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Intelligent ship energy efficiency online monitoring systems should possess the

capability to monitor a ship’s primary energy-consuming equipment, navigation

conditions, and other relevant parameters. In this study, the parameters obtained

from engine test data were integrated into the system for verification purposes.

The analysis focused on energy distribution and variations in the excess air

coefficient under different loading conditions. The calculation results indicate

that the proportions of turbocharger absorption power and shaft power increase

with an increase in load, whereas the proportions of other losses decrease

accordingly. Notably, the excess air coefficient exceeds 2 under each load

condition and remains relatively constant after reaching 50% load. These

findings suggest that the model meets the criteria for energy consumption

monitoring. This methodology enables the pre-installation testing of system

operation. Furthermore, this analytical approach facilitates engineers in assessing

the engine’s operating state and provides insights for fault diagnosis based on

changes in energy consumption distribution. It also empowers developers and

managers to comprehend the direction of engine development.
KEYWORDS

intelligent ship, energy monitoring system, excess air coefficient, energy consumption
distribution, energy management
1 Introduction

In accordance with the standards for intelligent ship classification, intelligent ships

possess the capability to monitor and analyze energy consumption data in real time (CCS

Intelligent Ship Rules, 2025). The distribution and quantitative assessment of energy

consumption serve as a robust foundation for the management and optimization of ship

energy efficiency. Investigating the measurement of energy consumption distribution

within marine engines holds significant importance and practical worth.
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Within the specifications for intelligent ship classification, the

requirements for online intelligent monitoring are as follows: the

energy-efficiency online intelligent monitoring system should

possess the capability to monitor the primary energy-consuming

equipment and navigation status of the ship. It is tasked with

collecting, transmitting, storing, and analyzing data, as well as

evaluating and issuing alarms for related parameters, such as

energy efficiency and energy consumption. It is noteworthy that

energy efficiency, energy consumption, and other pertinent

indicators are not explicitly defined but are generally referenced

against relevant guidelines. Furthermore, there exist multiple

versions of intelligent ship products, all of which are mandated to

undergo calculations as stipulated in (Xiaoxiao et al., 2020; Xu

et al., 2023).

Gaber et al. (2021) proposed a hybrid system optimization

strategy and established an intelligent energy management system

for an all-electric ship power system based on the Adaptive Neuro-

Fuzzy Inference System (ANFIS). This system effectively enhances

energy efficiency (Gaber et al., 2021). Karatuğ et al. (2023) developed a

data-driven ANFIS model to monitor and predict ship performance

parameters, with the aim of improving ship energy efficiency (Karatuğ

et al., 2023). Mateichyk et al. (2023) devised an information system for

monitoring and controlling ship power plants, capable of predicting

ship technical state parameters (Mateichyk et al., 2023). Cui et al.

(2024) created a ship dynamic intelligence monitoring system to

oversee navigational characteristics such as speed, position, and

course (Cui et al., 2024). Last, Karatuğ et al. (2024) introduced a

ship energy efficiency control system that integrates an optimization

model with a neural network. This system employs ANN models of

varying structures to estimate fuel consumption and enables real-time

monitoring of key engine parameters (Karatuğ et al., 2024).

Currently, intelligent ships necessitate the installation of a

substantial quantity of diverse sensors to facilitate the measurement

of energy consumption (Ang et al., 2017). Consequently, this

augmentation leads to an escalation in the costs associated with

intelligent ship systems, resulting in a decrement in system reliability.

The plethora of sensors significantly elevates the technical proficiency

requirements for the crew (Sanfilippo, 2017). Therefore, the

advancement of a ship energy consumption system capable of

detecting ship energy consumption without an increment in sensor

count has emerged as a pivotal concern in the evolution of intelligent

ship energy consumption systems.

The targeted vessel employs an integrated electric propulsion

system and is furnished with three identical main generators. Prior

to system installation, the energy consumption distribution of each

main generator under diverse load conditions is computed utilizing

data derived from the prime mover test report. This computation

allows for the debugging of system parameters prior to system

commissioning, thereby facilitating smoother system verification

during actual ship testing. The computed results offer a scientific

rationale for optimizing ship energy management. Additionally, these

results can be utilized by shore-based ship managers when providing

management recommendations to ship managers of new vessels.

The power supply of multiple engines, akin to a power grid,

necessitates the economic load dispatch of the engines (Kabeyi et al.,
Frontiers in Marine Science 02
2020). Through real-time monitoring and optimization of the

power system, the intelligent ship modifies the distribution of

power load and the operational parameters of the power system

to mitigate energy consumption within the power system (Accetta

and Pucci, 2019).
2 Trial data

The target vessel is a novel ship. Upon completion of the system

design, the test data are utilized for debugging and validating the

system. This section delineates the application of test data within the

system. A substantial amount of engine test information exists, and it is

of paramount importance to interpret it judiciously and harness it fully.

The engine factory test report is shown in Supplementary

Material (Appendix Table 1).

According to the data in Supplementary Material (Appendix

Table 1), the following parameters can be extracted:

1. Ambient temperature (temperature of intake air ATE210 in

Ambient Data), which can be regarded as atmospheric temperature.

2. Pressurized air temperature and pressure:

Charge air pressure.

Charge air temp. in air receiver.

3. Exhaust gas temperature before and after the supercharger:

Exh.gas temp.bef.TC, A-bank.

Exh.gas temp.aft.TC, A-bank.

4. Temperature and pressure of high-temperature freshwater.

HT water temp, jacket inlet TE401.

HT-water temp.aft.engine TE402.

HT water pressure, jacket inlet PT401.

According to these three values, the heat loss of coolant can

be calculated.
3 Mathematical model establishing

This section aims to establish an energy distribution model for

the engine across various operational conditions. It furnishes a

foundational basis for the subsequent system to accommodate

intelligent ship monitoring requirements.
3.1 Input power of the engine

The input power of the engine is

Pin = VQ ∗ 1000=JG

where V is the low thermal energy of heavy oil, Q is the flow rate of

heavy oil, JG is a certain time interval of the measurement system.

The energy input by the engine originates from the chemical

energy contained within the fuel. This chemical energy is manifested

as the heat energy released subsequent to the complete combustion of

the fuel. Typically, low-grade heat energy is utilized, as the water

present in the exhaust gases predominantly exists in the form of

water vapor.
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The flow rate is determined by calculating the difference

between the measured values obtained from the flowmeter over a

specified time interval. The duration of this interval is contingent

upon the measurement system and is denoted as JG (an

abbreviation derived from the first letter of the Chinese pinyin for

the interval). Varying calorific values are assigned for the utilization

of heavy oil and light oil, respectively.
3.2 Engine shaft power and generator
friction loss power

Ps = Pg=h

where Ps is shaft power, Pg is grid power of the unit, h is

generator efficiency.

The measured report of the generator primarily focuses on

voltage, current, temperature rise, voltage regulation, and other

parameters, with less emphasis on measuring its efficiency (Yonghui

et al., 2023). Typically, the efficiency of generators ranges from 0.90

to 0.96 (Jun et al., 2023; Qiang et al., 2024), and for this study, a

value of 0.94 is adopted. The efficiency of the generator remains

relatively constant, and an approximate estimation of one efficiency

value will not result in significant errors in other efficiency values of

the engine.

This issue is not present in this paper, as the shaft power value

from the engine test report is directly utilized. This problem mainly

arises in practical operations, specifically in determining how to

calculate the engine’s running shaft power within a network.
3.3 Energy consumption calculation of
each part

The heat power taken away by the cylinder liner coolant is

Pc = ½Tout − Tin� ∗Qc ∗C

where Tout is outlet temperature, Tin is inlet temperature, Qc is

coolant flow rate, C is specific heat capacity of coolant.

The jacket-cooling water for the engine is supplied by a

centrifugal pump. The flow rate of the freshwater can be

determined using the relationship between flow and pressure,

allowing the flow value to be calculated based on the pressure value.

The flow rate and specific heat capacity of the exhaust gases can

be ascertained. The temperatures of the exhaust gases as they enter

and exit the supercharger, as well as the discharge into the

atmosphere, can be measured. This facilitates the straightforward

calculation of the energy consumed by these two components.

Additionally, the calculation process yields the crucial parameter

of excess air coefficient.
3.4 Unaccountable-for loss

Pl = Pin − Ps − Pt − Pb − Pa − Pc
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where Pl is Unaccountable-for losses, Pin is input total power, Ps is

engine shaft power, Pt is supercharger absorption of waste gas

power, Pb is the power of waste-heat boiler to absorb waste gas

energy, Pa is discharge of atmospheric loss power, Pc is coolant away

from the power.

The unaccounted-for losses of the engine primarily encompass

the energy radiated by the engine into the environment, among

other factors.
4 Energy flow in test data

Based on the test data, an analysis and calculation of the energy

input from the engine, as well as the energy flow within the engine

and its auxiliary equipment, including cooling water loss, are

conducted according to the specifications outlined in the ship’s

requirements. Consequently, the input power flow of fuel serves as

the foundation for the energy consumption analysis of intelligent

ship engines. In this section, it is imperative to establish a precise

calculation method for the energy input flow of the engine and

delineate the functional relationship between the engine and its

power output. This, in turn, provides a rationale for the power

distribution among the three engines.

The schematic diagram of engine energy consumption

distribution is shown in Figure 1.

According to the requirements depicted in Figure 1, within the

framework of the intelligent ship energy consumption monitoring

system, the energy input comprises fuel flow and engine power. These

parameters facilitate the calculation of both the energy input and its

effective output. The relevant values can be extracted from the pertinent

information outlined in the test report. Additionally, the fuel

consumption rate observed during the test run is detailed in Table 1.

There are three ways to express the fuel consumption rate, as

shown in Table 2.

These three values exhibit slight variations, yet the disparity is

minimal. The conversion methodology is outlined in the test report

pertaining to these three consumption rate calculation methods.

In the context of diesel engine design, a design condition must be

established initially, upon which the design of various flow channels is

calculated. The injection timing and ventilation timing are likewise set

according to the operating condition. The timing of the electronic fuel

injection (EFI) system can be adjusted based on varying power outputs.

Certain types of superchargers possess the capability to alter the nozzle

angle in response to different loads; however, no engine exists that can

modify the size and shape of the air renewal channel and the fuel

injection channel. When the engine operates at its design power, the

ventilation and combustion processes can attain their optimal working

state, resulting in optimal emission characteristics, combustion

characteristics, and economic performance. As the difference between

the engine power and the design power increases, the various

characteristics deteriorate. Various test results have revealed that

within a certain range of the engine’s rated power, the relationship

between efficiency and power follows a quadratic curve, or in other

words, a parabolic curve.
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As stated in the engine’s test report, the fuel consumption rate is

as shown in the Table 3.

The functional relationship between the fuel consumption rate

and the power of the diesel engine is fitted as follows: If the fuel

consumption rate is Y and the power is x, then

y = 3� 10−5x2 − 0:0898x + 263:2

The fitting curve of the relationship between the fuel

consumption rate and the power of the engine is shown in Figure 2:

The fitting relationship further validates the accuracy of the

quadratic curve relationship hypothesis.

Based on this formulation, at a load of 25%, the engine shaft

generates a power of 400 kW, with a fuel consumption rate of 232.08 g/
Frontiers in Marine Science 04
kWh, whereas at a load of 110%, the engine shaft power increases to

1760 kW, and the fuel consumption rate decreases to 198.08 g/kWh.

The test run report delineates the characteristics of the oil, as

presented in Table 4:
5 Data calculation and result analysis

Based on the aforementioned findings, the test data were

incorporated into the mathematical model delineated in Section

3. This facilitated the calculation of the engine’s energy

consumption distribution during the test run. The resultant data

not only validated the accuracy of the model but also established a
FIGURE 1

Engine energy consumption distribution diagram. Note: This picture is provided by CCS (China Classification Society) intelligent ship energy
consumption system specification. All intelligent ship energy consumption systems should be designed according to this diagram.
TABLE 1 Data record of fuel consumption rate in test run test.

Est
no

Load
[%]

Speed
[rpm]

Meas.
amount
[kg]

Power
[kW]

Air
press.
[kPa]

Air
temp.
[°C]

Coolant
temp.
[°C]

Meas.
consumption
[kg/h]

Clean
leak fuel
[kg/h]

Br
[g/kWh]

BSFC
FAT
[g/kWh]

1 50 1000 28 799 1007.9 33 43 167.1 1,800 206.7 196.8

2 75 1000 41 1198 1007.5 33 42 244.0 1,920 201.9 192.3

3 85 1000 45 1361 1007.2 34 39 269.3 1,920 196.3 187.0

4 100 1000 54 1599 1006.3 36 38 321.3 2,040 199.5 190.0
fr
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benchmark for assessing data variations subsequent to a period of

engine operation.
The system compares the calculated exhaust gas flow rate with

the measured value of the hot wire flowmeter, and the cylinder

cooling water flow rate with the measured value of the ultrasonic

flowmeter. The error does not exceed 4%. The specific heat value of

the exhaust gas was measured offline. The error between this value

and the calculated value in this paper is not more than 2%. This

shows that the accuracy of the model is acceptable. The comparison

results also need to be verified by the actual measurement of

multiple ships. This article only makes a qualitative description.
Frontiers in Marine Science 05
5.1 Calculation of energy consumption
distribution

Calculate the energy consumption distribution of various

working conditions, as shown in Table 5.

Taking the test data of 25% load condition, that is, when the

shaft power is 400 kW, as an example.

This round does not install an exhaust gas boiler, and

consequently, the proportion of power loss discharged into the

atmosphere is substantial.

The energy consumption distribution for each test data set at

loads of 50%, 75%, 85%, 100%, and 110% is calculated using an

identical methodology.
5.2 Engine energy consumption
distribution analysis

The energy distribution at various loads is shown in Table 6:

Based on the table, the energy distribution across various loads

can be discerned, as illustrated in Figure 3. The allocation of power

is categorized into three distinct groups:

The first group encompasses scenarios where the proportion of

each load remains largely constant. Within this group, the heat

carried away by freshwater serves as a typical example. Additionally,

exhaust losses beyond 75% load also adhere to this pattern.

The second group comprises situations where the proportion of

each load increases in tandem with the load increase. This group

includes shaft power and power absorbed by the supercharger.

Notably, shaft power remains relatively stable beyond 85% load.
FIGURE 2

The fitting curve of fuel consumption rate and power of the main generator set engine.
TABLE 2 Three representation methods of fuel consumption rate.

Fuel consumption
rate parameters

Physical meaning of parameters

By Specific fuel consumption of the main fuel
under test ambient conditions

Br Specific fuel consumption under standard
reference conditions

BSFC FAT comparison value for BSFC
TABLE 3 Test fuel consumption rate.

Power (kW) Gas consumption rate (g/kWh)

798 211.3

1199 200.0

1358 198.6

1600 198.9
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The third category pertains to a situation where the proportion

of each load diminishes as the load increases. This is categorized

under other losses.

Initially, the augmentation in load is accompanied by an

escalation in the proportion of supercharger absorption power,

further substantiating the conclusion that supercharger absorption

power correlates positively with an increase in load.
Frontiers in Marine Science 06
5.3 Calculation of excess air coefficient

The intake volume flow rate is calculated based on the

displacement speed per revolution. Subsequently, the inlet flow is
TABLE 6 Input power distribution table of main generator engine under different loads.

Relative load 25% 50% 75% 85% 100% 110%

Power absorbed by the supercharger 4.74% 7.43% 11.00% 12.25% 13.54% 14.54%

Exhaust power loss 25.58% 27.42% 24.19% 23.81% 23.06% 23.23%

Other power loss 30.99% 22.68% 21.33% 19.45% 19.67% 18.33%

Heat carried away by freshwater 2.57% 1.92% 1.97% 1.79% 1.72% 1.58%

Shaft power 36.12% 40.55% 41.51% 42.70% 42.01% 42.32%
TABLE 5 Distribution of input power of main generator engine at
25% load.

Item Power value (kW)

Input power 1107.54

Power absorbed by the supercharger 52.52

Exhaust power loss 283.34

Heat power carried away by freshwater 28.42

Other lost power 371.68
Other lost power includes friction loss, heat radiation to the environment, and so forth. Most
of the energy is difficult to measure.
TABLE 4 Fuel calorific value test values.

Test items Test values

Lower heating value during test
(MJ/kg)

42.950

Lower heating value (ISO) (MJ/kg) 42.700

Mechanical efficiency 0.90

Tolerance 0.05
FIGURE 3

The energy distribution diagram of the engine at different loads.
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determined according to the inlet temperature and pressure. Assuming

complete fuel combustion, the exhaust gas flow can be derived as the

summation of the intake flow and fuel flow.

The air required for the complete combustion of fuel is intricately

linked to the composition of the fuel. Depending on the flow rate and

type of fuel, the airflow necessary for combustion can be ascertained.

Furthermore, by analyzing the flow rate and actual air intake, the excess

air coefficient of the engine can be computed.

The product resultant from the complete combustion of fuel varies

based on the fuel type and can be estimated using an empirical formula.

The exhaust gas consists of the products of the complete combustion of

fuel oil and the residual air. The specific heat capacity of the exhaust gas

is calculated using an empirical formula that corresponds to the excess

air coefficient and fuel type. Additionally, the power released by the

exhaust gas in the supercharger, flue, and exhaust gas boiler is

calculated based on the specific heat capacity of the exhaust gas, its

flow rate, and the temperature change of the exhaust gas.

This methodology eliminates the need for the installation of

additional sensors. The calculation accuracy is minimal when

compared to the measurement data obtained from sensors.
5.4 Analysis of excess air coefficient

The excess air coefficient of the engine at each load is shown in the

Table 7.

The excess air coefficient denotes the ratio of actual air supplied to

the theoretical air required for fuel combustion. It serves as a crucial

parameter that mirrors the proportion of fuel to air, typically represented

by the symbol “l.” An excess air coefficient greater than 1 signifies that

the actual air supplied exceeds the theoretical amount, aimed at ensuring

complete combustion of the fuel. Nevertheless, an excessively large or

small excess air coefficient can adversely affect combustion. Various

combustion equipment possesses its optimal excess air coefficient value.

Based on classical diesel engine theory, the excess air coefficient typically
Frontiers in Marine Science 07
ranges between 0.85 and 1.2. Currently, due to heightened engine

emission standards, the excess air coefficient is progressively increasing.

The measured excess air coefficient in this instance has surpassed 2.

According to classical diesel engine theory, the output power of the

supercharger augments with the augmentation of engine power, with

the former increasing at a faster rate than the latter. This results in the

output of supercharged air being greater than the air required by the

engine under high load conditions. The former assertion is

corroborated by the measured results from this instance. However,

the latter has yet to be verified. Refer to the calculation results presented

in Section 5.2, the relationship diagram of Figure 4 is obtained.

Observations indicate that the excess air coefficient continues to

decrease as the load increases. Specifically, at a load of 25%, the

excess air coefficient is notably higher, potentially attributed to the

activation of the auxiliary fan at this particular load level. Beyond

50% of the load, the excess air coefficient remains relatively stable

before experiencing a slight decline.

The underlying cause of this phenomenon may lie in the

optimized flow characteristics of the supercharger, resulting in

improved output characteristics and better engine compatibility.

Notably, the most significant improvement can be attributed to the

enhancement of the impeller profile of the supercharger compressor.
FIGURE 4

Excess air coefficient-relative load diagram.
TABLE 7 Engine excess air coefficient at various loads.

Serial
number

Relative
load

Excess
air coefficient

1 25% 2.42

2 50% 2.09

3 75% 2.05

4 85% 2.07

5 100% 2.02

6 110% 2.01
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6 Conclusions

The relationship between engine efficiency and power exhibits a

parabolic nature. Determining the optimal number of engines to

operate under varying working conditions is a crucial task for ship

engine management personnel in maintaining ship efficiency. Based

on the analysis presented in the second section, alongside the actual

operating conditions of the ship, turbine management personnel

can devise a strategy to achieve an economically conformal

distribution management approach.

The amount of energy consumed by the exhaust gases within the

turbocharger is intimately linked to the operating state of both the

turbocharger turbine and the compressor. On vessels equipped with

exhaust gas boilers, a comparison between the energy consumption and

the exhaust gas energy obtained provides insights into the operational

status of the exhaust gas boiler, including flue flow resistance and heat

transfer thermal resistance. This relates to pollution on the flue side of the

exhaust gas boiler and the structure of the water side. The excess air ratio is

tightly correlated with the engine’s operating condition and efficiency.

Classical textbooks often delve into these discussions, and theoretically,

engineers shouldmaster the corresponding analysismethods. As engineers

become more familiar with the system, their utilization of these data

expands, which hinges on the accumulation of practical experience.

Drawing from engine test data and leveraging the functionality

of the intelligent ship energy consumption monitoring system, an

analysis is conducted on the energy consumption distribution of the

new ship’s engine and the calculated results of intermediate

parameters. This analysis offers a methodology for validating the

intelligent ship energy consumption monitoring system. The

calculation results reveal the following:
Fron
1. The mathematical model satisfies the energy consumption

monitoring requirements for intelligent ships stipulated by

the China Classification Society. Practical ship installation

has proven the model’s robust performance.

2. The model provides intermediate variables such as the excess

air coefficient, aiding ship management personnel and shore-

based management in analyzing engine operating conditions.

3. As the engine load increases, the energy consumption

distribution across each link undergoes changes. Marine

managers should assess the engine’s running state and

perform fault diagnosis based on the variation in these

data and the rate of change.

4. The model is employed to compute the prime mover test

data for the main generator set. It is found that the excess

air coefficient exceeds 2, indicating that the machine utilizes

oxygen-enriched combustion technology to enhance

emission performance. Significant advancements have

been made in its turbocharger output characteristics and

engine matching optimization technology.
In response to this design change, engine managers should

scrutinize the engine’s operating parameters. They must adapt to the

management shifts resulting from the evolution of engines towards
tiers in Marine Science 08
both economy and environmental friendliness. Currently, the turbine

management community should consolidate experience in this field

and propose management practices tailored for this type of engine.

The theoretical calculation of the system incorporates numerous

assumptions. For instance, fluid leakage is not considered in flow

calculations, the mixing of fresh and waste gases is overlooked, and a

simplified empirical formula is adopted for waste gas composition. In

the next phase, the system’s mathematical model will be upgraded

through the incorporation of various precise sensors and artificial

intelligence algorithms.
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Glossary
Pin input total power
Frontiers in Marine Sc
PS shaft power
Pc coolant away from the power
Pl unaccountable-for losses
Pt supercharger absorption of waste gas power
Pb the power of waste-heat boiler to absorb waste gas energy
Pa discharge of atmospheric loss power
Pg grid power of the unit
V the low thermal energy of heavy oil
Q the flow rate of heavy oil
JG a certain time interval of the measurement system
h generator efficiency
Tout outlet temperature
Tin Inlet temperature
Qc coolant flow rate
C specific heat capacity of coolant
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