1. Introduction

In recent years, the Inter-
national Maritime Organization
has paid considerable attention
to solving the problem of improv-
ing the energy efficiency of ships.
Within the framework of this
work, a number of measures have
been implemented and applied in
practice: calculation of the ship’s
energy efficiency ratio, develop-
ment and implementation of an
energy efficiency management
plan on ships, and the obliga-
tion to obtain a new international
certificate from 2023. However,
real practical results have not yet
been achieved - merchant ship-
ping already accounts for more
than 3 % of greenhouse gas emis-
sions, and this figure is growing
from year to year.

The reason for this effect lies
in the lack of a systematic sci-
ence-based approach to the issue.
Attempts are made to control the
amount of carbon dioxide emis-
sions during the operation of the
ship, although the foundations
are laid at the stages of design,
construction, modernization and
repair.

This study aims to develop a
comprehensive model for man-
aging the energy efficiency of a
ship throughout its life cycle. It
is proposed to use the cost of the
full cycle and the energy efficien-
cy factor as the target functions
of the model. A method for solv-
ing the problem of two-criteria
optimization is proposed. The
use of this model will signifi-
cantly reduce greenhouse gas
emissions.

2. Methods
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- improvement of the sys-
tem of technical maintenance of
ship technical means, devices,
systems and hull structures [10].

It should be noted that since
2008, after the 57th session of
the Marine Environment Pro-
tection Committee, studies have
begun on the development of
measures aimed at increasing
the energy efficiency of ships
under construction. In the doc-
ument [5], a formula was first
proposed for determining the
value of the constructive CO,
index [g CO,/(t-miles)]:

CO, -Index = M,

DW-v_
where Ky - conversion factor that
determines the amount of CO, in
exhaust gases and depends on the
type of fuel;

g — specific effective fuel
consumption, g/(kW-h);

N, - power of the ship power
plant, kW;

DW - ship deadweight, thou-
sand tons;

Ymax — Maximum speed of the
ship, knots.

In the following years, the
energy efficiency management
model has been significantly im-
proved. The main indicator was
named the Energy Efficiency De-
sign Index (EEDI) and began to
take into account the level of uti-
lization of flue gases. In addition,
the new formula, given in [6],
contains correction factors that
allow taking into account the
design features, waves and wind
force, etc. The studies carried

out by Deltramarine Ltd (Finland) [7] made it possible to build

EEDI baselines for ships of various types.

The problem of increasing energy efficiency in merchant
shipping has been the focus of specialists’ attention for the
last decades. The adopted and entered into force resolutions of
the International Maritime Organization (IMO) [1-4] require
ship-owners to develop and implement energy efficiency man-
agement plans, which is defined as the amount of CO, in tones
emitted by a ship during a voyage per ton of cargo transported
per 1 mile. This approach made it possible to optimize the solu-
tion of a number of operational tasks, namely:

- more thorough planning of the voyage: choosing a route
taking into account the weather forecast, optimizing the speed
of the flight, taking into account the preliminary interaction
with the ports of call;

- selection of the type of fuel and the depth of heat utiliza-
tion in the ship’s power plant;

- management of loading and unloading operations and
ballasting in order to create an optimal trim;
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It should be noted that a number of researchers consider
it inappropriate to use EEDI to reduce greenhouse gas emis-
sions [8], since this approach is aimed only at reducing the
power of the power plant.

While recognizing the positive results from the introduction
of an energy efficiency management system, it should be noted
that the total effect is clearly insufficient. Statistics show that over
the past decade, total CO, emissions have increased by almost
50 % and amounted to almost 1.5 billion tons in 2020, which is
3.3 % of total CO, emissions from fuel combustion. The aim of
the proposed study is to develop an integrated model that will
optimize the control of a ship at various stages of its life cycle, us-
ing the ship’s energy efficiency coefficient as a control parameter.

3. Results
In [9], the authors propose the use of a model for calcu-
lating the cost of the life cycle of a ship to solve a number of
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management tasks, in particular, determining the period of the
ship’s decommissioning, proving the feasibility of performing
modernization work, optimizing the scope and timing of repair
work, etc.

The value of the total costs for all stages of the ship’s life
cycle, including disposal costs, is used as an objective function
in this model.

The system of elements and connections that simulates the
propulsive complex, other devices and systems of the ship can
be represented as a graph, in which each piece of equipment
corresponds to the top of the graph, and connections between
equipment items or to external objects are a graph arc. Some
vertices can be connected not by one, but by several oppositely
or equally directed arcs. In each k-th element of the power plant
equipment, the nature, quantitative dependencies and direction
of the processes are controlled by the laws of thermodynamics,
hydrodynamics, etc.

The dependencies between the parameters of the links can
be uniquely and uniformly described by the equations of energy,
consumption and hydraulic balances in the elements of equip-
ment, as well as by the equations for changing the enthalpy of
each of the types of energy carriers. The system of equations
of balances in the elements of equipment establishes such a
relationship between the thermodynamic and consumption
parameters of the connections, which ensures the receipt of a
given stationary load of the installation with certain structural
and layout characteristics.

The equations for the entire installation and its external
connections, referred to the same time interval, are as follows:

- the energy balance equation for each k-th piece of equip-
ment

Jx-N

>

j=1

(YGh) + 3. (1), =0; M

n=1

- the equation of the balance of consumption for each I-th
energy carrier of the k-th piece of equipment

Ju

2 G]. =0; )]
=l

- the equation of the hydraulic (aerodynamic) balance for
each I-th energy carrier of the k-th piece of equipment

(P Fap=p"), =0; ©

- the equation of the change in the enthalpy of the I-th ener-
gy carrier in the k-th equipment element

(WFAh—R"), =0 )

In formulas (1)-(4), the following designations are adopted:

- G - energy consumption;

- N - power of electrical or mechanical connection;

- p - pressure of the energy carrier for the outgoing (‘) or
incoming (“) connection of an item of equipment;

- h - enthalpy of the energy carrier for the outgoing (‘) or
incoming (“) connection of the equipment item;

- Ap and Ah - characteristics of changes in pressure and
enthalpy of processes in the elements of equipment;

- Yk - coefficient that takes into account the energy losses of
the binder flow into the environment.

There are complex dependencies of various kinds between
the parameters and technological characteristics of individual

18

elements of the power plant equipment. Establishing these de-
pendencies is the task of joint thermal, hydraulic, aerodynamic
and strength calculation of elements. The main characteristics
for the heat-power part of the installation are taken as follows:

— characteristics of the pressure change of each I-th energy
carrier in each k-th piece of equipment (for heat exchangers,
pipelines, collectors):

Ap, = Apy (szf); ®)
where Z; - set of parameters of connections of the k-th element
of the installation;

Z - design parameters of the installation;

— characteristics of the change in the enthalpy of each I-th
energy carrier in each k-th piece of equipment:

)|n.,

where the values of the internal relative efficiency of the ele-
ments are determined using the corresponding submodels;

— characteristics of the average flow rate of the I-th energy
carrier in each k-th piece of equipment (for heat exchangers,
pipelines, etc.):

Ahy, = [hiz —h (PIZ’ Su (6)

szzwi(zk’zf); 7
- characteristics of the highest wall temperature for each

g-th structural part of each k-th piece of equipment made of

material of type m:

tqu = tqm (Zk ’Zlf )’ (8)

— characteristics of the absolute or relative wall thickness of
each g-th structural part of each k-th piece of equipment made
of material of type m:

quk = qu (Zk’Zf); (9)

— characteristics of the consumption of metals and other m-x
materials for each g-th part in each k-th piece of equipment [11]:

K

Gy =G, (2, 25). (10)

The influence of the remaining parameters of the installa-
tion Z and ZX, which are not related to this k-th piece of equip-
ment, on the characteristics of this piece of equipment is implic-
itly manifested through their relationship with the parameters
of this piece of equipment. The characteristic expressions take
into account the operating conditions of the installation at both
nominal and partial loads.

For given types and materials of equipment elements or
their structural parts, limiting conditions are imposed on the
characteristics of the type, reflecting the requirements for
manufacturability and long-term reliable operation of the in-
stallation.

The value of the cost function for all stages of the life cycle,
taking into account discounting, will be:
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where Cpp- costs of designing and building the ship, its
commissioning;

Cg - operating costs (crew maintenance, insurance, property
tax, operating costs during operation);

Cr - cost of fuels and lubricants (fuel), which is calculated
taking into account the intrinsic value of inflation - I

Cg - repair costs, including the cost of replacement parts
and repair materials;

Cy - cost of ship recycling;

K - discount factor.

nME *
(Hjilf))( RME{CFMEiSFCMEi)+ PAECFAESFCAE

i=1
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EEDI = +
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there is a device for transferring mechanical power from the
main engine to the CPP, connected to the line of the shaft or
gearbox. The parameters of the device were taken on the basis
of estimates based on specific data, depending on the type of
ship in the form of regression curves. If the boat is equipped
with a fixed pitch propeller, it is assumed that this device does
not exist [8].

Thus, the presented model includes two objective func-
tions (11), (12), and the region of its admissible solutions is
formed by the system of equations and inequalities (1)-(10).

4. Discussion
A method for solving the problem of energy effi-
ciency. The performed analysis of modern complex
power plants shows the presence of a nonlinear nature

fi-Capacity -V, f,

where V- sheep speed;

Capacity - ship displacement;

fi fp fw— factors that take into account the effect of
displacement, design features and conditions of waves and
wind, respectively;

Pygi — design power of the main engine, equal to 75 % of its
rated power minus the power consumed by the shaft generator
(if any);

P4p — design power of auxiliary engines;

Ppri) — power equal to 75 % of the rated power consumed
by each propeller electric motor excluding mechanical losses
(this indicator should be taken into account when there is a hy-
brid propulsion system with a combined propeller drive);

Pypg - electrical power as a result of heat recovery from the
main engines;

SFCyp - specific effective fuel consumption by main and
auxiliary engines;

Crmei Crapi — CO, emissions from the main and auxiliary
engines;

fefr— coefficient of efficiency of innovative technologies for
energy production;

P~ power developed as a result of the use of innovative
technologies for energy production;

Cefy — CO, emissions as a result of the use of innovative en-
ergy production technologies;

SECyg - specific effective fuel consumption, determined on
the basis of universal characteristics. The types and parameters
of the main engines were obtained from the Lloyds Register
HIS Fairplay (LRFP - Lloyds Register HIS Fairplay) database in
accordance with the International Standard ISO 3046-1 with a
tolerance of +5 %.

Ppri0) — power, calculated based on the assumption and
regression analysis of the data. In case the ship is equipped
with a controllable pitch propeller (CPP), it is assumed that

, (12) of the dependences between thermodynamic and
consumption parameters, nonlinearity of the depen-
dences of the characteristics of equipment elements
and their limitations, as well as the nonlinearity of the depen-
dence of the target function on the same sets of parameters.
Consequently, this problem belongs to the class of nonlinear
programming problems in their most general formulation.

In the proposed model (1)-(12), a number of parameters
have a continuous character of change, or the assumption of
the continuity of change in the considered area is admissible
for them. The rest of the design parameters of individual
equipment elements have a pronounced discrete nature of
the change. Therefore, it is advisable to divide the problem of
complex optimization of the ship’s energy efficiency into two
parts: first, to determine the optimal values of continuously
changing parameters, and then to optimize the discrete pa-
rameters. The following sequence for solving this problem is
proposed:

- preliminary analysis of options for a ship of various di-
mensions, equipped with different types of propulsion;

— for each of the options, the choice of various types of pow-
er plants, ship systems and devices;

— calculation of the EEDC, the minimum value of which
will allow to determine the optimal composition of the power
plant;

- using formula (12) as an additional constraint using the
linear programming method with an objective function (11) to
make the final calculation of the main characteristics, parame-
ters and operating modes of the ship.

5. Conclusions
The use of the proposed model makes it possible to improve
the quality of the ship’s energy efficiency management and,
in a complex, solve the problems of minimizing the costs of a
ship-owning company, reducing the amount of greenhouse gas
emissions and maintaining the required level of safety in com-
mercial shipping.
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