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Abstract. The conventional port distribution power system is being disrupted by increasing distributed generation (DG) levels based on inte-
grated energy. Different new energy resources combine with conventional generation and energy storage to improve the reliability of the systems.
Reliability assessment is one of the key indicators to measure the impact of the distributed generation units based on integrated energy. In this
work, an analytical method to investigate the impacts of using solar, wind, energy storage system (ESS), combined cooling, heating and power
(CCHP) system and commercial power on the reliability of the port distribution power system is improved, where the stochastic characteristics
models of the major components of the new energy DG resources are based on Markov chain for assessment. The improved method is im-
plemented on the IEEE 34 Node Test Feeder distribution power system to establish that new energy resources can be utilized to improve the
reliability of the power system. The results obtained from the case studies have demonstrated efficient and robust performance. Moreover, the
impacts of integrating DG units into the conventional port power system at proper locations and with appropriate capacities are analyzed in
detail.
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1. INTRODUCTION
Low-carbon emission and efficient and reliable operation of
various energy resources and storage systems are the main top-
ics in research on power systems. This leads to integrated en-
ergy systems (IES), which comprises electricity, natural gas,
heating/cooling, and other energy resources. One solution may
be the introduction of technologies behind microgrid and IES
concepts into port energy infrastructure [1]. In some respects,
this can be extended to the IES concept. However, the level of
the system complexity increases with the inclusion of local, re-
newable sources, stand-by and emergency sources, and energy
storage devices [2]. One must also remember that the demand
varies during various port facilities operations, including shore-
to-ship supply systems. Therefore, requirements for the safety
and reliability of the port systems increase.

IES directly connects the various energy consumers and dif-
ferent forms of energy with flexible topological structures. This
concept makes the interdependence of subsystems possible and
leads to a reliability problem since the intermittent and volatile
character of wind/solar energy negatively impacts the reliabil-
ity of port distributed power grids. Reliability is the probability
that a power system will perform its functions under normal op-
erating conditions without failure within a stipulated period [2].
The purpose of the reliability analysis is to assess a failure im-
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pact on components and systems, thereby improving the design
or preventing unacceptable consequences for port distributed
power systems [3].

In the past, efforts were mainly concentrated on the reliabil-
ity assessment for simple subsystems, such as electricity, natu-
ral gas, wind/solar and other systems [4,5]. Therefore, research
for an accurate reliability assessment is required for a port dis-
tributed power system based on integrated energy.

Several methodologies have been proposed for the aim. The
impact of renewable distributed generation and energy storage
units on a conventional distribution system’s reliability has been
studied in [6]. Li et al. [7] have proposed a security-constrained
bi-level economic dispatch model for an integrated natural gas
and electrical system considering wind power and a power-
to-gas process. Despite these efforts, the reliability evaluation
of IES is still at an early stage. Gonzalez et al. [8] have per-
formed a novel approach to evaluate a power system’s renew-
able energy accommodation capacity with wind power and pho-
tovoltaic integration. At the same time, the new concept of
weather influence factor is presented to reflect the uncertainty
of wind and photovoltaic output. Das et al. [9] have carried out
a feasibility and techno-economic analysis of stand-alone and
grid integration with different system configurations of photo-
voltaic, wind, diesel and battery energy sources based on the
hybrid energy system for five different climatic regions by us-
ing a hybrid optimization model for electric renewables. The
case results proved that a photovoltaic/wind/diesel/battery hy-
brid energy system is more efficient and reliable for the region
than the stand-alone system.
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A multi-objective function is proposed in [10] to determine
the optimal locations to place DGs in the distribution system to
enhance reliability and voltage profile. Moreover, the impact of
variable distributed energy resources capacity penetration lev-
els on system reliability and voltage profile improvement is also
analyzed. A new method for optimal allocation of DG units in
the transmission systems is proposed in [11] based on opera-
tional indices to improve reliability.

In the literature, several methods are available to calculate
network reliability. The Monte Carlo simulation technique has
been used to estimate reliability indices [12]. The Monte Carlo
simulation results illustrate that the stochastic behavior of the
new energy technologies plays an important role in determin-
ing the reliability indices. This method takes up large computa-
tional times when applied to the large electrical power networks
that contain multi-objective functions.

Large systems are characterized by an extensive number of
Markov states, resulting in a necessity to replace analytical
methods with simulation programs. A method for assessing the
current reliability of a power system with an equivalent model
based on a Markov chain was proposed by Wang et al. [13].
Al-Muhaini and Heydt [14] presented the reduction and trunca-
tion techniques to overcome problems associated with the use
of a large number of components and states in Markov matrices.
This method yields more information on the load points and
system reliability indices when compared to the Monte Carlo
simulation. Although many approaches have been proposed to
improve the reliability assessment of a conventional distribu-
tion system, the stochastic character of the wind/solar units and
their impact on the reliability assessment have not been fully
addressed.

The reliability model presented in this paper is intended for
port power system reliability evaluation, and it is based on
Markov chains. This paper aims to consider the new energy
sources in conjunction with their stochastic characteristics to
enhance the reliability assessment of the port power system.
Reliability models are developed for wind/solar energy, en-
ergy storage and natural gas-to-power systems. Analytical al-
gorithms are designed to calculate reliability indices. The main
contributions are as follows:
1. Development of a model with energy distributed generation

units that will assess the reliability of port power systems
based on the integrated energy concept.

2. Application of a Markov model of the distribution power
system, taking into account the stochastic characteristics of
DG units.

3. Assessment of the benefits of using integrated energy sys-
tems in ports, the effect of the voltage profile on the relia-
bility analysis is also investigated.

2. PORT DISTRIBUTED GENERATION SYSTEM
There is no internationally accepted definition of DG. DG has
been described as being small scale [15], is an electric distribu-
tion system that can operate within or independent of the entire
power network. Different new energy resources combine with
conventional generation and energy storage to improve the sys-

tems’ reliability reduce cost. This opens new possibilities for
the systems control and operation to improve their efficiency
and leads to new problems with their design and reliability as-
sessment.

In this paper, the proposed port distribution power system
consists of wind/solar and energy storage systems combined
with cooling, heating, and conventional systems, including
commercial systems. It is designed to meet the port load re-
quirements and the system constraints. Owing to the fact that
wind and solar power output changes with time, the power gen-
erated from the systems must be stored in the energy storage
system, which will reduce the power outage time and increase
the efficiency of the port power system [16]. This section briefly
presents the modelling of the new DG system, including solar,
wind, energy storage systems and CCHP system. It provides ba-
sic information about the characteristics of these systems, par-
ticularly the impact of weather factors.

2.1. Solar system
Recent technical and economic advances have made solar en-
ergy a practical alternative for electric power generation. In
China, most coastal ports are located in regions with abundant
solar energy resources suitable for the construction of solar en-
ergy generation projects, where the average yearly global so-
lar radiation is about 1349.44 kWh/m2 [17]. As a new energy
source, solar systems have great potential for satisfying increas-
ing energy needs in ports. Unlike other new energy sources,
the solar system enables us to take advantage of existing build-
ing surfaces to produce energy onsite where it is required [18].
Moreover, the power output of a PV system depends on the
sun’s location in the sky, solar radiance and operating temper-
ature [19]. The output of the solar system can be expressed
as [20]: 

Tc = Ta + Iβ ·
{

Not −20
0.8

}
,

I = Iβ · {Isc +Kc · (Tc−25)} ,

V =Voc−Kv ·Tc ,

FF = (Vmp · Imp)/(Voc · Isc),

Ppv(Iβ ) = N ·FF ·V · I,

(1)

where Tc is the cell temperature, Ta is the ambient temperature,
Not is the nominal cell operating temperature, Voc is the open-
circuit voltage, Isc is the short circuit current, Vmp and Imp are
the voltage at maximum power and the current at maximum
power, Ki and Kv are the current temperature coefficient and the
voltage temperature coefficient respectively, while FF is the fill
factor.

2.2. Wind system
Nowadays, wind energy plays an increasing role in provid-
ing electricity worldwide due to its advantage as a clean en-
ergy source. Next, offshore wind energy systems have a clear
advantage compared to onshore generation, like higher wind
speed, more flexible locations and lesser concerns around tur-
bine noise [21]]. Port areas have the natural geographical ad-
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vantages for a wind generation system. The output power of the
wind system depends on the wind speed, swept area of the ro-
tor, air density, aero-turbine and efficiency of gearbox and gen-
erator, etc. The mathematical expression for estimation of the
power output of the wind system is presented in (2) [22]:

Pw(v(t)) =


0 v(t)< vci or v(t)> vco

Prated
v(t)− vci

vr− vci
vci ≤ v(t)≤ vr ,

Prated vr ≤ v(t)≤ vco ,

(2)

where Prated is the rated power output of the wind turbine, vci is
the cut-in wind speed, vr is the rated wind speed, vco is the cut-
out wind speed, and Pw is the power output of the wind speed.

2.3. Energy storage system
Since new energy resources are naturally intermittent, an en-
ergy storage system is required to optimize their energy utiliza-
tion [23]. The main role of ESS in a DG is to maintain stability,
facilitate the integration of the new energy and improve power
quality. Fast response ESS can damp electromechanical oscil-
lations in power systems because they can provide storage ca-
pacity in addition to the kinetic energy of generators with the
ability for sharing sudden changes in power [24]. The batteries
act as an energy storage subsystem modelled as a single equiv-
alent battery. The energy balance defines the batteries state of
charge Ebin in kWh [24]:

Ebat(t) = Ebat(t−1)+Ebin(t) · (ηBC−ηAD)

− Ebout(t)
ηBD ·ηDA

∀ t, (3)

where Ebout(t) is the energy used from the batteries, Ebin(t) is
the energy available to charge the batteries in the time step t,
ηBC and ηBD are the batteries’ charge and discharge efficiency,
ηAD is the power equipment efficiency in AC-DC and ηDA is
power equipment efficiency in DC-AC.

2.4. CCHP system
A typical CCHP system with hybrid chillers consists of a power
generation unit (PGU), a heat recovery system, an absorption
chiller, an electric chiller, a heating coil and a boiler [25]. CCHP
system can be interconnected to DG system due to a stable sup-
ply of natural gas. Thus, the operational stability and economic
efficiency of DG system can be greatly improved. Coordination
of the CCHP system operation and the port distribution power
system is essential for improving economic efficiency, reducing
pollutant emissions and alleviating the uncertainties of renew-
able sources and load demands. The electrical energy balance
is as follows [26]:

Egrid = Ed +Eec +Es−EpguEpgu < Ed +Eec +Es

Eexcess = Epgu−Ed−Eec−EsEpgu ≥ Ed +Eec +Es ,
(4)

where Egrid and Eexcess are the amounts of electrical energy sent
from the grid and the excess electricity produced by the PGU

that can be sold back to the grid. Epgu is the electrical energy
generated by the PGU, and Ed is the electrical energy demand,
while Eec and Es are the electrical energy amounts supplied to
the electric chiller and consumed by the CCHP system.

2.5. Integrated energy hybrid system
The balance between the amount of energy that is used, in-
cluding demand, plus the remaining charge values of the bat-
teries and the available energy, including wind/solar/batteries
discharge/CCHP/commercial power energy, is as follows:

Edem(t)+Ebat(t) = Epv(t)+Ew(t)

+Epgu(t)+Ebout(t)+Ecp(t), ∀ t, (5)

where Edem(t) is the loads power demands, Eban(t) is the en-
ergy to charge the batteries, Epv(t) and Ew(t) are the used en-
ergy from the wind and solar systems. Epgu(t) is the energy pro-
duced by the CCHP system, Ebout(t) is the energy used from the
batteries and Ecp(t) is the power supplied by the power utilities.

3. RELIABILITY ASSESSMENT OF PORT POWER SYSTEM
The reported power outages in the distribution systems are
about 80% of the total outages in the port power system. Conse-
quently, the port power system requires a reliable power supply
for power outages, and reliability assessment is vital for the sys-
tem operation.

The failure of distribution components causes service inter-
ruptions, thereby decreasing system reliability. In this study, the
reliability of the port distributed power system is evaluated us-
ing the Markov method analysis. A flowchart of the reliability
assessment for the port power system is depicted in Fig. 1. The
impacts of the DG system on the port power system’s reliability
are compared by using different combinations of wind energy,
solar energy, ESS, CCHP and commercial power.

Fig. 1. Reliability evaluation flow char
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This section provides a concise and precise description of the
experimental results, their interpretation and conclusions.

3.1. Time-varying failure rate model
Traditional reliability assessment ignores the impact of oper-
ation life, maintenance plan, and other factors on the equip-
ment failure rate and considers the equipment failure rate con-
stant. It was shown that this Weibull distribution function could
describe the failure rate curve of equipment [27]. The used
Weibull distribution function can be expressed as:

λ (t) = ktβ−1, (6)

where k is the scale parameter (initial failure rate, the failure
rate distribution curve is continuous in time), β is the shape pa-
rameter. The two-parameter Weibull model (λ (t) =mtm−1/ηm)
is influenced by shape parameters m and scale parameters η .
Considering that the failure rate curve of the equipment is in
the shape of a bathtub, function (6) can more vividly express
the failure rate curve of the equipment.

The average failure rate replaces the time-varying failure
rate of the equipment lacking failure statistics. The modified
one-parameter Weibull distribution function can be presented
in (7) as:

λ (T ) =


λavgeβ0T 0 < T ≤ T0 ,

λavgeβ1T T0 < T ≤ T1 ,

λavgeβ2T T1 < T ≤ T2 ,

(7)

where λavg is constant, that means the average failure rate, β0
is the shape parameter in the initial period T0, β1 is the shape
parameter in a stable period T1, and β2 is the shape parameter
in wear-out failure period T2. In the initial failure phase 0 <
T < T0, β = β0 < 0, the time-varying failure rate decreases with
an increase of the service life T , where the failure rate only
changes with the service life of the equipment and its value is
constant in the reliability evaluation of a certain year. The time-
varying failure rate is constant in a stable period T0 < T < T1,
b = b1 = 0. In wear-out failure period T1 < T < T2, β = β0 > 0,
the time-varying failure rate increases with the increase of the
service life T .

The weather is another important factor that makes com-
ponents wear out. The time-varying failure rate for the entire
model is obtained by using the equations:

λ (t) =
[
λ (T )

]θ(t)
, (8)

where θ(t) is the weather factor.

3.2. Markov reliability model
Markov chains are used to model a sequence of discrete or con-
tinuous random variables that correspond to a set of system
states [28]. A state transition matrix can mathematically rep-
resent the states and transition probabilities. For a system with
n discrete states, S1,S2, . . . ,Sn and ρi j determine the transition
from one state to another.

Most components can be denoted in a power system in two
states: up and down. It is assumed that states i and j, respec-
tively, are both up and down states. Consequently, the transition
ρi j from the up state to the down state is equivalent to the failure
rate (λi j(t)), while the transition ρi j from the down state to the
up state corresponds to the repair rate (µi j). System states are
classified as either an up or down state based on the individual
components that constitute the system.

3.2.1. Markov model for the solar system
The solar system has three important components. These are an
array of PV models, a DC/DC booster converter and a DC/AC
inverter. The effect of other components of this subsystem can
be neglected for reliability studies. The system can be repre-
sented in two states: up state and down state. Up state indicates
that all components of the system are running properly. Down
state indicates that some components of the system are faulty
or in a non-operating state. In contrast, non-operating state in-
dicates that some system components are in a derating state.
Figure 2 shows the Markov model for the PV modules, DC/DC
booster converter and DC/AC inverter with eight states.

Between the two states of PV modules, the DC/DC booster
converter and DC/AC inverter are represented by 1 and 0, re-
spectively. The running state of the whole system depends on
the state characteristics of the system’s main components. In
Fig. 2, states 1–8 are the solar system’s operating states un-
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Fig. 2. Stochastic model for the solar system
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der different working states of each component. When the PV
modules, DC/DC booster converter and DC/AC inverter are all
in the ‘up state’ that is state 1 in Fig. 2, the whole solar sys-
tem can operate normally. When any solar system component
is in the “down state” that is states 2-State 8 in Fig. 2, the whole
solar system is in stagnation or failure state. Therefore, the sys-
tem’s random probability matrix determines that the system can
only run normally when it is in state 1, and the system is in
a state of stagnation or failure when it is in states 2–8. Equa-
tion (9) gives the stochastic probability matrix for the architec-
ture shown below.

P =



λa(t) λpv(t) λbc(t) λi(t) 0 0 0 0

µpv λb(t) 0 0 λbc(t) 0 λi(t) 0

µbc 0 λc(t) 0 λpv(t) λi(t) 0 0

µi 0 0 λd(t) 0 λbc(t) λpv(t) 0

0 µbc µpv 0 λe(t) 0 0 λi(t)

0 0 µi µbc 0 λ f (t) 0 λbc(t)

0 µi 0 µpv 0 0 λg(t) λpv(t)

0 0 0 0 µi µpv µbc λh(t)




λa(t) = 1−λpv(t)−λbc(t)−λi(t)

λb(t) = 1−µpv−λbc(t)−λi(t)

λc(t) = 1−λpv(t)−µbc−λi(t)

λd(t) = 1−λpv(t)−λbc(t)−µi

λe(t) = 1−µpv−µbc−λi(t)

λ f (t) = 1−µbc−µi−λbc(t)

λg(t) = 1−µpv−µi−λpv(t)

λh(t) = 1−µpv−µbc−µi

(9)

where λpv(t), µpv, λpv(t), µbc, λpv(t) and µi are the time-
varying failure rates and repair rates of the PV modules, DC/DC
booster converter and DC/AC inverter.

The state probability matrix shows the probability of the sys-
tem residing in one of the states shown in Fig. 2. The solar
system will operate if all components are operable, otherwise
states 2–8 being a failure can be represented by absorbing states
which results in equation (10) as a truncated matrix.

[Q] = [1−λpv(t)−λbc(t)−λi(t)] , (10)

It can be assumed that the failure rate only varies with the op-
erating life of the equipment. When the reliability is evaluated
for a certain year, its value is constant. Therefore, the meantime
to failure (MTTF) for the solar system can be obtained by using
the following steps:

MTTF = [I−Q]−1 = [[I]− [1−λpv(t)−λbc(t)−λi(t)]]
−1

= [λpv(t)+λbc(t)+λi(t)]
−1

=
1

λpv(t)+λbc(t)+λi(t)
, (11)

where I – the identity matrix.

Thus, the composite time-varying failure rate for the solar
system can be expressed as:

λ1(t) =
1

MT T F
= λpv(t)+λbc(t)+λi(t), (12)

where λ1(t) is the composite time-varying failure rate for the
solar system.

The Markov state transition diagram is presented in Fig. 2
where the time-varying failure rate and repair rate are repre-
sented by λ (t) and µ , respectively. The probability of the solar
system in the up state can be presented as follows:

Pup =
µ

λ (t)+µ
. (13)

The probability of the PV modules, DC/DC booster converter
and DC/AC inverter in their up states can be denoted as:

Pup =
µpv

µpv +λpv(t)
µbc

µbc +λbc(t)
µi

µi +λi(t)
=

µ1

µ1 +λ1(t)
, (14)

where µ1 is the composite repair rate for the solar system.
The composite repair rate for the solar system is determined

using (15):

µ1 =
λ1(t)[(

1+
λpv(t)

µpv

)(
1+

λbc(t)
µbc

)(
1+

λi(t)
µi

)
−1
] , (15)

3.2.2. Markov model for the wind system
The wind system consists of three major components: the wind
turbine generator, an AC/DC rectifier, and a DC/AC inverter.
The stochastic characteristics of the wind system components
are used in this research to investigate their impacts on the re-
liability of the port power system. The Markov model for the
wind system is presented in Fig. 3. The system can be repre-
sented by a two states model, such as the up and down states
of each system component. The up and down states are repre-
sented by 1 and 0, respectively, in Fig. 3. When the wind turbine
generator, an AC/DC rectifier and a DC/AC inverter of the wind
system are all in the “up state”, it is indicated by “111” (state1)
to show that the whole wind system is operational. If any com-
ponent of the wind system is in the “down state”, it refers to
States 2–8, and the wind system is non-operational. Therefore,
the wind system is operational only if the three components are
operable. A similar approach can be used to obtain the wind
system’s generating model.

According to formula (10)–(14), the composite time-varying
failure rate and composite failure rate for the wind system can
be evaluated as follows:

λ2(t) = λw(t)+λr(t)+λi(t), (16)

µ2 =
λ2(t)[(

1+
λw(t)

µw

)(
1+

λr(t)
µr

)(
1+

λi(t)
µi

)
−1
] , (17)

where λ2(t) and µ2 are the composite time-varying failure rate
and composite repair rate for the wind system, λw(t), µw, λr(t),
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Fig. 3. Stochastic model for the wind system

µr, λi(t) and µi are the time-varying failure rate and repair rate
of the wind turbine generator, AC/DC rectifier and DC/AC in-
verter.

3.2.3. Markov model for the ESS system
The ESS system comprises of battery, charge controller and
inverter system. Other components of this subsystem can be
neglected for reliability research. Figure 4 shows the Markov
model for the ESS system. The battery, charge controller and
inverter system of the ESS system include the up and down
states. Up and down states are represented by 1 and 0, respec-
tively, in Fig. 4. When each system component is all in the ’up
state’ that means ’111’ (state1), the entire ESS system is op-
erational. If any component of the ESS system is in the ‘down
state’, this indicates System states 2–8 and the system is non-
operational. Therefore, the ESS system is operational only if
the three components are operable.

The composite time-varying failure rate and composite fail-
ure rate for the ESS system can be derived as follows:

λ3(t) = λbat(t)+λcc(t)+λi(t), (18)

µ3 =
λ3(t)[(

1+
λbat(t)

µbat

)(
1+

λcc(t)
µcc

)(
1+

λi(t)
µi

)
−1
] , (19)

where λ3(t) is the composite time-varying failure rate for the
ESS system, µ3 is the composite repair rate for the ESS sys-
tem, λbat(t), µbat, λdc(t), µdc, λi(t) and µi are the time-varying
failure rate and repair rates of the battery, charge controller and
inverter respectively.

3.2.4. Markov model for the CCHP system

The CCHP system has two major components: the gas turbine
and generator. The failure of any components will cause the
failure of the CCHP system. The Markov model for the CCHP
system is shown in Fig. 5. The gas turbine and generator’s up
state and down state are represented by 0 and 1, respectively. If
any component of the CCHP system is in the “down state”, this
indicates System states 2–4 and the system will not operate.
The system will operate only if it is in state 1. The transition
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probability matrix for the proposed system is shown below.

Pc =


p11 λgen(t) λgt(t) 0
µgen p22 0 λgt(t)
µgt 0 p33 λgen(t)
0 µgt µgen p44

 , (20)

where

p11 = 1−λgt(t)−λgen(t).

p22 = 1−λgt(t)−µgen(t).

p33 = 1−µgt(t)−λgen(t).

p44 = 1−µgt(t)−µgen(t).

According to (10)–(14), the composite time-varying failure
rate and composite failure rate for the CCHP system can be
obtained by using the following equations:

λ4(t) = λgt(t)+λgen(t), (21)

µ4 =
λ4(t)[(

1+
λgt(t)

µgt

)(
1+

λgen(t)
µgen

)
−1
] , (22)

where λ4(t) is the composite time-varying failure rate for the
CCHP system, µ4 is the composite repair rate for the CCHP
system. λgt(t), µgt, λgen(t) and µgen are the gas turbine and gen-
erator’s time-varying failure and repair rates.

3.2.5. Markov model for the commercial power system
The Markov model for the commercial power system is pre-
sented in Fig. 6, where the failure and repair rates are denoted
by λcp and µcp. The failure rate of the commercial power system
is constant due to the guarantee of a steady electricity supply.

μms λms
State1

1
down

State2

0
down

Fig. 6. Stochastic model for the commercial power system

3.3. Reliability indices of a port power system
Reliability is the probability that a power system will meet
the load requirements by shifting the distribution power sys-
tem from a single power source to a multiple power source.
The reinforcement of the port distribution power system by in-
tegrating DG should be based on technical considerations. This
will enhance the reliability of the power system and reduce the
cost of energy. The performance metrics used for assessing the
port power system include FOR, LOLP and EENS.

FOR is to assess the reliability of the generator set. LOLP is
the expected time when the power is insufficient. It can judge
that the installed capacity of the power system does not meet the
required requirements. EENS is the common independent indi-
cator in assessing the adequacy of large power grids. EENS in-
tegrates the frequency, duration of outages and the scale of out-
age events into an independent physical indicator. EENS can be
combined with an appropriate power outage loss evaluation rate
to estimate the user’s power outage cost at the load point and
the entire system. The reliability indices are briefly explained
below. Their choice reflects the topology and operation states
of the considered port power system and can verify the validity
of the proposed model.

3.3.1. Force outage rate
The force outage rate (FOR) is the probability of forced outage
with the power generation equipment, reflecting the generator
set’s reliability. The FOR can be expressed as:

r =
λ (t)

λ (t)+µ
, (23)

where λ (t) and µ are the power generation’s time-varying fail-
ure and repair rates.

3.3.2. Loss of load probability
The loss of load probability (LOLP) is the probability that the
available capacity of power generation is less than or equal to
constant load demand. The LOLP is a measure of the time when
the power system’s installed capacity cannot meet the demand.
The LOLP of a power system can be estimated by (24).

LOLP = ∑
k

pktk , (24)

where tk is the time and pk is the accumulated state probability.

3.3.3. Expectation energy not supplied
The expected energy not supplied (EENS) is the expected value
of power shortage due to the forced outage of generating units
in a power system. The utilities use this index for the reliability
assessment of a power system. The EENS can be calculated by
using the following mathematical expressions:

EENS = ∑
L

C

∑
R
(X−R)p(X), (25)

where L is the hourly load during the period, X is the outage
capacity of the power system, R is the reserve capacity of the
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power system, and p(X) is the exact probability of the outage
capacity.

4. RESULTS AND ANALYSIS
The reliability assessment technique applied in this part is to as-
sess the impact of using the solar, wind, ESS and CCHP in the
conventional port distribution system. The model developed as
a part of the study was implemented for the IEEE 34 Node Test
Feeder system, as shown in Fig. 7. The system consists of 15
loads 34 feeders. The voltage of this distribution system is 1 kV.
The detailed information about the specifications of the compo-
nents, the reliability data and load for the IEEE 34 Node Test
Feeder are presented in Tables 1, 2 and 3. Nine combinations
are presented in Table 4 to study their effects on the reliability
of the port distribution system. The specifications of these case
studies are given below:
• Reliability indices calculation for different combinations of

the port distribution system.
• DG system with different capacities is installed at bus 28.
• Combination 6 is installed at bus 3, bus 8, bus 28 and bus

31, respectively.
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Fig. 7. Single line diagram of IEEE Test Feeder

Table 1
Specifications of the components of DG system [29]

Description Solar Wind ESS CCHP

Installed
capacity

0.1 MW 0.2 MW 0.05 MW 0.1 MW

Efficiency 18.70% 45% 80–95% 80%

Other
technical
parameters

Voc = 22.30 V,
Isc = 11.89 A,
Vmp = 18.0 V,
Imp = 11.2 A,
Ki = 0.1%/◦C,
Kv = 0.38/◦C,

Ta = 30◦C,
Not = 43◦C

vci = 3 m/s,
vr = 10 m/s,
vco = 25 m/s

Case study 1: The reliability assessment is carried out on the
modified IEEE Test Feeder with the application of nine combi-
nations presented in Table 4. Figure 8 shows different configu-
rations of the DG system using Markov models to analyze the

Table 2
Reliability data of different components of DG system [30]

Description
Average

failure rate
(failure/year)

Repair rate
(repair/year)

PV 0.04 18.25

Wind turbine generator 0.05 20

Battery 0.0312 51.9671

Gas turbine 0.016 21.9

Generator 0.016 21.9

DC/DC boost converter 0.0657 62.5

DC/AC inverter 0.143 52.143

AC/DC rectifier 0.152 55.253

Charger controller 0.125 45.213

Table 3
Load data for the IEEE 34 Node Test Feeder

Description Symbol Power rating (MW)

Load points

LP1 and LP15 0.02

LP2-LP6, LP10 and
LP12-LP14

0.01

LP11 0.15

LP7 0.03

LP8-LP9 0.05

Table 4
Different combinations for the port DG system

Combinations
Commercial

power
Solar Wind ESS CCHP

1
√

2
√ √

3
√ √

4
√ √ √

5
√ √ √

6
√ √ √ √

7
√ √ √ √

8
√ √ √ √

9
√ √ √ √ √

force outage rate of the new energy units. The FOR of CCHP
is the lowest, while the force outage rate of wind is the highest
among these new energy units. Therefore, CCHP is better for
reliability than the wind unit.

The solar system, wind system and CCHP system with dif-
ferent capacities are respectively installed on the IEEE 34 Node
Test Feeder system, where the installed capacities of solar, wind
and CCHP system are 0.1–0.6 MW. The value of EENS for the
different capacities are obtained as shown in Fig. 9.
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Fig. 9. The EENS values of solar, wind and CCHP system

When the IEEE 34 Node Test Feeder system is installed only
with the solar system, the value of EENS increases slowly with
an increase in the solar system capacity. When the solar system
capacity increases to a certain extent, the value of EENS in-
creases rapidly until it stabilizes. This phenomenon is because
the solar system supplies the most power supply of the IEEE 34
Node Test Feeder system.

Conversely, when the IEEE 34 Node Test Feeder system is
installed only with the wind system, the value of EENS in-
creases gradually with the increase of the solar system capacity
greater than the value of EENS of the wind system. When the
wind system capacity increases to a certain extent, the value of
EENS also increases rapidly until it stabilizes.

Compared with the solar and wind system, the EENS value of
CCHP system decreases quickly with increasing CCHP system
capacity. When the CCHP system capacity increases to a certain
amount, the value of EENS increases slowly until it stabilizes.

The reliability of the CCHP system is better than that of solar
and wind systems. The impact of the solar system on the relia-
bility of the IEEE 34 Node Test Feeder system is relatively sta-
ble. Moreover, the installed capacity affects the reliability of the
entire system. Appropriate installation capacity is conducive to
improving the reliability of the entire system. Also, installing

a single energy system to an integrated energy system will seri-
ously affect its reliability.

The solar, wind and CCHP system combined with different
ESS system capacities are respectively installed on the IEEE 34
Node Test Feeder system, where the installed capacities of ESS
system are 0.05–0.15 MW. The value of EENS for the different
capacities are obtained as shown in Fig. 10.
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Fig. 10. The EENS values of solar, wind and CCHP system combined
with different capacities of ESS system

As seen from Fig. 10, when the installed capacity of the ESS
system reaches about 20% of the entire system, the EENS value
of the solar, wind and CCHP system combined with ESS sys-
tem capacities all reach the minimum value. This shows that
installing an ESS system with a suitable capacity can greatly
improve the reliability of the entire system.

The value of EENS of the CCHP system combined with the
ESS system decreased significantly by about 30%, achieving
optimal reliability. The EENS value of the wind system com-
bined with ESS system decreased by only about 10%. It has the
least improvement on the entire system reliability.

The integration of the nine combinations into the conven-
tional port distribution system has changed the values of the
reliability indices, as shown in Table 5. The values of LOLP

Table 5
Results for the port distributions

Combination LOLP (d/yr) EENS (MW·h/yr)

1 2.2680 0.9299

2 4.6071 0.7280

3 5.3518 0.8194

4 4.6071 0.6161

5 5.3518 0.7078

6 7.6705 0.5085

7 5.2142 0.3963

8 5.9575 0.4882

9 6.6506 0.4135
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for the distribution system reliability indices with combination
2–9 are increased by 2.3391, 3.0838, 2.3391, 3.0838, 5.4025,
2.9462, 3.6895 and 4.3826, respectively and are more than that
of the conventional power system. This increases the probabil-
ity that power generation’s available capacity is less than or
equal to constant demand. The results in Table 5 show that
the system’s reliability has improved. The value of EENS for
the distribution system with combination 2–9 is improved by
20.19%, 11.88%, 33.75%, 23.88%, 45.32%, 57.38%, 47.50%
and 55.53%. The reliability of this new distributed power sys-
tem has been greatly improved compared to the conventional
power system.

To study the influence of different locations of DG on the en-
tire system reliability, the DG system is connected to nodes 3,
8, 28 and 31 of the IEEE 34 Node Test Feeder system, respec-
tively. The system indices, i.e. SAIFI, SAIDI, ASAI, are shown
in Table 6.

As can be seen from the data, the values of SAIFI and SAIDI
decrease as the access location of DG system is closer to the
end of IEEE 34 Node Test Feeder system. The best values of
SAIFI and SAIDI are obtained for the DG system connecting to
node 31, as shown in Table. 6. The values of SAIFI and SAIDI
are very close when the DG system is connected to nodes 28
and 31, respectively. The reliability of the entire system has im-
proved when the DG system is connected to node 28 or 31 of
IEEE 34 Node Test Feeder system, where the closest load point
is large.

Table 6
System indices for a different location

Location SAIFI (f/c·yr) SAIDI (h/c·yr) ASAI

No DG 0.704 3.52 0.999598

Node 3 + DG 0.665 3.325 0.99962

Node 8 + DG 0.593 2.965 0.999662

Node 28 + DG 0.5567 2.78 0.999683

Node 31 + DG 0.5435 2.72 0.999689

Case study 2: The voltage profile of the IEEE Test Feeder at
bus 28 for all combinations is shown in Fig. 11. The voltage is
5.34% lower in the conventional port distribution power system
without new energy units. The voltage is improved due to the
contribution of the DG system, but it varies for different com-
binations. Combinations 6 and 9 seem to be the best solutions
compared with other combinations.

The IEEE 34 Node Test Feeder losses are presented in
Fig. 12. The losses of the conventional port distribution system
are the highest and reach 0.02164 MW. The losses of the DG
system reach their minimum value of 0.00042 MW for Com-
bination 8, while the loss of the distribution power system in-
creases to 0.0012 MW for Combination 9 because of increasing
capacity. This shows that increasing the capacity of the DG sys-
tem does not always reduce losses. The above analysis shows
that integrating the new energy DG units in the port distribution
power system can increase the reliability and efficiency of the
system.
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Case study 3: The port power system integrating the combina-
tion 6 unit in the port distribution power system at nodes 3, 8,
28 and 31 is considered. The voltage varies significantly at dif-
ferent nodes, as shown in Fig. 13. The voltage drops by 4.37%
at node 3 when the DG system is installed at the first end of the
lines. Installing the DG system at node 8 improves the voltage
slightly. The voltage enhancement at nodes 28 and 31 is better
than that obtained at other nodes due to heavy load.
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Fig. 13. Voltage profiles for node 3, 8, 28 and 31
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The losses of the IEEE 34 Node Test Feeder at all nodes are
shown in Fig. 14. The losses of the lines are the lowest when the
DG system is installed near node 28, representing areas with
many electrical devices. This illustrates that appropriate loca-
tion of the new energy units can reduce the losses.
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5. CONCLUSIONS
The introduction of solar, wind, ESS and CCHP systems into
the port distribution power system is key for improving its reli-
ability. The reliability assessment based on Markov chains ap-
plied to the IEEE 34 Node Test Feeder proved that the inte-
gration of DG significantly increases reliability indices, reduces
undervoltage and minimizes losses when applied at proper loca-
tions and with proper capacities. The proposed approach over-
comes the limitations and difficulties associated with evaluating
the reliability of complex power systems, which can be used to
optimally locate and size DG into the port power system to en-
hance its reliability and performance.

Future work will be extended to consider various cold iron-
ing schemes. Future ships can also be considered a hybrid sys-
tem with DGs and energy storage facilities. Therefore, future
ports can be treated as a cluster of microgrids. This opens up
new opportunities for energy management in the systems. Ships
berthing in the port could simply provide emergency energy for
the port system or additional energy storage capabilities.
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