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Abstract— In hybrid renewable energy system (HRES) with
multiple storage and auxiliary/backup components different
dispatch strategies can be defined based on the usage and
charging order of these components. This paper presents a new
formulation for size and configuration optimisation of HRES by
including the dispatch strategy as a design variable. The new
formulation is implemented in the optimisation tool MOHRES
and is used to conduct three case studies with various scenarios.
It is shown that compared to traditional method of predefining
the dispatch strategy prior to size optimisation, inclusion of the
dispatch strategy in size optimisation leads to superior solutions.
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I. INTRODUCTION

Renewable energy plays a vital role in the global energy
transition plans and power sector decarbonisation goals.
Abundance, widely available, sustainable, and emissions free
are the main features of renewable energy sources. However,
their intermittent nature impacts the reliability of renewable
energy systems and significantly if based on a single
renewable energy source.

Hybrid renewable energy systems (HRES) are
implemented to overcome the challenge imposed by the
energy fluctuation where more than one primary energy
source, with at least one renewable energy source, are used
(e.g. wind-diesel system) [1]. Consequently, HRES have large
penetration in power generation due to their capability to meet
the electricity demand in a reliable and relatively more
environmentally friendly way for both grid-connected and
standalone applications [2-4].

Energy storage systems (ESS) are another contributor to
reliability enhancement when added to renewable energy
systems. Availability of different auxiliary and storage
components with finite resources of a desired system makes
trade-off between cost, reliability, and environmental impact
inevitable hence the necessity of size and configuration
optimisation of HRES.

Flow of energy within the system is another important
matter in HRES to serve the demand load continuously and to
keep the system balanced. A dispatch strategy is needed for
the energy management system (EMS) to specify the order of
charging ESS during energy surplus period when more than
one ESS is available. Similarly, discharging order is needed to
supplement power shortage during power deficit period.
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The common practice is to set the dispatch model prior to
size optimisation process or test different dispatch strategies
to obtain best possible output of an optimal size of HRES [5-
8]. For instance, PV-Diesel-Battery and Wind-PV-Battery-
Diesel of HRES configurations presented in [9] and [10]
respectively, battery discharging is given the priority to meet
the demand level when primary energy supply falls short. In
[11] only three out of four dispatch strategies are predefined
and tested for PV-Battery- Fuel Cell hybrid system. on the
other hand, all possible dispatch models derived from Wind-
PV-Diesel-Battery-Fuel Cell/Electrolyser hybrid system
configuration has been tested and the sensitivity of dispatch
strategy on HRES optimisation is reported in [12].

In this paper inclusion of the dispatch strategy in the
optimisation process as a design variable is investigated using
the proposed formulation. Scenario-based case studies are
conducted to obtain candidate solutions for single objective
optimisation using genetic algorithm.

I1. INCLUSION OF DISPATCH STRATEGY IN THE SIZE
OPTIMISATION FORMULATION OF HRES

With the inclusion of the dispatch model in the
optimisation process the dispatch strategy of auxiliary and
storage components is not defined by the designer, it is
obtained by the optimisation instead along with the
components size and configuration of the system. The
formulation and simulation of the system optimisation process
are explained in the following subsections.

A. Problem Formulation of Optimisation

This subsection illustrates the new formulation using the
design variables and qualities. The design variables can be
divided into two categories: size variables XS and dispatch
model variables X, . Each individual design candidate is
represented by a vector X where:

X=XuX, 1)
Xs = {51,52,53, .., Sn} 2)
X4 =1{0,,02) (3)
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where, s is the size of the system’s component, 5u is usage

order of auxiliary and ESS components, 5C charging order of
storage components, N is the number of components of the
system, n is the number of auxiliary power supply
components, and m is the number of energy storage
components.

A single objective optimisation can be expressed by the
following:
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where, Y; is a desired objective of optimisation subjected to
some constraints ¥, and ¥, with lower and upper limits of
system components size X! and X* respectively, and u and ¢

represent the discrete search domains of usage and charging
orders respectively.

B. Simulation Methodology

The flow of energy is controlled by EMS (Fig. 1), adapting
the dispatch model of auxiliary and storage components in the
system, is explained in this subsection. The simulation is
carried out on hourly average basses. The summation of
renewable power produced by primary renewable energy
source is compared with demand load level. When the
renewable power is more than demand load, charging order,
which is generated by optimisation process, is executed till
maximum state of the first storage component is reached.
Then the next component ranked by 5C one component at a
time. In the deficit power situation, usage order is
implemented. Storage and auxiliary components supply the
power to meet the demand load consistent with 5u. However,
when the auxiliary component (e.g. diesel generator) is in
operation in its nominal power and exceed the demand load,
the excess power will charge the storage component following

the order of (_))C.

I1l. CASE STUDIES

In this section, various scenarios of three case studies are
presented and summarised in TABLE I, TABLE II, and
TABLE Il1. The optimisation is conducted by the optimisation
tool MOHRES (Multi-objective Optimisation of Hybrid
Renewable Energy System under uncertainties). The new
formulation proposed in this study has been implemented in
MOHRES where (2), (4), and (5) can be expressed as the
following:

)?s = {RWTr APVr ng, PD,nomr Pfc,nomr Pelec,,nom} (10)
0, € {B,FC,D} (11

0. € {B,FC} (12)
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Fig. 1. Energy flow of hybrid renewable energy system.

Since a genetic algorithm is used, the size and dispatch
model strings are represented by real and integer numbers

respectively. The first six elements of X specifies the size of
each component in the system as follows: Ry, is the wind
turbine rotor radius, Apy is the total PV panels area, ng is the
number of unit battery, and Pp ,om, Prcnom: @Nd Peec, nom are
nominal power of diesel generator, fuel cell, and electrolyser,
respectively. The power output of each component in the
system is calculated by the mathematical models presented in
[3, 4,13, 14].

Unlike the size variables, 5C and 5u are quantified by
their elements rank. In other words, their variability is in their
elements ranks, which is randomly created in initial
population, passed to the new offspring from parents in
crossover, and regenerated in mutation. The combination of
these two strings forms the dispatch model for EMS. The
length of 5C and 5u depend on the available auxiliary and
storage components where B, FC, and D stand for Battery,
Fuel Cell, and Diesel, respectively. Therefore, the remaining
elements of X after the sixth element is the dispatch model
formed by usage and charging orders.

The design qualities vector Y is evaluated by economic

(Y,), technical (¥,), and environmental (Y;) measures using the
mathematical models proposed in [2, 3, 13, 15, 16]:

Y,(X) = (TLSC, LCE} (13)
¥5(X) = {(Ur, BOt, BOyy, BOpax, MTBF, Prrcoss} (14)

Y;(X) = {C0,,p} (15)
Y=Y,uY,uY, (16)

where, TLSC, LCE, and MTBF stand for total lifespan cost,
levelised cost of energy and mean time between failures
respectively; U, is total unmet load, P, IS Net excess
power, CO, is carbon dioxide emissions, p is renewable
energy penetration; and BO;, BO,,,, and BO,,,, respectively
are total, average, and maximum power blackout durations.

A. Case Study 1: Expanding an Existing System to Meet
Future Demand

This case study is designed for expanding an existing
Wind-FC system )_fs = {11.6,0,0,0,8400,5900} serving the
current demand load provided in Fig. 2. The renewable
resources of the site are assumed to be equal to the values
shown in Fig. 3 and Fig. 4.



The first scenario is that a HRES is required to meet double
the current demand load with a minimum levelised cost of
energy. Two optimisations have been performed. The first
optimisation (CS1.1) is conducted for the optimum size of the
system where minimum size of wind turbine, fuel cell, and
electrolyser is the existing system size. The dispatch model is
fixed (i.e. the dispatch model is predefined prior to the
optimisation). The second optimisation (CS1.2) is similar to

CS1.1 excluding the dispatch model which is not defined but
included in the optimisation as a design variable. Both
candidate systems are shown in TABLE IV.

B. Case Study 2: Low Wind Energy

In this case study it is assumed that the wind energy
available for CS1.2 is 30% less due to the increase of the
length of surface roughness. Consequently, the performance
of the HRES obtained by the optimisation of CS1.2 is
changed. Assessment of the system is carried out considering
the wind energy reduction (CS2.1). Then an optimisation is
conducted to find the optimum dispatch model (CS2.2). The
results are presented in TABLE V.

C. Case Study 3: Integration of Two Existing Distinct
Standalone Systems

A wind-Diesel system of size X, = {7.3,0,0,13600,0,0}
and a PV-Battery system of size XS = {0,294,208,0,0,0} are
two distinct standalone systems which operate in the same
area with renewable resources provided in Fig. 3 and Fig. 4.
Each system is serving its own demand load, both equal to the
demand load shown in Fig. 2.

In PV-Battery system 0,, and O, are constant (0,, = 0, =
B) since only battery isavailable as ESS while in Wind-Diesel
0 =D and 0 ={} because there are no storage
components in the system.

However, optimising the dispatch model of the system is
still valid since the optimisation is conducted for the two
systems integration and using the full configuration (wind-
PV-battery-diesel-fuel cell/electrolyser).

In the first optimisation problem formulation (CS3.1), we
are looking for the optimum dispatch strategy which meets the
total demand load with minimum LCE.

In the second optimisation problem formulation (CS3.2),
again we are looking for the optimum dispatch strategy which
meets the total demand load with minimum LCE. However,
we assume that the size of PV panel and battery bank can be
also reduced to lower the cost. Hence, the lower limits for the
PV panel area and the number of battery units in the battery
bank are zero while, the upper limits are equal to their
currently existing size.

Assuming that the excess power of the integrated systems
can be fed into a grid or utilised for other applications, in the
third optimisation case (CS3.3), we aim at maximising excess
or feed in power.

The fourth optimisation problem (CS3.4) is formulated
similar to the third one but with an extra constraint on CO;
emission as an environmental restriction. The optimised
integrated system and its performance are shown in TABLE
V1.

TABLE I OPTIMISATION FORMULATION SUMMARY OF
CASE STUDY 1
Case Study 1
Opt. problem X
minLCE | X!={11.6,0,0,0,8400,5900}
Csi1 st s = {Rwr Apv, nB Phnoms PFcnoms PhLnom}
U =0 0, = {B,FC,D}a, 0, = { B, FC} (fixed)
min LCE )?sl = {11.6,0,0,0,8400,5900}
CSlz s.t. X;L = {RWT APV nB PD nom» PFC,nam'Pl}tL,nam}
U =0 0, 0 are design variables
TABLE Il OPTIMISATION FORMULATION SUMMARY OF
CASE STUDY 2
Case Study 2
Opt. problem X
cs21 B X!=X* ={11.6,20,222,900,8400,5900}
' 0, = {B,D,FC}, 0, = { FC, B} (fixed)
vl — yu —
cs22 | minu, X} = X3 = {11,620222,900,8400,5900}
0, , O, are design variables
TABLE III. OPTIMISATION FORMULATION SUMMARY OF
CASE STUDY 3
Case Study 3
Opt. problem X
min LCE 21 Su
cs31 | st Xi=Xt= {7.3,.294,20_8,13600,0,0}
U, =0 0, , O, are design variables
minLCE | X!={7.3,0,0,13600,0,0}
CS32 | st. Xu= - {7.3,294,208,13600, P nom, Pl nom}
U:=0 5 0 are design variables
Max Pyyopes | X¢ = {7.3,0,0,13600,0,0}
CS33 | st. Xu= - {7.3,294,208,13600, P nom, Pl nom}
U =0 0, , O, are design variables
max Pexcess -
sit. ! ={7.3,0,0,13600,0,0}
CS34 U,=0 X¥ = {7.3,294,208,13600, P& nom» PE. nom}
CO, 0, , O, are design variables
< 8770

IV. RESULTS AND DISCUSSION

TABLE Il lists the optimum solutions for the first and
second optimisation of HRES for Case Study 1. The first one
is with the size generated by the optimisation process while
the dispatch model (i.e. usage and charging orders) is specified
manually. For the deficit power situation, battery is used first
to supply the power shortage with respect to demand load.
When the energy stored in the battery is insufficient, fuel cell
operates by consuming the hydrogen stored in the hydrogen
tank. If the fuel cell is operating at its nominal power and the
power production is still fell short, the diesel generator is
dispatched with its nominal power. Any excess power from
the system is firstly used to charge battery then the hydrogen
tank. Any excess power left after wards is dumped.

The HRES of CS1.1 is capable to meet the demand load
with levelised cost of 44.6 cents per kwWh. However, once we
include the dispatch strategy in the optimisation problem as in
CS1.2, we obtain a better solution. Inclusion of dispatch
model impacted the size of PV panel, number of battery units,
and diesel generator thus found an optimum solution with
lower LCE of 43.1 cents per kWh.

As a matter of fact, the first solution presented in TABLE
V (CS2.1) shows the performance of CS1.2 system utilising




lower wind energy resources. Clearly, the total unmet load
using the size of HRES obtained in CS1.2 is expected to be
greater than zero. So, the objective of CS2.2 is to minimise
the total unmet load. The HRES of CS2.2, with optimum
dispatch model, generates 1658 kW more than the previous
one (CS2.1).

In Case Study 3, the integrated system with the optimised
dispatch model (CS3.1) is generating electricity at LCE of
35.2 cents per kWh. The second HRES (CS3.2) has a lower
LCE than the first one. This is expected since PV panels and

battery units are reduced. Noticeably, the optimum dispatch
model for the first system (CS3.1) is an optimum one for the
second HRES (CS3.2). Nevertheless, different dispatch model
has been obtained for CS3.3. Although LCE of CS3.3 is the
highest due to more operation hours of the diesel generator,
the goal of the optimisation in this case was to maximise the
net power excess which can be achieved by the existing
components of HRES. The fourth scenario of case study 3
(CS3.4) has environmental constraint which limits the diesel
generator operation. Consequently, it generates less net power
excess than CS3.3 and its optimum dispatch model is changed.
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Fig. 2. Hourly averaged demand load of typical seasonal days.
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Fig. 3. Hourly averaged wind speed at reference height (href=3m) of typical seasonal days.
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Fig. 4. Hourly averaged solar irradiance of typical seasonal days.



TABLE IV.

OPTIMISATION RESULTS FOR CASE STUDY 1.

Case RWT APV n PD,nom PFC,nam PEL,rmm 6’ 6 LCE Ut
Study (m?) (m*) ’ w) w) w) " ¢ (¢/kWh) (kW)
Cs1.1 11.6 47 78 6900 8400 5900 B-FC-D B-FC 44.6 0
Cs1.2 116 20 222 900 8400 5900 B-D-FC FC-B 43.1 0
TABLE V. OPTIMISATION RESULTS FOR CASE STUDY 2.
Case Stud 0 0 TLSC (%) LcE BO,(h) | BO,, (k) | BO,..(h) Ut MTBF (k) | €O, (kg)
y u c (¢/kWh) t av! max’ (kW) 2 (K9
Cs2.1 B-D-FC FC-B 823000 76.1 3935 14 23 33434 18 3760
CS2.2 D-B-FC B-FC 899000 81.3 3559 10 17 31776 14 5260
TABLE VI. OPTIMISATION RESULTS FOR CASE STUDY 3.

Case RWT APV PD,nom n n LCE Ut p Pexcess
Study | (md) | (n?) " w) O Oc | (o/kwhn) | (kw) @ | %D | G
Cs3.1 7.3 294 208 13600 B-D B 35.2 0 135 5490 38776
CS3.2 7.3 163 128 13600 B-D B 31.3 0 102 8770 12934
Cs3.3 7.3 294 46 13600 D-B B 41.0 0 135 32330 70012
CS34 7.3 294 108 13600 B-D B 34.7 0 135 8740 50602

The optimisaﬁon results for CS1.1 and CS1.2 shown in [4] A. Maheri, "Multi-objective design optimisation of standalone hybrid

TABLE IV proves that the inclusion of dispatch model in the
optimisation as a design variable gives a superior solution with
respect to the desired optimisation objective. The system
performance of CS2.1 and optimisation result of CS2.2 in
TABLE V shows that the optimum dispatch model for CS1.2
is not a global one although the optimum size of the system is.
In other words, dispatch variables are as sensitive as size
variables. The results of the third case study CS3.4 show that
the dispatch model is sensitive to the constraints as well.

V. CONCLUSION

New formulation to include the dispatch model in the
optimisation process as a design variable is presented. Wind-
PV-Diesel-Battery-Fuel Cell/Electrolyser hybrid system
configuration is used for size and dispatch model optimisation.
Three scenario-based case studies are conducted using the
new formulation. Superior solutions compared to predefined
dispatch strategy has been obtained for single objective
optimisation. Further investigation of the practicality and
effectiveness of the dispatch model inclusion in the
optimisation in terms of ESS performance degradation of
frequent and irregular charging/discharging cycle is required
to be conducted. Also, assessment of the level of EMS
complexity imposed by the optimum dispatch model for the
HRES should be considered. In the simulation of the system
performance, more energy flow possibilities such as fuel cell
and battery interaction, and charging based on a charging ratio
can be introduced.
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