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Abstract: 

Growing pressure to reduce fuel consumption and greenhouse-gas emissions has intensified efforts to improve 
energy performance in maritime transport. Cruise ships, due to their high hoteling demand, generate significant 
port-side emissions, making on-shore power supply a promising measure to enhance efficiency by allowing 
auxiliary engines to be switched off and replaced by cleaner grid electricity. Consequently, it is necessary to 
evaluate how on-shore power supply can be integrated with onboard systems diesel generators, boilers, and 
heat-recovery units to achieve environmental gains while maintaining economic feasibility. This study develops 
a mixed-integer linear programming framework to assess the environmental and economic impacts of on-shore 
power supply integration across multiple berthing and navigation scenarios. In addition, an energy storage 
system integrated with OPS is considered in an alternative operational scenario to evaluate its potential 
benefits in reducing fuel consumption during sailing operations. The model optimizes the operational 
scheduling and power allocation among onboard technologies, including alternative-fuel options, and is applied 
to a real cruise-ship power profile to quantify changes in fuel use, emissions, and operating costs. 
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1. Introduction 

The global shipping sector plays a dominant role in world commerce, carrying 11 billion tons of freight annually 

and facilitating nearly 90% of all international trade (Yuksel et al., 2025). With approximately 96% of the world’s 

vessels operating on fossil fuels, the sector’s associated air pollutants and greenhouse gases are a growing 

environmental issue, currently responsible for around 2.9% of global GHG emissions (M. A. Saadeldin et al., 

2024; Yuksel et al., 2025). A significant share of these emissions is produced while ships are berthed, 

particularly during loading and unloading operations, when auxiliary engines must remain active to supply 

onboard electrical and thermal loads (Bakar et al., 2022). This problem is even more pronounced in the cruise 

ship segment, where vessels typically spend extended periods in port while sustaining high hoteling energy 

demands, leading to disproportionately elevated emissions in coastal and urban environments (Albo-López et 

al., 2024; Herrero et al., 2022). Figure 1 illustrates the distribution of total berthing hours and the associated 

energy consumption for different ships across major European ports in 2023, based on vessels above 400 GT 

(TE-FINAL-EU, 2024).  

Growing environmental concerns have pushed the maritime sector to reduce emissions (Hatef et al., 2024; 

Zhou et al., 2024). The International Maritime Organization (IMO) has introduced stricter regulations, including 

limits on sulphur content in marine fuels, the Energy Efficiency Design Index (EEDI) for new ships, and the 

Energy Efficiency Existing Ship Index (EEXI) and Carbon Intensity Indicator (CII) for existing vessels (MA 

Nasser et al., 2022; M. A. N. Saadeldin et al., 2023). Meeting these standards often requires the use of more 

expensive low-sulphur fuels or operational adjustments to maintain efficiency. As a result, ports and ship 

operators are exploring measures that directly reduce emissions at berth. Numerous initiatives have been 

launched to support the environmental transition toward greener port operations (Zis, 2019). One of the key 

measures is onshore power supply (OPS), which enables vessels to shut down their auxiliary diesel generators 

and draw electrical power from the port grid instead (Albo-López et al., 2024; M. A. Saadeldin et al., 2023). 

Using OPS during berthing significantly reduces emissions and noise levels, leading to improved air quality 
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and a quieter port environment (Abu Bakar et al., 2023). OPS is widely recognized as an effective solution for 

cutting emissions from ships at berth and supporting green port initiatives within broader maritime 

decarbonization strategies (Qiu et al., 2022). However, the substantial upfront investment required—including 

infrastructure installation, grid upgrades, and vessel retrofits—remains a major barrier for ports and ship 

operators, often causing hesitation due to long payback periods and operational uncertainties (Glavinović et 

al., 2023).  

 

To mitigate these obstacles, governments and regulatory bodies are increasingly promoting OPS through 

financial incentives, subsidies, and supportive policy frameworks. Measures such as FuelEU Maritime 

penalties and the EU Emission Trading System (EU ETS) provide strong economic drivers for low-emission 

technologies (Ingwersen et al., 2025; Kwon et al., 2025). At the same time, emerging technologies in power 

electronics, energy management, and standardized OPS systems are reducing implementation complexity 

and helping shorten the return-on-investment timeline. Together, these regulatory and technological 

developments are making OPS more feasible and accelerating its uptake worldwide.  

Consequently, there is growing interest in complementary strategies that can deliver deeper emission 

reductions, among which OPS has emerged as a highly effective option for ships at berth. (Yuksel et al., 2025) 

investigated shore-based PV/PEMFC and PV/battery systems for cold ironing under varying solar irradiation. 

Their study evaluated hydrogen production via ammonia electrolysis using green, blue and grey ammonia and 

compared these configurations with grid-based cold ironing and onboard diesel/LNG generation. (Sciberras et 

al., 2016) analysed different electrical configurations for cold ironing, including grid-supplied power and onsite 

LNG-based generation, to reduce emissions from berthed vessels. Their results show that cold ironing can cut 

CO₂ emissions by up to 40%, while LNG shore generation can reduce sulphur and particulate emissions to 

very low levels.  

Building on these advances, recent research has increasingly employed mixed-integer linear programming 

(MILP) models to optimise ship energy systems in conjunction with shore power supply during berthing, 

enabling detailed assessments of both economic performance and environmental benefits (M. Saadeldin et 

al., 2026; Vasylyev et al., 2024). (Peng et al., 2019) developed an integer programming model to optimise OPS 

capacity and adoption patterns, aiming to balance shore power costs with ship-related carbon emissions; using 

a simulation-based optimisation framework and a Chinese port case study, they demonstrated that electricity 

prices strongly influence the optimal OPS sizing. Similarly, (Fang & Wang, 2021)  and other authors applied 

MILP and related optimisation techniques to multi-source shipboard microgrids, showing that optimal power 

scheduling can significantly reduce fuel consumption and operating costs in electric vessels. (Bischi et al., 

2014) linearised a nonlinear optimisation model for short-term operation of CCHP systems with multiple prime 
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Figure 1 Specific energy consumption of different ship types during port stay (MJ/h), based on vessels up to 400 
GT. 



movers and thermal storage, illustrating how MILP can efficiently handle complex multi-energy configurations 

relevant to shipboard and port-side energy optimisation. In another application, an all-electric roll-on/roll-off 

emission-free ship concept treated fuel cells, battery storage and cold ironing as complementary energy 

sources, where a MILP model was used to derive cost-effective energy management strategies (Banaei et al., 

2021). the present study aims to address these limitations by developing a comprehensive optimisation 

framework that integrates shipboard energy demands—namely electricity, cooling and heating—into a unified 

optimisation framework that evaluates cold ironing as part of the vessel’s overall energy strategy during 

berthing. Unlike previous works that typically examine OPS from a port-side perspective or consider only 

electrical aspects, this study explores a wide set of operational scenarios that cover all feasible energy-supply 

configurations available to shipowners. In particular, it explicitly compares full CI, partial operation of auxiliary 

engines to exploit waste-heat recovery, while accounting for both direct and life-cycle emissions associated 

with energy production, as well as actual energy costs. This approach enables a detailed investigation of the 

environmental–economic trade-offs shaping operational decisions, particularly under tightening regulatory 

frameworks such as FuelEU Maritime, the EU ETS and the IMO’s net-zero strategy. By capturing these multi-

dimensional interactions within a single MILP-based optimisation model, the study provides a level of decision-

support capability and operational insight not previously offered in the literature. 

2. Methodology 

To evaluate the environmental and economic implications of integrating OPS into the ship’s power demand, a 

MILP model is developed to represent power flows, operational constraints, and combined cost–emission 

objectives (Vasylyev et al., 2024). The methodology begins with defining the ship’s electrical architecture, the 

hoteling load profile, and the assumed OPS configuration. Based on this system description, the MILP 

formulation captures the operational limits of auxiliary generators, shore-connection interfaces, and energy-

balance requirements during berthing. The optimisation model is then applied across different operating 

scenarios to quantify the benefits of OPS and identify the conditions under which shore power delivers the 

greatest economic and environmental advantages. The resulting MILP problem is implemented in MATLAB 

and solved using the Gurobi 11.0 optimiser. 

2.1. Objective function  

The objective function seeks to minimise the total annualised operating cost (𝐶𝐴𝑂𝐶) of the system, taking into 

account environmental and economic parameters, as expressed in Eq. (1). 

𝐶𝐴𝑂𝐶 = 𝐶𝑜𝑝
𝑀 + 𝐶𝑜𝑝

𝐹 + 𝐶𝑅𝑒𝑔
𝐸 + 𝐶𝐶𝐼 (1) 

In this formulation, the operational cost terms include 𝐶𝑜𝑝
𝑀 , representing maintenance and routine operational 

expenses, and 𝐶𝑜𝑝
𝐹  which accounts for the fuel consumption cost for marine engines and boilers. The term 𝐶𝑅𝑒𝑔

𝐸  

captures the emission-related regulatory costs; in this study it includes the applicable charges under the EU 

ETS as well as penalties associated with FuelEU Maritime compliance. Finally, 𝐶𝐶𝐼 corresponds to the 

electricity cost charged by the port for cold ironing services, covering the purchase of shore-side electricity and 

any OPS usage fees. The annual maintenance cost is calculated as Eq. (2). 

𝐶𝑜𝑝
𝑀 = ∑ (𝑐𝑜𝑝

𝑓𝑖𝑥
∙ 𝐶𝐴𝑃𝐸𝑋𝑢 + 𝑐𝑠𝑡𝑎𝑟𝑡 ∙ 𝑁𝑠𝑢,𝑢)𝑢   (2) 

Where 𝑐𝑜𝑝
𝑓𝑖𝑥

 is the fixed O&M factor expressed as a percentage of the unit’s capital cost (typically 2–5%), 

𝐶𝐴𝑃𝐸𝑋𝑢 is the capital cost of unit u ($), 𝑐𝑠𝑡𝑎𝑟𝑡 is the start-up cost associated with switching on the unit ($), and 

𝑁𝑠𝑢,𝑢 represents the number of start-ups during the operating year. The annual emission-related regulatory 

cost is expressed as Eq. (3). 

𝐶𝑅𝑒𝑔
𝐸 = ∑ (𝐶𝑇𝑦 ∙ 𝐸𝑐𝑂2𝑒𝑞 + 𝐹𝑃𝑦 ∙ 𝐶𝑂𝑀𝑓𝑢𝑒𝑙

𝐹𝑃 )𝑢   (3) 

Where 𝐶𝑇𝑦 is the carbon tax or allowance price under the EU ETS ($/tonCO2eq), and 𝐸𝑐𝑂2𝑒𝑞 is the annual CO₂-

equivalent emissions generated by the ship (tonCO2eq/year). The second term represents the FuelEU Maritime 

penalty, where 𝐹𝑃𝑦 is the penalty cost (($/tonCO2eq) and 𝐶𝑂𝑀𝑓𝑢𝑒𝑙
𝐹𝑃  is the compliance gap, defined as Eq. (4). 

Where 𝐺𝐻𝐺𝐼𝑎 is the actual greenhouse-gas intensity of the fuel (gCO2eq/MJ) and 𝐺𝐻𝐺𝐼𝑡 is the required target 

intensity, which for 2025 is set at 89.9 (gCO2eq/MJ). The actual GHG intensity is determined from Eq. (5). 



Where 𝐸𝑢
𝑐𝑂2𝑒𝑞 is the total CO₂-equivalent emissions from unit 𝑢 (gCO2eq), and 𝐸𝑢

𝑓𝑢𝑒𝑙 is the total energy content 

of the fuel consumed by unit 𝑢 (MJ). 

𝐶𝑂𝑀𝑓
𝐹𝑃 = 𝐺𝐻𝐺𝐼𝑎 − 𝐺𝐻𝐺𝐼𝑡  (4) 

𝐺𝐻𝐺𝐼𝑎 = ∑
𝐸𝑢

𝑐𝑂2𝑒𝑞

𝐸𝑢
𝑓𝑢𝑒𝑙𝑢   

(5) 

The annual cold-ironing cost is expressed as Eq. (6). Where 𝐶𝑝 is the electricity price or tariff charged by the 

port for providing shore-side power [$/kWh], and 𝑃𝐶𝐼 represents the total electrical energy drawn from the cold-

ironing connection during hoteling [kWh/year]. 

𝐶𝐶𝐼 = ∑ (𝐶𝑝 ∙ 𝑃𝐶𝐼)   (6) 

2.2. Equipment Modelling and Constraints 

The internal combustion engine (ICE) is represented through load-dependent electrical and exhaust efficiency 

curves, as shown in Figure 2 (Ancona et al., 2018). The electric efficiency (ηelec) is normalised to the nominal 

efficiency 𝜂nom=0.47 and nominal power Pnom=14.4 MW (Ancona et al., 2018), increasing with engine load 

toward its peak near rated operation. In contrast, the normalised exhaust heat fraction (ηth, with a reference 

value of 0.60) decreases as load rises, indicating a lower share of the released heat is discharged with the 

exhaust gases at higher utilisation. 

To embed the nonlinear performance curves of the units in the MILP, a piecewise-linear approximation is 

adopted. For each unit u and each power segment 𝑗, the slope and intercept of the linear relation between 

power and the corresponding flow variable are computed as Eq. (7) and (8). 

𝑎(𝑢,𝑗) =
𝑚max (𝑢,𝑗)−̇ 𝑚min (𝑢,𝑗)̇

𝑃max (𝑢,𝑗)−𝑃min (𝑢,𝑗)
  

(7) 

𝑏(𝑢,𝑗) = 𝑚max (𝑢,𝑗) −̇ 𝑎𝑢,𝑗 ∙ 𝑃max (𝑢,𝑗)  (8) 

where 𝑚max (𝑢,𝑗) and 𝑚min (𝑢,𝑗) are the values of the flow variable at the upper and lower bounds of segment 𝑗, 

respectively, and 𝑃max (𝑢,𝑗) and 𝑃min (𝑢,𝑗) are the corresponding upper and lower power limits of that segment. 

The coefficients 𝑎𝑢,𝑗 and 𝑏𝑢,𝑗 are then used in the linear constraint to approximate the original nonlinear curve. 

To enforce the piecewise-linear approximation within the MILP, each segment 𝑗 of unit 𝑢 is bounded by a linear 

operating region activated through the binary on/off variable. The power in each segment is constrained as 

Eq. (9), ensuring that power is assigned only when the segment is active. The corresponding mass-flow 

variable is linearised as Eq. (10). Where onoff(𝑢,𝑗,𝑡) is the binary variable indicating whether segment 𝑗 of unit 

𝑢 is active. 

𝑃min (𝑢,𝑗) ∙ 𝑜𝑛𝑜𝑓𝑓 (𝑢,𝑗,𝑡) ≤ 𝑃 (𝑢,𝑗,𝑡) ≤ 𝑃max (𝑢,𝑗) ∙ 𝑜𝑛𝑜𝑓𝑓 (𝑢,𝑗,𝑡)  (9) 

Figure 2 Normalised electrical and thermal efficiency curves. 

0.68

0.73

0.78

0.83

0.88

0.93

0.98

1.03

0 0.2 0.4 0.6 0.8 1 1.2

η ac
t/η

no
m

Pact/Pnom

η (electric) η (thermal) 



𝑚fuel (𝑢,𝑗)̇ = 𝑎(𝑢,𝑗) ∙ 𝑃(𝑢,𝑗) + 𝑏(𝑢,𝑗) ∙ 𝑜𝑛𝑜𝑓𝑓 (𝑢,𝑗,𝑡)    (10) 

For the shore-power interface, operation is allowed only when the ship is physically at berth. This condition is 

enforced by linking the activation of the port connection to the port-availability schedule as Eq. (11). Where  

𝑃𝑜𝑟𝑡_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒(𝑢,𝑡) is a binary parameter equal to 1 only when the ship is at berth. This constraint ensures that 

cold ironing power can be supplied exclusively during port-stay periods. 

∑ 𝑜𝑛𝑜𝑓𝑓𝑝𝑜𝑟𝑡,(𝑢,𝑗,𝑡)𝑗 = 𝑃𝑜𝑟𝑡_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒(𝑢,𝑡)  (11) 

3. Case study 
The case study examined in this study is the Norwegian Gem, a 294-m cruise vessel operated by Norwegian 

Cruise Line (NCL) (Zhang et al., 2023). The ship is deployed across several regions worldwide, including the 

Caribbean, the Bahamas, the Mediterranean, and Eastern Canada/New England. Its service patterns typically 

feature 5-day Bahamas cruises, 12-day Caribbean round-trip itineraries departing from U.S. home ports, as 

well as 7-day sailings from Ravenna and other European ports. Table 1 presents the vessel main 

characteristics (Hou, 2011). 

 

Table 1 Main technical and operational specifications of the Norwegian Gem 

 

According to the available itineraries, although the vessel operates on various routes throughout the year, the 

majority of its deployments in recent seasons have been within the European region, particularly on routes 

connecting Ravenna with Piraeus–Athens or Civitavecchia–Rome during the May–November operating 

period. In this study, we focus on the 7-day round-trip itinerary between Ravenna and Civitavecchia–Rome, as 

it represents the most recurrent annual operating pattern, as illustrated in Figure 3a (CruiseMapper, 2025). 

Building on this, Figure 3b presents the distribution of operational time for the selected 6.63-days itinerary: 

over the 159-hour cycle, the vessel spends approximately 74 hours in port (44%), 85 hours at sea (51%), and 

around 5% of the time in manoeuvring operations associated with arrival and departure phases. 

Item Value 

Year built / Last refurbishment 2007/2022 

Overall length (m) 294 

Maximum beam (m) 32-38 

Gross tonnage (GT) 93,530 

Passenger capacity  2,394 

Total number of staterooms / cabins 1,197 

At sea 
(cruising)…Port/hoteling

44%

Maneuvering 
5%

(a) (b) Figure 3  (a) Selected 7-day itinerary between Ravenna and Civitavecchia–Rome. (b) Operational-time distribution 



 

3.1. Ship Energy Demand  

During the itinerary, the vessel calls at six ports, remaining berthed for different durations before resuming 

navigation until completing the full cycle. Figure 4 illustrates the corresponding ship energy-demand profile, 

which comprises four main components. The Electrical demand—associated with propulsion—reaches peak 

values of approximately 22 MW during sailing periods. The electrical demand, which covers lighting, hotel 

services, auxiliary machinery, and general onboard equipment, remains relatively stable in the harbour with a 

maximum of about 5 MW. The thermal demand accounts for space heating and domestic hot-water production 

about 16 MW, while the cooling demand, dominated by air-conditioning systems, exhibits peak requirements 

of around 8 MW. To meet both the mechanical and electrical demands, the vessel is equipped with five marine 

diesel engines—four dedicated to normal operation and one reserved for emergency use—along with five 

generators supplying power to two electric propulsion motors, each driving a single propeller. An onboard 

transformer further conditions the electrical power for hotel and auxiliary loads, as illustrated in Figure 5. The 

ship’s thermal requirements are satisfied through waste-heat recovery from all operating engines, 

supplemented by two auxiliary boilers when necessary.  

 

Figure 5 Schematic of the vessel’s energy system 

Figure 4 Energy demand profiles  



In addition, the vessel is equipped with a compression-chiller system for cooling production, operating with an 

energy efficiency ratio (EER) of approximately 3.5. The technical specifications of all major energy-system 

components are summarized in Table 2.  

Table 2 Technical specifications of the main components of the ship’s energy system 

 

3.2. Ports description 

Effective use of shore power requires electrical compatibility between the port grid and the ship’s onboard 

system. Under the IEC/ISO/IEEE 80005-1 high-voltage shore-connection standard, cruise vessels typically 

receive OPS at 6.6 kV or 11 kV with a supply frequency of either 50 or 60 Hz, depending on the regional grid 

(Prousalidis et al., 2023). Since European ports operate at 50 Hz while many cruise ships use 60 Hz, a 

frequency converter is commonly needed, as illustrated in Figure 6. The port substation adjusts the grid supply 

to the required medium-voltage level, while a transformer on board conditions the power for the ship’s 

distribution network. Proper alignment of voltage and frequency is therefore crucial to ensure safe and reliable 

OPS operation (Prenc et al., 2018). 

The analysis requires detailed information on the ports included in the selected itinerary, as port operating 

conditions directly influence the energy requirements and the feasibility of shore-power integration. For each 

port, data on berthing time, average electrical load, and total energy demand were compiled from publicly 

available sources and operational records, as summarised in Table 3. Additional parameters such as time-

dependent electricity prices and grid CO₂ emission intensity were also considered, as they influence the 

comparative performance of the alternative operating scenarios, as shown in Figure 6 (entsoe, 2025; 

Interactive App, 2025). Figure 6a illustrates the hourly variation of electricity prices at the selected ports, based 

on the day-ahead wholesale electricity market prices for the corresponding national grids (€/MWh). These 

values represent the average market clearing prices and exclude taxes and end-user retail tariffs. Figure 6b 

presents the corresponding hourly CO₂ emission intensities of the electricity mix (gCO₂eq/kWh) associated 

with the respective grids. 

Table 3 Technical and operational characteristics of the ports included in the selected itinerary  

 

System component Parameter Value System component Parameter Value 

Main Propulsion 

Eng. 

N. of installed 5 
Generator 

El. Output (kW) 13,500 

Rated power (kW) 14,400 Efficiency 0.96 

Speed (rpm) 500 
Electric motor 

Rated power (kW) 12,000 

SFO cons. (g/kWh) 185 Efficiency 0.97 

Efficiency 0.47 
Aux Boiler 

Th. Capacity (kW) 4,500 

Heat Recovery Unit  

Th. output (kW) 12,000 Fuel type MDO 

Exhaust Tin (°C) 420 
Comp. Chiller  

C. Capacity (kW) 4000 

Recoverable Fr. (%) 35 EER 3.5 

Port name Berthing 

time 

(h) 

Average electrical 

load 

 (kW) 

Total energy 

(MWh) 

Split, Croatia 12 5400 64.8 

Dubrovnik, Croatia 18 5500 99 

Kotor, Montenegro 11 5500 60.5 

Corfu, Greece 10 5700 57 

Messina, Sicily 11 5500 60.5 

Salerno, Italy 12 5500 66 



 

4. Main assumptions and scenario definition 

To evaluate the most cost-effective and environmentally favourable configuration and operating strategy for 

the ship’s onboard energy system, the MILP framework is applied to five distinct operating scenarios, each 

representing a different set of technological and fuel-supply assumptions. 

Conventional (baseline) Scenario (BLS): In the reference configuration, the ship operates with conventional 

marine fuel (MDO) and no onshore power supply. All electrical and thermal hoteling demands in port are 

covered by the auxiliary engines and conventional boilers. This scenario represents the current practice and 

is used as a benchmark for comparison. 

Alternative fuel Scenario (AFS): In this scenario, the use of alternative marine fuels is considered as a 

decarbonisation strategy. Among the available options studied in the literature, such as methanol, LNG, 

biofuels, and ammonia, LNG is selected as the representative case due to its high technological maturity, lower 

emission factors compared to conventional marine fuels (e.g., marine gas oil or heavy fuel oil), and its frequent 

use as a benchmark fuel in previous comparative studies(Deniz & Zincir, 2016; Nasser et al., 2023). 

Accordingly, the auxiliary engines are assumed to operate on LNG throughout the entire voyage to evaluate 

the economic and environmental implications of a full fuel-switching strategy relative to OPS adoption 

Partial OPS Scenario (OPS_PS). In this scenario, the ship connects to the OPS system during berthing, and 

the full hotel electrical load is supplied by shore power whenever infrastructure is available. The onboard boilers 

continue to supply the heating demand, while the HRSG operates only when the auxiliary engines are running. 

Thus, OPS replaces engine-based electricity generation in port, but thermal production remains fully 

dependent on the ship’s onboard systems. 
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Figure 6 Time-dependent characteristics of shore electricity at the selected ports: (a) hourly electricity prices (€/MWh); (b) 
corresponding grid CO₂ emission intensity (gCO₂eq/kWh) 



Full OPS Scenario (OPS_FS). In this scenario, it is assumed that OPS infrastructure is fully available across 

all visited ports, enabling the vessel to supply its entire hotel electrical load from the shore grid during berthing. 

In addition to electrical demand, the port infrastructure is assumed to support thermal energy provision through 

the use of electric boilers onboard, allowing all heating requirements in port to be met using electricity rather 

than conventional fuel. Under this configuration, the auxiliary engines remain shut down during berthing, and 

both electrical and thermal loads are entirely covered through shore-side electricity. 

Full OPS + BESS Scenario (OPS_BESS): Full OPS with onboard battery storage, where shore power 

supplies hoteling electrical and thermal demand during berthing, while an onboard battery energy storage 

system (BESS) is integrated to provide electrical services such as peak shaving, short-duration backup, and 

transient load support. 

5. Results  

The following section presents the outcomes of the optimisation model for all defined scenarios, providing a 

comparative assessment of environmental performance, energy balances, fuel consumption, and operational 

behaviour of the ship’s integrated energy system. Each scenario reflects a distinct combination of OPS 

availability, fuel type, and onboard energy technologies, allowing the influence of these factors to be evaluated 

against the conventional baseline. For clarity, the results are organised around key performance indicators—

emissions, energy flows, generator dispatch, and operational costs—so that the impact of OPS integration and 

alternative-fuel operation can be clearly quantified. This structure enables a coherent comparison across 

scenarios and highlights how real-world constraints, such as limited OPS infrastructure in certain ports, shape 

the achievable benefits. The graphical results, including time-series plots, bar charts, and energy-sharing 

diagrams, are used to support the quantitative analysis and provide deeper insight into the system behaviour 

under each scenario. 

5.1. Fuel use and energy balance 

Figure 7 presents the annual fuel energy consumption for the different operational scenarios, distinguishing 

between the energy used for main fuel consumption and the additional fuel used in the fuel boiler. The results 

show that the baseline scenarios, BCS and AFS, exhibit the highest overall fuel energy demand, with total 

consumption exceeding 210 GWh/year. In these cases, most of the energy demand is met through engine fuel 

consumption, while a smaller share is attributed to fuel used in the auxiliary boiler for heating purposes. The 

introduction of shore power configurations leads to a noticeable reduction in total fuel energy consumption. In 

particular, the OPS_PS reduces annual fuel use compared with the baseline cases, mainly due to the partial 

substitution of onboard electricity generation with shore-based power. However, some fuel consumption 

Figure 7 Annual fuel energy consumption under different operational scenarios, distinguishing 
between fuel used by engines (Fuel_Eng) and fuel used in boilers (Fuel_FB). 

BCS AFS OPS_PS OPS_FS OPS_BESS

Fuel_FB (GWh/year) 11.81 12.64 17.78 12.05 13.51
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remains necessary to satisfy heating demands, which is reflected in the continued use of the fuel boiler. Further 

reductions are observed in the OPS_FS, where fuel consumption decreases slightly compared with OPS_PS. 

The most significant reduction occurs in the OPS_BESS, which exhibits the lowest overall fuel energy demand 

among all configurations, falling to approximately 180 GWh/year. This reduction can be attributed to the more 

efficient integration of shore electricity with onboard energy systems, which reduces the reliance on auxiliary 

engines and fuel boilers.  

For the energy balance, Figure 8a presents the technological and thermal energy supply per trip across the 

different operational scenarios. Figure 4a shows the distribution of technological energy sources, including 

engine-generated electricity, port electricity, and BESS operations, while Figure 8b presents the thermal 

energy supply through WHR and boilers. In the baseline scenarios BCS and AFS, the technological energy 

demand is almost entirely supplied by onboard engines, reaching approximately 2 GWh per trip. With the 

introduction of shore power in the OPS_PS, part of the electrical demand is shifted from auxiliary engines to 

port electricity, resulting in a 6.6% reduction in engine-generated energy. Further diversification occurs in the 

OPS_FS and OPS_BESS, where port electricity plays a larger role and engine operation is further reduced. 

In addition, the BESS is utilised, being charged from shore power and later supplying onboard energy, leading 

to a 14% reduction in engine-generated energy. 

The thermal energy supply patterns in Figure 4b highlight the interaction between engine operation and heating 

systems. In the baseline scenarios, most thermal demand is met through WHR from auxiliary engines, 

supplemented by fuel boilers. As shore power reduces engine operation, the availability of waste heat declines, 

increasing reliance on alternative heating technologies. In the OPS_FS and OPS_BESS, electric boilers are 

introduced to utilise shore electricity for part of the heating demand, resulting in a combination of fuel boilers 

and electric heating to meet the remaining thermal requirements.   

Figure 8 Energy supply breakdown per trip across the different operational scenarios: 
(a) energy supply by different technologies; (b) thermal energy sources 

(a) 

(b) 

0.0

0.5

1.0

1.5

2.0

2.5

BCS AFS OPS_PS OPS_FS OPS_BESS

En
er

gy
 c

on
su

m
pt

io
n 

[G
W

h/
tr

ip
]

Engine Energy Port Energy BESS charging

Electrical demand

0.0

0.5

1.0

1.5

2.0

BCS AFS OPS_PS OPS_FS OPS_BESSTh
er

m
al

 E
ne

rg
y 

[G
W

h/
tr

ip
]

WHR Energy F-Boiler El-Boiler



5.2. Time-Dependent Energy Analysis 

Figure 9 shows the hourly electrical energy balance for the different operational scenarios during the weekly 

schedule. The dashed vertical lines indicate the vessel’s port stays. In the baseline scenario (Figure 9a), the 

entire electrical demand is supplied by the auxiliary engines. The load varies between approximately 5 MW 

during low-activity periods and peaks of about 22–23 MW during intensive hoteling operations. Engine output 

follows the demand profile closely, indicating full reliance on onboard power generation. While, in the OPS_PS 

(Figure 9b), shore electricity partially replaces onboard generation during port stays. While the total demand 

remains similar, shore power contributes approximately 4–6 MW during low-load periods, reducing engine 

output accordingly. However, engines still supply the majority of the demand during peak loads. 

In the OPS_FS (Figure 9c), shore electricity plays a larger role in meeting the electrical demand. During several 

port calls, shore power provides up to 10–15 MW, while engine output decreases significantly compared with 

the baseline case. Additional electrical demand also appears due to the electric boiler, which increases 

electricity consumption during certain periods. Further diversification of the energy supply is observed in the 

OPS_BESS (Figure 9d). In this configuration, shore electricity becomes the primary energy source during 

berthing, while auxiliary engines operate at lower levels. The BESS is actively used, with charging periods 

reaching approximately 10–15 MW and discharging used to support peak loads. This integrated energy 

management strategy further reduces engine operation and improves load balancing.  

 

 

 

Figure 9 Time-dependent electrical balance for different scenarios: (a) Baseline (BCS); (b) OPS_PS; (c) OPS_FS; 
(d) OPS_BESS. Dashed lines indicate port stays. 

(a) (b) 

(c) (d) 



Figure 10 shows the hourly thermal energy balance for the different operational scenarios. The dashed vertical 

lines indicate the vessel’s port stays. In the baseline scenario (Figure 10a), the thermal demand varies between 

approximately 4 MW during low-activity periods and peaks of about 16–17 MW. Most of this demand is supplied 

by waste heat recovery through the WHR, which provides up to 15–16 MW of thermal energy. When the 

recovered heat is insufficient, the fired boiler supplies the remaining heat, typically contributing 1–3 MW during 

peak demand periods. In the OPS_PS scenario (Figure 10b), the thermal demand profile remains similar (~4–

17 MW). However, as engine operation decreases due to the use of shore electricity, the available waste heat 

from the WHR is slightly reduced. Consequently, the fired boiler operates more frequently, supplying 

approximately 3–5 MW during several port stays to compensate for the reduced waste heat. In the OPS_FS 

and OPS_BESS scenarios (Figure 10c), the thermal balance changes further. While the overall thermal 

demand remains within 4–17 MW, the reduced engine load limits the heat available from the HRSG. As a 

result, the electric boiler is activated, supplying about 2–6 MW of thermal energy during several periods, while 

the fired boiler continues to provide supplementary heat when required. 

 

 

5.3. Annual Cost Analysis 

Figure 11 compares the annual cost distribution for the different operational scenarios, including fuel cost, CO₂ 

cost, electricity cost at port, O&M, retrofit CAPEX, and FuelEU penalties. The baseline BCS shows a total 

annual cost of approximately 21,000 k$, where fuel cost represents the largest share, accounting for nearly 

14,000 k$. In addition, CO₂ compliance costs contribute around 4,500–5,000 k$, while FuelEU penalties add 

roughly 2,000 k$ due to the high carbon intensity of onboard fuel consumption. The AFS exhibits a slightly 

higher total annual cost of about 21,500 k$, mainly driven by increased fuel prices and operational costs, 

despite a similar emission cost profile compared with the baseline case. With the introduction of shore power 

in the OPS_PS, the total annual cost decreases to approximately 19,000 k$. This reduction is primarily due to 

lower fuel consumption and reduced CO₂ compliance costs. However, a new cost component appears in the 

form of port electricity costs, which partially offsets the savings. Further cost optimization is observed in the 

(a) (b) 

(c) 
Figure 10Time-dependent thermal energy balance during port operations: (a) BCS baseline scenario; (b) OPS_PS 

scenario; (c) OPS_FS and OPS_BESS scenarios. 



OPS_FS, where the total cost remains close to 19,000 k$, with slightly higher electricity costs but lower fuel 

expenditures.  

 

5.4. Environmental Impact of Operational Scenarios 

Figure 12 presents the annual atmospheric emissions for the evaluated operational scenarios. Figure 12a 

shows the CO₂ emissions, while Figure 12b illustrates the corresponding NOₓ emissions. The results show 

that the baseline BCS scenario produces the highest emissions, with approximately 64,000 ton/year of CO₂ 

and about 1,720 ton/year of NOₓ, due to the full reliance on auxiliary engines during port operations. The 

introduction of shore power in the OPS_PS scenario leads to a noticeable reduction in emissions. CO₂ 

emissions decrease to around 57,000 ton/year, representing a reduction of roughly 11%, while NOₓ emissions 

drop to approximately 1,540 ton/year. This reduction is mainly attributed to the partial replacement of onboard 

engine generation with electricity supplied from the port grid. Further improvements are observed in the 

OPS_FS, where emissions decrease slightly compared with OPS_PS. CO₂ emissions fall to about 56,000 

ton/year, and NOₓ emissions decline to approximately 1,510 ton/year, reflecting the increased use of shore 

electricity and reduced engine operation during berthing. The lowest emissions are achieved in the 

OPS_BESS, where the integration of shore power with battery energy storage significantly reduces engine 

operation. In this case, CO₂ emissions decrease to around 49,000 ton/year, representing an overall reduction 

of approximately 23% compared with the baseline scenario. Similarly, NOₓ emissions drop to about 1,330 

ton/year, corresponding to a reduction of nearly 23%. 

Figure 11 Annual cost breakdown for the evaluated operational scenarios 
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Figure 12 Annual atmospheric emissions for the evaluated scenarios: (a) CO₂ emissions (ton/year); (b) NOₓ emissions 
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6. conclusion 

The present study develops a techno-economic optimisation framework to evaluate shore power OPS 

integration as part of the overall onboard energy management strategy during vessel berthing. The model 

simultaneously considers the ship’s electrical, cooling, and heating demands using a MILP formulation, 

enabling the assessment of multiple operational configurations. Several scenarios are investigated, including 

conventional onboard generation, partial shore power utilisation, and advanced configurations integrating 

electric boilers and BESS. In the proposed configurations, shore electricity partially or fully replaces auxiliary 

engine operation during port stays, while waste heat recovery, fuel boilers, and electric boilers are used to 

satisfy thermal demand. The framework also incorporates life-cycle emission factors, port electricity price 

variability, and regulatory costs associated with CO₂ emissions and FuelEU Maritime penalties. The analysis 

therefore enables a comprehensive evaluation of the environmental and economic trade-offs associated with 

alternative energy supply strategies during berthing. The main findings of the study are summarized as follows: 

• The results show that in the baseline configuration the ship relies entirely on auxiliary engines to meet 

electrical demand during berthing, with loads varying between approximately 5 MW and 23 MW. The 

introduction of shore power progressively shifts the energy supply by replacing part of the onboard 

generation with port electricity. In the OPS_PS scenario, shore power partially supplies the electrical load, 

while in OPS_FS and OPS_BESS the contribution of shore electricity increases further, supported by 

battery storage to balance peak demand. 

• These operational changes lead to a clear reduction in fuel consumption. The baseline cases exhibit the 

highest fuel demand, exceeding 8.2×10⁸ MJ per year, due to continuous engine operation. The adoption 

of shore power reduces the reliance on onboard generation, with the OPS_BESS configuration achieving 

the lowest fuel consumption of about 7.1×10⁸ MJ per year through increased use of port electricity and 

improved energy integration. 

• Changes in the electrical supply also affect the thermal balance. In the baseline scenario, most thermal 

demand (4–17 MW) is covered by waste heat recovery from engines, while fired boilers provide additional 

heat during peak periods. As shore power reduces engine operation, the available waste heat decreases, 

increasing the use of auxiliary boilers and electric boilers in advanced OPS configurations. 

• The reduction in engine operation also improves environmental performance. The baseline scenario 

results in the highest emissions, with approximately 64,000 ton/year of CO₂ and 1,720 ton/year of NOₓ. 

Increasing the share of shore electricity gradually lowers emissions, reaching about 49,000 ton/year of 

CO₂ and 1,330 ton/year of NOₓ in the OPS_BESS scenario. 

• Finally, the economic analysis shows that the baseline configuration results in the highest annual cost of 

about 21,000 k$, mainly driven by fuel and emission costs. The OPS scenarios reduce total costs to 

approximately 19,000 k$ due to lower fuel consumption and compliance costs, although part of these 

savings is offset by port electricity expenses. Overall, integrating shore power with advanced onboard 

energy systems improves the operational, environmental, and economic performance of the vessel during 

berthing.  
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