

Master 1 10,000 10,000
Chief officer 1 6000 6000
Third officer 2 3000 6000

Chief engineer 1 8000 8000
Second engineer 1 5000 5000
Third engineer 2 3000 6000

Wipers 2 1500 3000
Boatswain 1 2000 2000

Sailor 4 1500 6000
Total monthly crew payroll 52,000

It is worth mentioning that among the three scenarios, only in the case of scenario 2
(i.e., where the plant power is 34.4 MW) did the vessel need to be reloaded once per year as
the capacity of the LNG in the tanks was not sufficient for 300 days of operation in a year at
full power mode.

Regarding the maintenance cost, a constant specific cost of 2.5 €/MWh [6] was as-
sumed, showing one of the distinct advantages of steam turbine vessels (i.e., the low
maintenance cost) [9,10]. As shown in Table 4, the maintenance cost for the three scenarios
considered was equal to EUR 349,000 (with one turbo generator producing 19.4 MW),
EUR 619,200 (with two turbo generator producing 34.4 MW), and EUR 79,200 (production
of 4.4 MW with no additional generator), respectively.

In order to analyze the crew payroll, a typical crew synthesis of such vessels was
assumed (see Table 5 [15,17]). Taking into account that the ship would be berthed on an
almost constant basis, a rather more limited number of crew compared with that during
sailing was considered. In all scenarios, the same crew was considered, hence, the initial
monthly pay roll was summed up to EUR 52,000 in all cases (see Table 5). Moreover, as
explained in Section 7, in the following years, an increment due to the inflation rate was
taken into account. Furthermore, a constant additional cost for the crew provisions was
also considered.

6. Acquisition Cost—Assumptions

In this section, the acquisition cost for the retrofitting under consideration is discussed,
accompanied by the assumptions made.

More specifically, in Tables 6–8, the cost of the retrofit for the conversion of the LNG
carrier into FPGP is analyzed with the basic electro-mechanical equipment that must be
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installed being included. The prices are indicative but quite close to the reality during
this research. It is stressed that in scenario 3, the cost was fairly low compared to other
two cases, as in this case no turbo generator was to be added.

Table 6. Acquisition cost for scenario 1.

ACQUISITION COST FOR SCENARIO 1
ITEM QUANTITY COST PER UNIT €

15 MW TURBO GENERATOR 1 1,500,000€ 1,500,000€
STEAM TURBINES FOR THE

TURBO GENERATORS 1 5,000,000€ 5,000,000€

HV SWITCHBOARD 1 1,000,000€ 1,000,000€
SHORE CONNECTION SWITCHBOARD 1 500,000€ 500,000€
FREQUENCY CONVERTERS 60/50 Hz 1 300,000€ 300,000€

NEW POWER MANAGEMENT SYSTEM 1 300,000€ 300,000€
HV CABLES (m) 300 m 200 €/m 60,000€

STEEL RETROFIT (materials and labor) 1 200,000€ 200,000€
PIPING RETROFIT (materials and labor) 1 250,000€ 250,000€

ELECTRICAL RETROFIT (materials and labor) 1 150,000€ 150,000€
VARIOUS 1,500,000€

TOTAL 10,760,000€

Table 7. Acquisition cost for scenario 2.

ACQUISITION COST OF SCENARIO 2
ITEM QUANTITY COST PER UNIT €

15 MW TURBO GENERATOR 2 1,500,000€ 3,000,000€
STEAM TURBINES FOR THE

TURBO GENERATORS 2 5,000,000€ 10,000,000€

HV SWITCHBOARD 2 1,000,000€ 2,000,000€
SHORE CONNECTION SWITCHBOARD 1 500,000€ 500,000€
FREQUENCY CONVERTERS 60/50 Hz 1 300,000€ 300,000€

NEW POWER MANAGEMENT SYSTEM 1 300,000€ 300,000€
HV CABLES (m) 500 m 200 €/m 100,000€

STEEL RETROFIT (materials and labor) 2 200,000€ 400,000€
PIPING RETROFIT (materials and labor) 2 250,000€ 500,000€

ELECTRICAL RETROFIT (materials and labor) 2 150,000€ 300,000€
VARIOUS 500,000€

TOTAL 17,900,000€

Table 8. Acquisition cost for scenario 3.

ACQUISITION COST FOR SCENARIO 3
ITEM QUANTITY COST PER UNIT €

15 MW TURBO GENERATOR 0 1,500,000€ -€
STEAM TURBINES FOR THE

TURBO GENERATORS 0 5,000,000€ -€

HV SWITCHBOARD 0 1,000,000€ -€
SHORE CONNECTION SWITCHBOARD 1 500,000€ 500,000€
FREQUENCY CONVERTERS 60/50 Hz 1 300,000€ 300,000€

NEW POWER MANAGEMENT SYSTEM 0.5 300,000€ 150,000€
HV CABLES (m) 150 m 200 €/m 30,000€

STEEL RETROFIT (materials and labor) 0 200,000€ -€
PIPING RETROFIT (materials and labor) 0 250,000€ -€

ELECTRICAL RETROFIT (materials and labor) 0.5 150,000€ 75,000€
VARIOUS 500,000€

TOTAL 1,555,000€

It is worth mentioning that the under-study vessel will be alongside during its shore
connection for power supply. If the vessel is afloat when interconnected with the shore, then
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special mooring equipment needs to be installed, which has a very high cost (indicative cost
MUSD 15), and the investment will be negative for the short-term period of 10 years under study.

7. Economic Calculations of the Scenarios under Study

In order to evaluate the investment, the financial metrics discussed below were calculated:

(1) Net present value (NPV), showing if the investment will be profitable in the long run;
NPV must pass from negative values to positive values.

(2) Internal rate of return (IRR), estimating the profitability of the investment.
(3) Discounted payback period (DPB), evaluating whether the critical time instant that

the profitability and feasibility of the given investment will be attained.
(4) Present worth cost (PWC), which transforms all future costs and revenues to equivalent

monetary units at present.

To assess all of the above financial metrics, the economic data of Table 9 were calculated
by making certain additional assumptions, namely:

• The investment period was considered equal to 10 years, which is a very plausible
assumption for the life span extension of an LNG/C as well as the corresponding loan
payback period.

• The inflation rate, increasing annually in all costs in all scenarios (LNG fuel, lub-oil,
personnel and maintenance), was considered equal to 4%, a plausible assumption
used in all cost–benefit analyses.

• As already mentioned, the selling period was 300 days per annum, with the remaining
65 days dedicated to the maintenance of the ship and its machinery.

Table 9. Economic data of the vessel under study.

ECONOMIC DATA SCENARIO 1 SCENARIO 2 SCENARIO 3
INFLATION RATES

MAINTENANCE INFLATION RATE 0.04 0.04 0.04
FUEL INFLATION RATE 0.04 0.04 0.04
LUB OIL INFLATION RATE 0.04 0.04 0.04
CREW INFLATION RATE 0.04 0.04 0.04

INCOMES
TOTAL AVAILABLE ELECTRICAL POWER FOR
COMERCIAL USE (MW) 19.4 34.4 4.4

PRICING OF ELECTRICITY (€/kWh) 0.1508 0.1381 0.4496
ANNUAL DAYS OF OPERATION 300 300 300
ANNUAL OPERATING HOURS (h) 7200 7200 7200
ANNUAL AVAILABLE ENERGY (kWh) 139,680,000 247,680,000 31,680,000
ANNUAL INCOMES (M€) 21.07 34.20 14.24
NET PRICE INFLATION RATE 0.04 0.04 0.04

INVESTMENT DATA
MARKET RATE 0.12 0.12 0.12
TOTAL COST OF INVESTMENT (EUR) 10,760,000 17,900,000 1,555,000
COST COVERED BY OWN FUNDS (EUR) 5,000,000 5,000,000 1,500,000
COST COVERED BY LOAN (EUR) 5,760,000 12,900,000 55,000

LOAN DATA
LOAN PAYBACK PERIOD (NL) 10 10 10
YEARS OF CONVERSION (LNGC --> LNG FPGP) 1 1 1
CAPITAL RECOVERY FACTOR, CRF (NL,rL) 0.1424 0.1424 0.1424
LOAN INTEREST (rL) 0.07 0.07 0.07
INITIAL NET CASH FLOW F0 (EUR) −5,600,000 −5,600,000 −1,680,000
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Table 9. Cont.

ECONOMIC DATA SCENARIO 1 SCENARIO 2 SCENARIO 3
CREW EXPENSES (Salaries and provisions)

NUMBER OF CREW 15 15 15
MONTHLY CREW SALARY (M€) 0.0520 0.0520 0.0520
ANNUAL CREW SALARY (M€) 0.6240 0.6240 0.6240
MONTHLY CREW PROVISION (M€) 0.0075 0.0075 0.0075
ANNUAL CREW PROVISION (M€) 0.0900 0.0900 0.0900
ANNUAL CREW COST (M€) 0.7140 0.7140 0.7140

Regarding the pricing of electricity (PoE) in euro per MWh, this was calculated consid-
ering the annual LNG cost (ALNG cost) in euro, the electric energy that is available to be sold
(EE) in MWh, and the days of trading (DoT):

PoE =
A LNG cost

EE·DoT·24

An amount of 15% surcharge was added to the above, representing the profit of the
supplier. The benefits or loss of the supplier will be evaluated utilizing the PPAs and CfDs
in the following sections.

8. NPV, IRR, DPP, and PWC Results

In this section, the calculation results of the techno-economic analysis are presented
and analyzed. The time interval of the investment considered was equal to a decade in all
three scenarios. More specifically, in Tables 10–15, the detailed calculation results of the
net present values (NPV), the internal rate of return (IRR), the discounted payback period
(DPB), and the present worth cost (PWC) are presented for every year starting from year
1 up to year 11. Furthermore, in an attempt to facilitate the comparison among the three
different scenarios under study, comparative graphs of the three scenarios are presented in
Figures 5–8.

Table 10. NPV, IRR, and DPB results for scenario 1.

FINANCIAL METRICS OF SCENARIO 1 (Part 1)

Crew
Cost
(€)

Maintenance
Cost (€)

LNG
Cost (€)

Operating
Profit of
Year t (€)

Annual
Account-

ing
Relief

(€)

Loan
Balance

at the
Begin-
ning of

Year t (€)

Annual
Debit
Relief

(€)

Loan
Interest
through
Year t

(€)

Reduction
of Loan
at Year t

(€)

Net Cash
Flow

through
Year t (€)

Ft/(1 + i)t Σ(Ft/(1 + i)t)

t CCREW CMAINTENANCE CFUEL GAS ft At Lt ALt ILt ∆Lt Ft (€) (€)
0 −5,600,000 −5,600,000 −5,600,000
1 714,000 349,200 18,321,495 1,685,024 1,076,000 5,760,000 820,094 403,200 416,894 864,930 772,259 −4,827,741
2 742,560 363,168 19,054,355 1,752,425 1,076,000 5,343,106 820,094 374,017 446,077 932,331 743,248 −4,084,493
3 772,262 377,695 19,816,529 1,822,522 1,076,000 4,897,029 820,094 342,792 477,302 1,002,428 713,508 −3,370,985
4 803,153 392,803 20,609,190 1,895,423 1,076,000 4,419,726 820,094 309,381 510,714 1,075,329 683,391 −2,687,594
5 835,279 408,515 21,433,558 1,971,240 1,076,000 3,909,013 820,094 273,631 546,464 1,151,146 653,191 −2,034,403
6 868,690 424,855 22,290,900 2,050,090 1,076,000 3,362,549 820,094 235,378 584,716 1,229,995 623,154 −1,411,249
7 903,438 441,849 23,182,536 2,132,093 1,076,000 2,777,833 820,094 194,448 625,646 1,311,999 593,482 −817,767
8 939,575 459,523 24,109,837 2,217,377 1,076,000 2,152,187 820,094 150,653 669,441 1,397,283 564,339 −253,428
9 977,158 477,904 25,074,231 2,306,072 1,076,000 1,482,746 820,094 103,792 716,302 1,485,978 535,858 282,430
10 1,016,245 497,020 26,077,200 2,398,315 1,076,000 766,443 820,094 53,651 766,443 1,578,220 508,145 790,575
11 1,056,894 516,901 27,120,288 2,494,248 1,076,000 0 820,094 0 820,094 1,674,153 481,279 1,271,854

NET PRESENT VALUE NPV 1,271,854
INTERNAL RATE OF RETURN IRR 0.1637

DISCOUNTED PAYBACK PERIOD DPB 8.444
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Table 11. PWC results for scenario 1.

FINANCIAL METRICS OF SCENARIO 1 (Part 2)
t CCREW (€) CMAIN.(€) CFUEL (€) Alt (€) Ct (€) Ct/(1 + i)t (€) Σ(Ct/(1 + i)t) (€)
0 −5,600,000 −5,600,000 −5,600,000
1 714,000 349,200 18,321,495 820,094 20,204,789 18,039,991 12,439,991
2 742,560 363,168 19,054,355 820,094 20,980,177 16,725,269 29,165,259
3 772,262 377,695 19,816,529 820,094 21,786,580 15,507,258 44,672,517
4 803,153 392,803 20,609,190 820,094 22,625,240 14,378,749 59,051,266
5 835,279 408,515 21,433,558 820,094 23,497,446 13,333,082 72,384,348
6 868,690 424,855 22,290,900 820,094 24,404,540 12,364,099 84,748,447
7 903,438 441,849 23,182,536 820,094 25,347,918 11,466,111 96,214,558
8 939,575 459,523 24,109,837 820,094 26,329,031 10,633,854 106,848,412
9 977,158 477,904 25,074,231 820,094 27,349,388 9,862,463 116,710,875
10 1,016,245 497,020 26,077,200 820,094 28,410,560 9,147,440 125,858,315
11 1,056,894 516,901 27,120,288 820,094 29,514,178 8,484,621 134,342,936

PRESENT WORTH COST PWC 134,342,936

Table 12. NPV, IRR, and DPB results for scenario 2.

FINANCIAL METRICS OF SCENARIO 2 (Part 1)

Crew
Cost
(€)

Maintenance
Cost (€)

LNG
Cost (€)

Operating
Profit of
Year t (€)

Annual
Account-

ing
Relief

(€)

Loan
Balance

at the
Begin-
ning of

Year t (€)

Annual
Debit
Relief

(€)

Loan
Interest
through
Year t

(€)

Reduction
of Loan
at Year t

(€)

Net Cash
Flow

through
Year t (€)

Ft/(1 + i)t Σ(Ft/(1 + i)t)

t CCREW CMAINTENANCE CFUEL GAS ft At Lt ALt ILt ∆Lt Ft (€) (€)
0 −5,600,00 −5,600,000 −5,600,000
1 714,000 619,200 29,736,027 3,127,204 1,790,000 12,900,000 1,836,670 903,000 933,670 1,290,534 1,152,263 −4,447,737
2 742,560 643,968 30,925,468 3,252,292 1,790,000 11,966,330 1,836,670 837,643 999,027 1,415,622 1,128,526 −3,319,212
3 772,262 669,727 32,162,487 3,382,384 1,790,000 10,967,304 1,836,670 767,711 1,068,959 1,545,714 1,100,209 −2,219,003
4 803,153 696,516 33,448,986 3,517,679 1,790,000 9,898,345 1,836,670 692,884 1,143,786 1,681,009 1,068,312 −1,150,691
5 835,279 724,376 34,786,946 3,658,386 1,790,000 8,754,559 1,836,670 612,819 1,223,851 1,821,717 1,033,691 −117,000
6 868,690 753,351 36,178,423 3,804,722 1,790,000 7,530,709 1,836,670 527,150 1,309,520 1,968,052 997,076 880,076
7 903,438 783,486 37,625,560 3,956,911 1,790,000 6,221,189 1,836,670 435,483 1,401,187 2,120,241 959,089 1,839,166
8 939,575 814,825 39,130,583 4,115,187 1,790,000 4,820,002 1,836,670 337,400 1,499,270 2,278,517 920,255 2,759,421
9 977,158 847,418 40,695,806 4,279,795 1,790,000 3,320,732 1,836,670 232,451 1,604,219 2,443,125 881,015 3,640,436
10 1,016,245 881,315 42,323,638 4,450,986 1,790,000 1,716,514 1,836,670 120,156 1,716,514 2,614,317 841,740 4,482,176
11 1,056,894 916,567 44,016,584 4,629,026 1,790,000 0 1,836,670 0 1,836,670 2,792,356 802,736 5,284,912

NET PRESENT VALUE NPV 5,284,912
INTERNAL RATE OF RETURN IRR 0.2788

DISCOUNTED PAYBACK PERIOD DPB 5.082

Table 13. PWC results for scenario 2.

FINANCIAL METRICS OF SCENARIO 2 (Part 2)
t CCREW (€) CMAIN. (€) CFUEL (€) ALt (€) Ct (€) Ct/(1 + i)t (€) Σ(Ct/(1 + i)t (€)
0 −5,600,000 −5,600,000 −5,600,000
1 714,000 619,200 29,736,027 1,836,670 32,905,897 29,380,265 23,780,265
2 742,560 643,968 30,925,468 1,836,670 34,148,666 27,223,107 51,003,372
3 772,262 669,727 32,162,487 1,836,670 35,441,146 25,226,307 76,229,680
4 803,153 696,516 33,448,986 1,836,670 36,785,325 23,377,739 99,607,418
5 835,279 724,376 34,786,946 1,836,670 38,183,271 21,666,213 121,273,632
6 868,690 753,351 36,178,423 1,836,670 39,637,135 20,081,406 141,355,038
7 903,438 783,486 37,625,560 1,836,670 41,149,153 18,613,787 159,968,825
8 939,575 814,825 39,130,583 1,836,670 42,721,653 17,254,559 177,223,384
9 977,158 847,418 40,695,806 1,836,670 44,357,052 15,995,598 193,218,982

10 1,016,245 881,315 42,323,638 1,836,670 46,057,867 14,829,401 208,048,382
PRESENT WORTH COST PWC 208,048,382
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Table 14. NPV, IRR, and DPB results for scenario 3.

FINANCIAL METRICS OF SCENARIO 3 (Part 1)

Crew
Cost
(€)

Maintenance
Cost (€)

LNG
Cost (€)

Operating
Profit of
Year t (€)

Annual
Account-

ing
Relief

(€)

Loan
Balance

at the
Begin-
ning of

Year t (€)

Annual
Debit
Relief

(€)

Loan
Interest
through
Year t

(€)

Reduction
of Loan
at Year t

(€)

Net cash
Flow

through
Year t (€)

Ft/(1 + i)t Σ(Ft/(1 + i)t)

t CCREW CMAINTENANCE CFUEL GAS ft At Lt ALt ILt ∆Lt Ft (€) (€)
0 −1,680,000 −1,680,000 −1,680,000
1 714,000 79,200 12,386,318 1,064,748 155,500 55,000 7831 3850 3981 1,056,917 943,676 −736,324
2 742,560 82,368 12,881,771 1,107,338 155,500 51,019 7831 3571 4259 1,099,507 876,520 140,196
3 772,262 85,663 13,397,042 1,151,631 155,500 46,760 7831 3273 4558 1,143,800 814,135 954,331
4 803,153 89,089 13,932,923 1,197,696 155,500 42,202 7831 2954 4877 1,189,866 756,181 1,710,512
5 835,279 92,653 14,490,240 1,245,604 155,500 37,326 7831 2613 5218 1,237,773 702,346 2,412,858
6 868,690 96,359 15,069,850 1,295,428 155,500 32,108 7831 2248 5583 1,287,598 652,337 3,065,195
7 903,438 100,213 15,672,644 1,347,246 155,500 26,524 7831 1857 5974 1,339,415 605,883 3,671,078
8 939,575 104,222 16,299,550 1,401,135 155,500 20,550 7831 1439 6392 1,393,305 562,732 4,233,810
9 977,158 108,391 16,951,532 1,457,181 155,500 14,158 7831 991 6840 1,449,350 522,650 4,756,460
10 1,016,245 112,726 17,629,593 1,515,468 155,500 7318 7831 512 7318 1,507,637 485,419 5,241,879
11 1,056,894 117,235 18,334,777 1,576,087 155,500 0 7831 0 7831 1,568,256 450,836 5,692,715

NET PRESENT VALUE NPV 5,692,715
INTERNAL RATE OF RETURN IRR 0.6659

DISCOUNTED PAYBACK PERIOD DPB 1.828

Table 15. PWC results for scenario 3.

FINANCIAL METRICS OF SCENARIO 3 (Part 2)
t CCREW (€) CMAIN. (€) CFUEL (€) Alt (€) Ct (€) Ct/(1 + i)t (€) Σ(Ct/(1 + i)t (€)
0 −1,680,000 −1,680,000 −1,680,000
1 714,000 79,200 12,386,318 7831 13,187,349 11,774,419 10,094,419
2 742,560 82,368 12,881,771 7831 13,714,530 10,933,139 21,027,558
3 772,262 85,663 13,397,042 7831 14,262,798 10,151,978 31,179,535
4 803,153 89,089 13,932,923 7831 14,832,996 9,426,637 40,606,173
5 835,279 92,653 14,490,240 7831 15,426,003 8,753,128 49,359,301
6 868,690 96,359 15,069,850 7831 16,042,730 8,127,746 57,487,047
7 903,438 100,213 15,672,644 7831 16,684,126 7,547,051 65,034,099
8 939,575 104,222 16,299,550 7831 17,351,178 7,007,850 72,041,948
9 977,158 108,391 16,951,532 7831 18,044,911 6,507,176 78,549,124

10 1,016,245 112,726 17,629,593 7831 18,766,395 6,042,277 84,591,401
11 1,056,894 117,235 18,334,777 7831 19,516,737 5,610,596 90,201,997

PRESENT WORTH COST PWC 90,201,997

By inspecting Tables 10–15 and Figures 5–8, the following conclusive remarks can be made:

• The net present value (NPV) in scenario 1 turned from negative to positive between
the eighth to the ninth year of investment. This was confirmed by the DPB, which
was equal to 8.44 (see Table 10), which was the maximum of the three scenarios (see
Figure 7). Thus, although its PWC was between the other two scenarios, scenario 1
became profitable rather marginally from the loan payback period point of view
compared to the other two (see Table 11 and Figure 8). This was also verified by the
fact that among the three scenarios, scenario 1 had the minimum value of IRR (equal to
0.1638 vs. 0.2788 of scenario 2 and 0.6659 of scenario 3 (see Table 10, Table 12, Table 14
and Figure 6).

• On the other hand, scenario 2 had the maximum PWC (see Figure 8), as it engaged the
biggest procurement (that of two turbo generators vs. one generator in scenario 1 and
no generator in scenario 3). However, its NPV turned into positive values faster than
scenario 1, namely between the fifth and sixth (see Table 10 and Figure 5). Actually,
the exact DPB value was calculated to be equal to 5.082 (see Table 12 and Figure 6).
The better performance of this investment (always in contrast to scenario 1 which
had, however, a lower initial equipment procurement cost) was reflected by the IRR,
which was equal to 0.2788 (see Table 12 and Figure 7). The reason as to why the second
scenario was proven to be better than the first was attributed to the income due to
the electricity sold. The considerably bigger amounts of energy sold (i.e., 34.4 MW for
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300 days per year, which sums up to 247,680 MWh) counter-compensate for the initial
high acquisition cost fairly quickly.

• Finally, the third scenario is a very conservative but well-guaranteed investment. Its
NPV turned positive between the first and second year, with its calculated DPB being
1.828 years. This can be easily explained as the investment was the lowest possible with
no additional generator to be acquired, and hence the lowest PWC value. Moreover,
the IRR was the highest, equal to 0.6659 (i.e., about 2.4 times that of scenario 2 and
four times that of scenario 1).

• In conclusion, the worst investment from all points of view seems to be scenario 1.
On the other hand, the scenario with the minimum investment, payback period, but
also total profit was scenario 3. Scenario 2 provides an optimum combination of big
investment accompanied with high profit in short time periods. Between scenarios 2
and 3, the main difference is whether the initial capital cost is available (through
loans or own-income) or not. Still, considering that the income obtained from selling
electricity plays a predominant role on how beneficial each alternative scenario can be
proven, a further analysis follows next.
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9. Contractual Agreements for Selling Electricity

In the previous section, the cost–benefit analysis highlighted the importance of the
income from selling electricity either to other ships (as an alternative to the “shore-to-ship
electricity (SSE)” or the inland main grid. The conditions and contractual terms of this
selling procedure are investigated in this section, taking into account that the product sold
is very close to the concept of “maritime electricity” developed only recently in [22,23].

Within this context, following the global trends of huge amounts of electricity transac-
tions, two types of agreements [15,16] were applied in order to evaluate the benefit or the
loss of the investor of a FPGP as an electric energy provider:

• Power purchase agreements—PPAs are bilateral agreements to purchase electricity
between an energy seller (who may or may not be a producer) and an energy buyer,
which can be a business, an organization or even a group of businesses, and, under
conditions, a set of households.
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• Contracts for difference—CfDs enable traders to foresee and speculate on the future
market movements of an underlying asset (e.g., foreign exchange rate, share prices,
stock market index levels, commodities etc.) without actually owning or even taking
part in any physical delivery of this underlying asset. CfDs enable the traders to
speculate on the short-term movements. The gain or loss depends on the price of the
underlying asset when the contract starts and ends.

All ships are, in general, subject to the cost of generating electricity onboard by their
own generators. This cost comprises the procurement cost of conventional fuel plus the cost
of the lubricants, the penalty to be paid once the ship generates electricity by conventional
generator sets using pollutant fuel, and the annual maintenance cost of the generators.

In the case study considered, the cost of generating electricity on board a vessel as
an active customer was assumed to be equal to 269 €/MWh [22], which included the
cost of the marine diesel oil (MDO) consumed from the generation of electricity as well
as the environmental fee for the CO2 emissions. The additional cost of NOx, SOx, PMs,
maintenance costs, etc. can be added in the case a more accurate analysis is needed.
Evidently, the cost of conventional fuel can fluctuate on an hourly or daily basis, however,
we considered it constant for the simplicity of the calculations. This cost was used as the
reference value and compared with the cost of the electricity produced by the LNG carrier
operating as a FPGP.

The supplier’s selling price (SSP) in euro per MWh is equal to the pricing of electricity
(PoE) as above-mentioned, thus is calculated considering the annual LNG cost (ALNG cost) in
euro, the electric energy that is available to be sold (EE) in MWh, and the days of trading (DoT):

SSP = PoE =
A LNG cost

EE·DoT·24

To calculate the port distribution usage fee, the following formulae were utilized,
which comprise a fixed price and a fee proportional to the energy consumed [16]:

• Port distribution usage fee = 0.5 €/MWh + 1.5% of the monthly production cost if the
supplier’s selling price is greater than 269 €/MWh.

• Port distribution usage fee = 1.725 €/MWh + 5% of the monthly production cost if the
supplier’s selling price is less than 269 €/MWh.

Hence, the total supply cost of the electricity, named P in €/MWh, is the sum of the
supplier’s selling price plus the distribution usage fee of the distribution network, which
in most cases is that of the port where the ship is berthed. The supplier is the FPGP.

On the other hand, the total resultant cost for the ship partner of the PPA, summing
all partial, fixed, and variant costs, will be named C in €/MWh. Based on the PPA, C will
be the PPA agreed price of the shore side electricity, and referring to the aforementioned
numerical example, C must be equal to 269 €/MWh. Following a procedure similar to the
one described in [23]:

If P < C, then the power supplier has a benefit in excess of the PPA. A portion of the
supplier’s earnings (i.e., a%(C-P)), feeds the CfD.

If P > C, then the power supplier has a loss. In this case, the amount (P-C) reflecting
the loss of the trader is to be compensated at least partially by the CfD.

The calculated results obtained from implementing the aforementioned analysis in
all three scenarios considered in this paper are presented in Tables 16–18, respectively.
The analysis was conducted for a 10-month period that corresponded to the 300-day net
operating period of the FPGP above-mentioned. At the end of this period, if the energy
supplier (i.e., the FPGP) has a benefit, a portion of it supplies the CfD, whereas in the case
of a resultant loss, this loss is compensated by the CfD. The calculated results referring to
CfDs are figuratively summarized in Figure 9.
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Table 16. Calculated results of scenario 1.

Total

Production
Cost by Ship’s

D/G

Supplier’
Selling Price
(LNG/C as
Supplier)

Port
Distribution

Usage Fee
Supply Agreed Price

Difference
Loss of

Supplier
Benefit of
Supplier

Month [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]
1 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
2 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
3 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
4 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
5 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
6 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
7 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
8 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
9 150.84 15.18 166.02 269.00 −102.98 0.00 102.98

10 150.84 15.18 166.02 269.00 −102.98 0.00 102.98
−1.02982 0.00 1.02982

PPA CfD

Table 17. Calculated results of scenario 2.

Total
Production

Cost by Ship’s
D/G

Supplier’
Selling Price
(LNG/C as
Supplier)

Port
Distribution

Usage Fee
Supply Agreed Price

Difference
Loss of

Supplier
Benefit of
Supplier

Month [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]
1 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
2 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
3 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
4 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
5 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
6 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
7 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
8 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
9 138.07 15.18 153.24 269.00 −115.76 0.00 115.76

10 138.07 15.18 153.24 269.00 −115.76 0.00 115.76
−1.15758 0.00 1.15758

PPA CfD

Table 18. Calculated results of scenario 3.

Total

Production
Cost by Ship’s

D/G Difference
Loss of

Supplier
Benefit of
Supplier

Supplier’
Selling Price
(LNG/C as
Supplier)

Port
Distribution

Usage Fee
Supply Agreed Price

Month [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]
1 449.63 4.54 454.16 269.00 185.16 185.16 0.00
2 449.63 4.54 454.16 269.00 185.16 185.16 0.00
3 449.63 4.54 454.16 269.00 185.16 185.16 0.00
4 449.63 4.54 454.16 269.00 185.16 185.16 0.00
5 449.63 4.54 454.16 269.00 185.16 185.16 0.00
6 449.63 4.54 454.16 269.00 185.16 185.16 0.00
7 449.63 4.54 454.16 269.00 185.16 185.16 0.00
8 449.63 4.54 454.16 269.00 185.16 185.16 0.00
9 449.63 4.54 454.16 269.00 185.16 185.16 0.00

10 449.63 4.54 454.16 269.00 185.16 185.16 0.00
1.85165 1.85165 0.00

PPA CfD
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By inspecting the calculated results, the following remarks can be made:

• The second column in Tables 16–18 corresponds to the selling price of the supplier
(i.e., the FPGP). The lowest selling price corresponds to scenario 2 where the amount
of energy provided is the largest (34.4 MW for the period of 10 months considered).
The price of the first scenario came second as it corresponded to a 19.4 MW capacity
of the production unit. Finally, the third scenario ranked third as it only provided
4.4 MW for the production of electricity.

• Regarding the question of whether the PPA results are for the benefit of the supplier
(i.e., the FPGP) or not, and hence how the CfD will be used, it can be seen that in the
first two scenarios, there was a benefit on behalf of the supplier. Thus, a portion of the
resultant total amount in the 10-month yearly period can be used to supply the CfD
as its input. In contrast, in the third scenario, the selling price was fairly high as the
installed electric power capacity was fairly low (on the order of 4.4 MW). Thus, in this
last case (i.e., the third scenario), there were losses on the side of the supplier (see also
Figure 9). The latter can be compensated for by the CfD, which in this case, was used
to support the supplier.

• In conclusion, as can be easily seen in Figure 9, from this trade-wise approach, the
third scenario is the least appealing for the 10-month yearly period considered as it is
not beneficial without the supporting tool of CfD. In contrast, the second scenario was
the most favorable, resulting in the greatest profit on the side of the supplier, while the
first scenario was slightly less favorable.

10. Discussion of the Results

The work presented in this paper aimed to demonstrate a holistic examination of the
investment for converting a steam turbine LNG carrier (LNG/C) into a floating power gen-
erating plant (FPGP). The examination included both the techno-economical and electricity
market points of view.

In order to evaluate the investment from the more conventional CBA point of view,
the financial metrics NPV, IRR, DPB, and PWC were used. As discussed, all three examined
scenarios had positive financial metrics in the 10-year investment period considered, which
proves their profitability in the long-term.

More specifically, the third scenario presented higher NPV and IRR than the other
two scenarios and a lower DPB and PWC, which was because the total initial investment
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cost was lower as no turbo generators need to be added. In contrast, in scenarios 1 and 2,
one or two generators need to be added, respectively.

Still, among the three scenarios, it was shown that scenario 2 (with two generators
added) tended to have the optimum values of all four metrics calculated, providing fairly
quick payback considering the initial investment cost. This is mainly due to the bigger
amounts of energy sold and the corresponding income obtained from this.

On the other hand, from the energy market point of view, the last scenario seems
to result in losses on the side of the supplier, and hence, the loss of the trader is to be
compensated, at least partially, by the CfD. The other two scenarios presented extremely
high benefits for the supplier during every year of trading, which was because the FPGP
combines a low energy production cost and a high amount of produced energy.

It is worth noting that in order for the FPGP to be more competitive against other
energy producers, the 15% surcharge, as described in Section 7, can be reduced to 10% or
even down to 5%; the FPGP will continue to be beneficial for the investor. This portion is
the input to the CfDs. The latter can be regarded as a guarantee that ascertains the viability
of these types of investments. Taking into account the assumptions made for such studies
regardless of how plausible and reasonable they are, there is always the latent uncertainty
due to the numerous parameters affecting the final results. As it has been shown, CfDs can
finally compensate and correct any contingencies that have occurred.

The conclusions drawn can be fairly appealing in the case where the grid supplied by
the FPGP is that of a non-interconnected island, as originally hinted at in [15]. It is noted
that in most of these islands, electricity is produced via thermal power plants based on
costly but also pollutant oil, either heavy fuel oil or diesel oil [15]. Hence, the investment
of retrofitting an LNG/C into an FPGP is not only economically profitable but also more
environmentally friendly than that of conventional electricity production methods based
on fossil fuels.

11. Conclusions

This paper provides an appealing alternative to extend, in a fairly profitable manner,
the lifespan of old generation turbine LNG carriers (LNG/Cs). The solution consists of
retrofitting the vessel into a floating power generating plant (FPGP) (i.e., a floating electric
power plant providing electricity to shore grids or to other ships at berth). Considering
that LNG is an interim but more environmentally friendly fuel than other fossil fuels,
this scheme can also be applied to grids where electricity production is based on heavy
fuel oil or diesel oil (e.g., in non-interconnecting islands). The paper presents a holistic
investigation using both a techno-economical life cycle analysis of the retrofit investment
but also by using modern tools of the transactions of the electric energy market, namely
power purchase agreements (PPAs) and the contracts for difference (CfDs). The analyses
of certain case study scenarios show that a careful investigation of all metrics included
in a cost–benefit analysis (CBA), namely the NPV, IRR, DPB, and PWC can be used as a
measure of how profitable this investment to retrofit can be in the limited time intervals
that are of special interest. This profitability of the investment can be further evaluated
based on the optimum combination of PPAs and CfDs that must be used for the electrical
transactions engaged. The general conclusion is that this type of retrofit has been proven to
be a mutually beneficial solution for all parties involved. Moreover, it has been shown that
the scenario consisting of purchasing the biggest possible piece of machinery, which results
in the biggest possible electricity production, is the most beneficial. On the other hand,
if other less appealing solutions are selected, during implementation, the CfDs provide a
guarantee for a finally beneficially result of the investment.
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