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Highlights

e Hybrid energy system was simulated and optimized in different configurations

o The renewable wind-solar-hydro system with water-heating module was assumed
¢ A multi-objective optimization was performed for a case study

o The levelized cost for standalone system is equal to 0.22 $/kWh

e The exergy cost ranges from 1.93 to 4.13 $/kWh in different scenarios
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Abstract

The present study aims to develop a novel optimal design of hybrid energy systems based on
exergy and lifecycle concepts using genetic algorithms. The model consists of both stand-alone
and on-grid options with scenarios for exchanging energy with the grid. The objectives include
cost minimization or benefit maximization primarily, and lifecycle exergy efficiency, i.e., cost
as the sustainability index secondarily. This research considers renewable sources such as solar,
wind, hydropower, and hydrogen production and storage in addition to conventional diesel
generators. The optimization was performed subject to weather conditions and solar radiation
profiles, demand, and environmental or economic aspects. Also, the model contains various
modules such as water-heating, waste energy utilization, as well as the options of power
exchange with the distribution network and injection of hydrogen produced from excess
renewable sources into the gas network. The application was demonstrated in a case study,
where specific demands and the climate of Tehran were assumed. The case study considers
four scenarios, including standalone, completely on-grid, on-grid with a non-backup generator,
and on-grid without an energy sale option. The first optimal objective, the levelized unit cost of
energy for the standalone system, is $0.22 per kWh. Moreover, the second optimal objective,

the lifecycle exergy cost, ranges from 1.93 to 4.13 in different grid-connection states.
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Nomenclature

SI sustainability index

] exergy efficiency

P thermo-ecological unit exergy consumption

E unit exergy output of the system

Ps power flow of electric storage system

Psu Backup power

PoL Dump load power

Po Demand power

SOC battery state of charge

Vg Battery voltage

\Y Wind speed

Vi Cut-in speed of the wind turbine

V. Cut-out speed of the wind turbine

|74 Rated speed of the wind turbine

P. Nominal power of the wind turbine

Ppodute | Photovoltaic module power

Voc the open-circuit voltage of the photovoltaic system
Isc the short-circuit current of the photovoltaic system
Ico the short-circuit current of the photovoltaic system under standard conditions
Tpy Photovoltaic Temperature

Tair Ambient temperature

G solar irradiance

Gy solar irradiance at standard conditions

a the exponent to consider the non-linear effects

B dimensionless coefficient related to PV technology
1) Exponent to observe temperature—voltage effects.
p air density

Q magnitude of the electron charge

K Boltzmann constant

G gravity constant (9.8 m/s?)

Q volumetric flow rate

Q; Loss of volumetric flow rate

H head of flowing water

H, head loss of flowing water

Kiec life cycle exergy cost

LPSP loss of power supply probability

Ex pc Life cycle exergy consumption

Exgir Direct life cycle exergy consumption

EXina. Indirect life cycle exergy consumption

Kiec life cycle exergy cost

Yirc life cycle exergy efficiency

AEP annual energy production

AC annual cost

ICC initial capital cost
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Coam operation and maintenance cost

Reen revenue generated by delivering electricity and/or hydrogen to the energy network
AEP annual energy production

FCR fixed charge rate

NPV Net Present Value

1. Introduction

Renewable energy sources, as competitors with conventional types of primary energy
carriers, are not economically strong alternatives to traditional fuels[1]. However, the
utilization of renewable energy sources can be improved by increasing efficiency and reducing
the degeneration of resources or greenhouse gas emissions. On the other hand, the unit energy
costs of these energy sources have decreased drastically in recent years[2].

Indeed, hybrid energy systems are one of the most efficient applications of using
renewable energy technologies. By integrating two or more energy conversion systems
simultaneously, advantages of each energy source could be truly utilized. Also, economic
losses and environmental consequences can be decreased in hybrid energy systems [3-5].
Furthermore, compensating the deficiencies of each energy source and enhance cost
compatibility, reliability and accessibility to the required energy at any time is one of the other
benefits [6-8].

One of the main issues on hybrid energy systems is design and sizing optimization. There
are numerous researches about the issue in the literature [5, 9, 10]. They adopt various methods
and algorithms such as genetic algorithm, particle swarm optimization, simulated annealing,
and neural networks [11-13]. Furthermore, many different sizing codes as software tools such
as HOMER have been developed and widely used in certain applications [14-16]. The aim of
the present paper is to review and categorize different methodologies and approaches for
optimizing hybrid system design and configuration. Therefore, this paper can be useful for
researchers to review the recent trends of sizing optimization and sustainability assessments of
integrated energy systems for small-scale and residential applications.

A number of studies have been published concerning the optimal design of hybrid energy

systems[17-19]. Also, some researchers have studied and introduced different methods to
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1.1.

assess and optimize the sustainability of energy supply systems [20-22]. Consequently, the

literature has been reviewed in separate sections and categories.

Design Optimization Objectives

In the literature, various optimization criteria and objective functions have been reported
for hybrid energy system design and sizing [5-7]. Many researches have focused on economic
aspects, such as minimization of energy unit costs or maximization of total annual benefits [5,
12, 15]. Besides, some papers have applied extra objectives in addition to economic criteria [7,
13, 14]. These goals can be summarized in life cycle, environmental and emission objectives
and limitations that include resource or geology prospects and the other physical or institutional
constraints. A great majority of researches — about 90% of them, as reviewed in this paper -
have adopted economic and cost objectives and constraints as main criteria.

Most of the studies regarding hybrid energy systems have assessed renewable energy
sources, especially photovoltaics and wind turbines [5, 19]. The proposed hybrid system i.e.
wind-PV, as the most conventional integrated system, has been studied in a considerable part of
literature. In comparison to conventional studies, some research presents innovative solar
hybrid units, commonly relying on electrolysis processes and renewable energies [23] and [24].
For instance, one study optimizes a unit integrating a parabolic trough collector, proton-
exchange membrane electrolyzer, and fuel cell using Dowtherm™ A as the working fluid,
showcasing cost-effective power generation during different demand periods [25]. Another unit
combines a heliostat solar field, solid oxide electrolyzer cell (SOEC), and solid oxide fuel cell,
with studies focusing on thermodynamic and economic aspects [26].

In contrast to hydrogen generation for storage systems or a product, certain studies
concentrate on liquid air energy storage. An example involves the combination of liquid air
energy storage with concentrated solar power technology [27], which can be utilized for water
production or electricity generation [28]. The significance of energy storage has led to research
efforts aimed at improving storage systems, considering different aspects such as Energy,
Exergy, Environment, and Economic concepts [29].

The remaining researches have focused on the other renewable or fossil-based hybrid
systems, such as diesel generators, combined cycles, hydro, biomass etc. Each of these

technologies has its own advantages and drawbacks. However, the compensation of their
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disadvantages can be done in an integrated system. Hydropower is the most reliable renewable
energy source beside biomass and biofuels. On the other hand, the costs of solar PV and wind
turbine systems have decreased dramatically in these years [15, 19].

In addition, different methods of modeling have been applied in the literature in terms of
the design and optimization of integrated energy systems. However, one of the main
conventional optimization methods in this field is the genetic algorithm [9-11]. The researchers
have utilized another popular algorithm, namely Particle Swarm Optimization (PSO) [12, 30,
31]. Also, neural networks, Linear Programming (LP), Simulated Annealing (SA), and software

tools such as HOMER are other analytical tools considered in research works [8, 22, 32].

1.2. Sustainability Assessment Methods for Energy Systems

Sustainability of energy systems is an interdisciplinary phenomenon. In fact, there are
limited conventional definitions and characteristics for energy sustainability. Energy
sustainability can be divided into two most significant components. The first component is
related to resource deficiency and renewability. Indeed, less consumption of natural sources
such as mineral materials and fossil fuels by an energy system has more merits to reach
sustainability goals. Moreover, the second element of energy sustainability, which represents
the environmental aspect, can be described as a measure of nature’s ability to absorb pollutants
of any system [33].

However, the selection of the optimum system configuration according to multi-
dimensional aspects is one of the novel approaches to identify the best system based on
economic-environment aspect. Indeed, most researches have focused on multi-criteria analysis
and decision-making methods to find and select the best system [20, 21]. The criteria studied
are illustrated as follows:

I.  Energy -or Exergy- Efficiency (%)
Il.  Unit (Levelized) Cost (currency unit/kwWh)

I1l.  Capital Cost (currency unit/kW)

IV.  Unit Emission of Equivalent CO, (kg/kWh)

V.  Unit Emission of NOx (kg/kWh)
VI.  Unit Area per Capacity (m2/kW)

VII.  Resource Consumptions
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VIII.  Availability indices

IX.  Social indices

Table 1 shows variety of criteria in literature that have utilized method of multi-criteria
analysis.

The point of each energy system (j) with ith index should be determined. In addition, the
weight of each index in the objective function has to be defined. However, the weights are
usually considered based on different scenarios and presumptions. Eq. 1 shows the total index
for each system as a summation of different weighted indices of criteria for that system, in

which w is the weight of ith index and g;; is the score of jth system about ith criterion (index)

[34, 35]:
n
Qiy = Z Wiyqij 1)
i=1
Table 1. Different researches of sustainability assessment using multi-criteria methods
Index/Research 1 2 3 4 5 6 7 8 9
(Afgan et al , 2000) [34] * ok Kk x & * *
(Afgan et al , 2002) [35] * X ox % *
(Afgan et al , 2008) [36] * ok kX %%
(Chatzimouratidis and Pilavachi, 2009) [37] * * > * *  *
(Evans et al, 2009) [38] * ok * * ok Kk x
(Brent and Rogers, 2010) [39] * % * *  x
(Stein, 2013) [40] * ok Kk *  *x  *

Another way to compare the sustainability of energy systems is to adopt exergy analysis.
As exergy is the part of energy that is available to do work [33], the exergy concept can reflect
the sustainability-related issues properly. Exergy-based methods comprise exergy analysis,
energy analysis, thermo-economics, lifecycle exergy assessment, and extended exergy analysis,
which can use exergy cost concepts. Thermo-economic and exergy cost methods have been
applied in many cases for optimization of energy systems [33].

Two significant research works have utilized the method of advanced exergy for

sustainability assessment and index definition. A research work was focused on wind-PV-
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hydrogen-geothermal renewable hybrid energy system where the sustainability index has been
defined as a function of exergy efficiency [41].

Eq. 2 determines this index, where v is exergy efficiency of the system [41].

I = 1 2
5_m (2)

In addition, as the second example, Frangopoulos defines the sustainability index as a
thermo-ecological efficiency e.g. cost for a non-renewable energy system [42], in which p is
the thermo-ecological unit exergy consumption and e is the unit exergy output of the system as
shown in Eq.3 [42].

r =§ ©)

ADVANTAGES OF SUSTAINABILITY AND EXERGY BASED OPTIMIZATION

Although modelling of energy systems based on exergy is rather complex, there are merits
in applying the concept of exergy. Exergy concept avails itself to monitoring depletion and
consumption of resources, i.e. material and energy. As energy is conserved in a process or
system, the exergy is destroyed in the process of conversion. Indeed, mechanical friction, heat
transfer, chemical reactions and the other means of entropy generation are destructive
phenomena [42].

Another advantage of utilizing exergy concept is the possibility of using an integrated
objective in an optimization model. A multi-criteria model may result in definition of scenarios
to weigh each criterion for a system configuration that inserts tact and undependable values for
system selections based on diverse sustainability goals [16, 42].

As mentioned earlier, there are many conventional exergy-based methods for energy
supply systems. Exergy analysis is a simple method to calculate and analyze exergy flows in a
system [33]. Also, thermo-economic methods are analysis and optimization techniques based
on imputing costs and values to exergy flows and minimizing exergy destruction and cost [42].
Furthermore, there are several lifecycle analysis methods based on exergy concept [43, 44] The
first is EXLCA that proposed by Cornelissen (1997), which can be used together with LCA to
determine the consumption and depletion of natural resources by measuring the lifecycle

irreversibility, i.e., the exergy loss [43].
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Another method is LCEA — Life Cycle Exergy Analysis — that introduced by Gong and
Wall (1997, 2001), which separated renewable resources from non-renewable. Firstly, natural
resources are classified as natural flows and stocks. Stocks are then divided into deposits (dead
stocks) and funds (living stocks). Indeed, all flows during the life cycle of production, use and
disposal are considered as exergy power over time [33, 43]. As for the simple life cycle
analysis, the environmental charges are associated with a product or activity by recognition and
guantifying used energy, materials and waste. Likewise, impacts on the environment from
these energy and material uses and wastes should be assessed as well. However, the
multidimensional approach of this method causes large problems in terms of comparing various
substances and flows, and general judgements are difficult. This issue has been avoided if
exergy was used as a common quantity, which has been done in Life Cycle Exergy Analysis
(LCEA) [43].

The capabilities of different proposed methods are illustrated in Table 2. As can be seen,
the lifecycle exergy analysis can be the best option for utilization of exergy concepts into
power and heat supply technologies, while the other methods such as multi-criteria
optimization have more issues. In other words, that is the one of limited methods, which can

consider lifecycle of the systems and detailed exergy consumption of technologies.

Table. 2. Advantages and disadvantages of different methods in energy systems sustainability
assessments [32, 33, 42]

Life Cycle Exergetic Life Thermo- MUI“.'
Exergy Cycle Exergy economic criteria
d Analysis Analysis
Analysis Assessment [46, 47] methods [20, 37
[43, 45] [43, 44] ' [48, 49] 4’0] ’
Considering short
and long term + + - + +
effects
Analysis the whole
process from + + - - -
cradle-to-grave
Considering
environmental + + - - +
concepts
Considering
scarcity of non- - - - - +
renewable sources
Ability to compare - - + - +
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factors and indices

Considering

resource

destruction and

exergy concepts

Ability to be used

in system sizing + - + + -
and design

Therefore, in this paper, the rule of sustainability for integrated energy systems of heat and
electricity supply can be conveyed by means of a novel index, namely lifecycle exergy
efficiency. Also, the heat and electricity supply system, e.g. cogeneration, considering
comparison between renewable energies and fossil fuels has been presented, which has not
been studied in this degree of comprehensiveness. Moreover, the functions of equations of
costs and exergy consumptions have been built as well.

Consequently, the contribution of this research can be expressed in the following areas:

i.  Introducing concepts such as exergy and life cycle analysis in the examination and
optimization of hybrid systems.

ii.  Development of a comprehensive model for simulating complex systems based on
the method of determining optimal dimensions using the optimal performance
point, taking into account appropriate objective functions.

iii.  Development and application of the concept of partial stability and its indicators in
small-scale household energy systems to expand and enhance the effective
efficiency of these energy systems.

iv.  Defining novel optimization objective functions that, in addition to addressing
purely technical and economic issues, consider hierarchical levels and macro issues
related to the sustainability of energy systems.

v.  Comparing the results obtained from the addition of partial sustainability goals and
indicators with conventional technical-economic objective functions in hybrid

systems.

10
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2. Materials and Methods

The developed tool contains optimization of supply, storage and backup system based on
hourly dynamic simulation of an integrated system in a year. The model consists of heat and
power sub-modules for two scenarios of on-grid and off-grid systems. In addition, two diverse
options for energy exchange to the grid is considered. Indeed, hydrogen injection to the gas
distribution network is assumed as an alternative to the delivery of electricity to the network.
Also, the electrical grid and back-up generator are two options for compensating power loss at
every hour. The comparison between alternatives is on costs of each option. Design and
configuration of the hybrid electricity system is shown in Fig.1, which indicates PV and wind

turbine as the representatives of AC and DC current supply systems.

/ 5
Dump
._.\ EK,—:— Load N
[ [
3 00 a0
Ij
Y In
2
® m—{ D
Charge | (& AC Load
PV Module T 3 @ Controller
] L]
n : [ I ]

1

Storage
(i.e. Battery)

Fig. 1. Schematic diagram of a standalone integrated electrical supply system

The Hourly profile of temperature, wind speed, and energy demand are inputs of the model.
Furthermore, geographic location of the region, i.e. latitude and longitude, monthly air
clearness index, and the other constants are considered as input parameters. In addition,
economic parameters such as the discount rate, system lifetime, and prices of energy buy and

sale should be inserted.

11
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The total power flow balance is shown as Eq.4, where the Pg is the power flow of electric
storage system, and Pgy and Pp are backup power and dump load respectively [14, 19]. SOC

shows the battery state of charge and Vg is the battery voltage.

D P+ ) Py (@) + Pyy(t) = Pp(t) + Ppu(t) + Py(t) (42)
i=1 j=1
Py(to) = ) Pilto) + ) Pj(to) = Pp(to) (4)

Pp(to)

S0C(t) = S0C(t - 1) + -
B

(4.0)

The considered types of hydro turbines are Pelton, Kaplan-and Francis turbines. Also, vertical
(VAWT) and horizontal axis turbines (HAWT) are assumed as two conventional wind turbine
types. In addition, the mono-crystalline, poly-crystalline, Cd-Te and thin-film PV panels are
included in the model. Sinus and square types of inverter are included in the technology vector.
Furthermore, life cycle emission coefficients of different systems are also assumed as a part of

costs for penalizing the GHG emissions.
2.1. Wind Turbine

The wind turbine performance equation is power curve with inputs of cut-in, rated and cut-out
wind speeds, and also capacity of the turbine as Eq.5 [48, 49]. The subscripts ci, co, and r are

cut-in, cut-out and rated speed or power illustrations, respectively.

SV i VsV sY,
' (Vr3 _Vcig)
P,(t)=<P, if V. <V({)<Vv, (5)
0 e,0,C

12
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2.2. Photovoltaics

The five-parameter model was employed where the parameters are temperature and radiance
factors, internal resistance, and standard factors of PV e.g. open circuit voltage and short circuit
current. In the technical model, the module power and the panel temperature are formulated in

Eq.6, which have been solved iteratively for the nonlinearities [50].

Voc vV
—1 ( oc +o.7z)
p _ MoK Tov/q " \nypoKTov/q 1o B\, eva Voco To ., 6.3)
module — v 1% /I sco(G ) G (T ) '
4 ——o0c oc/ Isc 0 1+Blog(_0) PV
nyvppKTpy/q Ic

1
a A(Ic + a(eskyT:ky + 6-grt:uundTground - ZEPVTgV)) =2A (1' 31(TPV 'Tair)3 +0. 5Vwind) (TPV - Tair)

6.b
+P module ( )

In which V. is the open-circuit voltage, R is the resistance, G illustrates the radiation, T is the
temperature and Iy is the short-circuit current.
2.3. Hydro Turbine

Actually, the performance model of a specific hydro turbine requires mechanical and electrical
efficiencies of turbine and generator and the nominal flow rate is an input parameter for the

model.

The mechanical efficiency in hydro turbines depends on the ratio between the real and nominal

flow rate [51]. The equation of output power of a hydro turbine is given in Eq.7 [51].

P(t)=pxg=*(Q(t) — Q) * (H— Hyp) * Mnech () * Netec (7

Where p is the air density, g is the gravity constant (9.8 m/s®), Q shows the volumetric flow rate

and H is the head of flowing water.

13
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2.4. Battery

Among various models and formulations for batteries, the Copetti model was opted to simulate
the utilization of the storage system [52]. Simplicity and accuracy of the model is acceptable

for the simulation in comparison with the other equivalent-circuit models [51, 52].
2.5. Fossil-fuel Generator

The generator of the hybrid system can act either as a backup of electricity supply or as a main
power supply device. In the first option, the power loss of supply and storage systems is
compensated using backup generator. In the second case, a specific mass flow rate profile of a
fuel is used to generate in addition to the other renewable energy systems. The performance
curves and equation are extracted from relative researches. Moreover, the generator can be
performed fixed or variable RPM [53].

2.6. Heat Supply System Configuration

The heat supply system consists of series moduies that heat water from ambient temperature to
the desired value. The heat loss from PV, diesel generator, or fuel cell, and different types of
solar collectors are considered. Additionally, to achieve the desired temperature of 80 degrees
Celsius, a boiler is included in the system. Fig. 2 illustrates the schematic formation of the

water heating system.

Inlet Water w1 Solar Tw2 CHP Tw3 CHP Twn . Desired
- PV Collector recuperator regenerator [ Boiler Temperature
(Ambient) (Generator) (Fuel Cell) P

Fig. 2. Heating system flow diagram
2.7. Validation of the Simulation model

As the purpose of this research is to develop a model for the optimization of the size of hybrid
energy systems, the simulation model validation is shortly pointed. Indeed, the validation was
performed in a hybrid wind-solar lab in Sharif Energy Research Institute, in which the system

14
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includes wind and solar photovoltaics as the supply systems and batteries as a storage device.
The horizontal axis wind turbine has been tested in a wind tunnel using a fan and filters to
make wind. In addition, the solar photovoltaic panels are mounted in an outdoor place being
insolated. Various tests were implemented for the hybrid system for the validation of the
simulation model. Thereupon, total errors of the model were found to be less than 10% in all
tests. Also, for the hybrid system for a few hours simulation, the relative difference between
model and experimental results has been 6.2% for the sum of supplied power. Fig. 3 illustrates
a system power output compared to the power calculated by the model with inputs of solar

radiation at specific time and wind speed, which was set by the fan.

- = Model

Experimental

Hybrnid Power (W)

9:36 AM 10:48 AM 12:00PM 1:12PM 2:24 PM 336 PM 448 PM
Time

Fig. 3. Comparison between experimental and simulation results for hybrid system output power

3. Optimization Model

According to the proposed comparisons between different approaches to survey sustainability of
an energy system, life cycle exergy is the optimal method to study technical systems regarding
energy sustainability criteria. The main objective is to maximize this variable i.e. to minimize

life cycle exergy cost for a hybrid energy system.

Moreover, the second objective is defined in a multi-objective formulation in the position of unit
or levelized energy cost minimization. As life cycle emission cannot be properly modelled in the
way of exergy consumption [7, 33], this phenomenon is assumed as a penalty cost in addition to

15
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levelized energy cost. This index explains the cost of one kWh of energy supplied by the whole
system, and can be calculated in form of Eq. 11. Furthermore, the cost competition of different
options can be considered by assuming the second objective function. The multi-objective
function of the optimization problem is shown below in Eq.8, where K¢ is the life cycle exergy
cost, and LCOE is levelized i.e. unit cost of energy. The constraints of the model are desired loss
of power supply probability, power and heat demand hourly profiles, and historical temperature,

wind speed, solar radiation, and hydro flow rate profiles of the region.

MinZ, = K¢ or MinZ, = LCOE

S.t.

Demand profiles ®)
Ambient temperature profiles

Renewable energy flow profiles

LPSP < LPSPDesired

Indeed, the optimization problem has 14 variables including size of wind turbine, PV, hydro
turbine, solar collector (area), fuel cell and electrolyzer, hydrogen tank, number and capacity of
batteries, and type of wind turbine, PV, hydro turbine, collector and batteries. In the case of
energy sale to the grid, the revenue would be achieved besides costs of the system. Therefore,
the net present value should be defined instead of levelized cost of energy for the second
objective function. Table 3 illustrates the variables of the problem, which can be varied in the

optimization process.

Table 3. Variables of the optimization problem

Variable Description Unit
X1 Wind turbine size (capacity) w
X, Wind turbine type (HAWT or VAWT) -
X3 Solar PV size (capacity) w
X4 Solar PV type -
Xs Hydro turbine size (capacity) w
Xs Hydro turbine type -
X7 Solar collector area m?
Xsg Solar collector type -
X Battery capacity (and/or numbers) A.h

16
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X0 Batte ry type

X1 Diesel (gas) generator size (capacity) w
X12 Electrolyzer capacity w
X1z Fuel cell size (capacity) w
X4 Hydrogen storage volume capacity m?

3.2.  Formulation of Life Cycle Exergy

Life cycle exergy consumption is derived to direct and indirect exergy. Direct exergy is the
exergy of energy e.g. fuel consumption in operation periods of a device or system, and indirect
exergy defined as sum of all exergy consumptions during construction and destruction.

Therefore, the total life cycle exergy consumption of a system can be defined as Eq.9.

Exppc = Z Exg;r + Z Exing. ©
Where direct and indirect exergy are considered as below in Eq.10.

EXxqiriy = My * eXgi) + EXgirrenewables) (10)

Therefore, life cycle exergy cost can be defined as inverse of life cycle exergy efficiency as
illustrated in Eq.11.

1 Y ExXprc _ Y Exgir + 3 ExX i

Kypc = . (11)
Y e T T Ex,, AEP

where K rc shows the life cycle exergy cost, which is the inverse of life cycle exergy
efficiency. The AEP is annual energy production or sum of the total energy produced by the
systems, which can be derived from the power and heat supply. The optimization variables can
be utilized and computed in exergy consumption and AEP equations, which are based on
simulation model. Indeed, the information and data for relations of indirect and direct exergy of
different technologies are required for the equations, which should be included in the model.
Also, economy of scale has an important role where the exergy consumptions are related to the

system size [18].

17
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3.3.  Formulation of Energy Cost

Manufacturing, construction and installation of a system is summarized as initial capital cost.
This parameter can be followed with operation and maintenance costs in the working period.
The levelized unit cost of energy for the whole hybrid system can be illustrated as below in Eq.
12 [54].

YAC ICC+FCR

12
AEP AEP + Cosm (12)

LCOE =

The term AC is the annual cost or sum of the operation, maintenance and discounted capital
cost. For on-gird systems, delivering electricity or hydrogen to the network is assumed as a
source of revenue. Therefore, the net present value maximization is considered to announce the

economic objective function, which is indicated in Eq. 13.

NPV = —-ICC —

Cosm  Rsenr
13
FCR+FCR ( )

where ICC, Cogm and Rg represent the initial capital cost, operation and maintenance cost and
the revenue generated by delivering electricity and/or hydrogen to the energy network
respectively. In addition, AEP is annual energy production, and FCR represents fixed charge

rate, which is relies on the system age and discount rate.

The economy of scale should be applied for initial capital cost formulation as for exergy
consumption rates. Results of literature review indicate that equations for cost and exergy
consumption in Table 3, which are extracted by interpolation of the data, can be utilized for

applying the economies of scale in the hybrid system modelling [19, 54, 55].

Table 3. Varying capital cost (ICC) in $ and Indirect Exergy in MJ per capacity (x) in [KW] or [Ah]

Initial Capital Cost Indirect Exergy
Technology (Device) $ $ . MJ References
([W] or [ﬂ]) Consumption ([W])
Wind Turbine (HAWT) 3056 x -1446 In(x) + 13267 [6, 19, 55]
Solar PV Panel 1432 x 014 x 0068 [46, 54, 55]

(Monaocrystalline)
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Hydro Turbine (Francis) 5768 x°* 52910 x %% [32, 33, 56]
_api -0.003x [A.h]

E/Tat:eg (C10 lead-acid 55319 -0.0015x + 20.33 [MJ/Ah] [5, 51, 54]
Fuel cell (PEM) 6693 x % -0.1x+23.2 [41, 47, 55]
Generator (Diesel 3000 048

- 1213 0.4718X - 36.63x + 3886.2 o1 53:54]
Inverter (Sinus) 2019 x % 310x-16 [18, 33, 51]
Solar Collector (Flat Plate) 791 x0-08L 2238.7 x 0174 [6, 46, 51]

4. Case Study Results and Discussion

The sample case study of the optimization model is a hybrid energy system in the city of
Tehran. The implemented exogenous parameters of the model are indicated in Table 4. Also,
Fig. 4 shows the annual temperature, wind speed and hydro flow rate profiles in the region. The
load profiles were extracted by studying researches in the literature by combining annual and
weekly demand profiles [57]. Fig. 5 illustrates considered profiles of power and heat demand.
The results are presented for various scenarios. The strategies are off-grid as a first case, full
on-grid, on-grid with power purchase option, and non-backup systems. The simulation model
results have been validated using a wind-solar laboratory in Sharif Energy Research Institute,
which was a comprehensive verification and comparison of the model results to the

experimental parameters.
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Fig. 4. Time-variable weather boundary conditions of case study in Tehran
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Table 4. Input parameters for the case study of optimization model

Input Parameter

Specification

Region

Tehran, Iran

Hydro turbine head

0.7m

Battery voltage and capacity

200 Ah, 12V

Number of storage days

1 day

Generator type

Diesel, fixed rpm

Peak electrical demand

2000 W

Peak heat demand

1000W

Required water temperature

80 °C

Electricity Feed in tariff ($/kWh)

0.2

Electricity Purchase Price ($/kWh)

0.03

Hydrogen Feed-In Price ($/kg)

20

Natural Gas unit Price ($/m3)

0:05

Gasoil unit Price ($/kg)

0.1

CO;, Carbon penalty ($/kg)

0.01

The input parameters listed in Table 4 are based on the configuration employed at Sharif Energy

Research Institute and mirror the energy carrier tariffs prevalent in Iran during our study period.

Nevertheless, it is imperative to highlight that the tariffs for energy carriers have undergone

modifications owing to fluctuations in exchange rates.
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Fig. 5. (a) Hourly power demand profile diagram, (b). Hourly heat demand profile diagram

The global optimization toolbox of MATLAB has been used to solve this problem. The
parameters of the optimization method have been described in Table 5.
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Table 5. Parameters of utilized genetic algorithm for the optimization

Parameter Magnitude or type
Population size 35
Fitness scaling Rank
Selection Function Stochastic Uniform
Population type Double vector
Number of generations 100

4.1. Off-grid system

For the first scenario, the standalone hybrid system is considered, which has generator as a
power backup system. In this case, the results are obtained as Table 5 for 15% discount rate, 20
years of life and in the case of input parameters in Table 4. The optimization results are
presented in three cases, which are single and multi-objective conditions. Since no exchange of
energy with grid is possible, only levelized unit cost of energy shall be estimated, which is
indicated in the Table 6. Also, the Pareto front of multi-objective problem with different
iteration points are illustrated in Fig. 6.

Table 6. Output parameters and results of single-objective optimization for off-grid system

Result for economic Result for exergy

Output Parameter objective function objective function
(Levelized cost) (LCEX)

PV rated power (W) * Number, PV type 390*8, Polycrystalline 230*8, Cd-Te
Wind turbine rated power (W), turbine type 90, HAWT 430, HAWT
Hydro turbine rated power (W) 809 1209
Hydro turbine type Pelton Kaplan
Solar Collector Area (m2), collector type 3.5, Evacuated Tube 2.9, Flat-Plate
Number of batteries 24 25
Annual Electricity Production (kWh) 11238 11237
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Annual Heat Production (kWh) 4336 4336
System Capacity Factor 250% 26%
Renewable Energy use Fraction (%) 94.50% 95.50%
Backup option (Generator, Fuel cell or Grid) Generator Generator
Annual Fuel (Boiler natural gas)
Consumption (kg) 268.9 270.4
Annual Fuel (Gasoil Generator)
Consumption (kg) 1197 1082
Annual / Life Cycle CO, production (kg) 1923 1890
Levelized cost of energy ($/kWh) [2" obj.] 0.22 0.27
Life Cycle Exergy cost [1* obj.] 71 413
Levelized cost of electricity ($/kwWh) 0.32 0.36
Levelized Cost of heat ($/kWh) 0.04 0.05
8
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Fig. 6. Pareto front of two-objective optimization for off-grid hybrid system

4.2. On-grid without energy sell option

The second scenario states on a hybrid system regarding similar boundary conditions, but with

the option of buying electricity from the grid as a competitor to backup diesel generator. In this
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situation, the results are listed in table 7. Indeed, the electricity purchase price has a significant

role in changing the results. Actually, the presumed price in this paper is 0.03 $/kW h.

Table 7. Output parameters and results of single-objective optimization for on-grid with power purchase

Output Parameter

system

Result for economic objective
function (Levelized cost)

Result for exergy objective
function (LCEX)

PV rated power (W) * Number,
PV type

173*15, Polycrystalline

72*10, Monocrystalline

Wind turbine rated power (W),
turbine type

496, HAWT

152, HAWT

Hydro turbine rated power (W),
turbine type

397, Pelton

1808, Pelton

Output Parameter

Result for economic objective
function (Levelized cost)

Result for exergy objective
function (LCEX)

Solar Collector Area (m2),
collector type

1.69, Evacuated Tube

2.43, Flat-plate

Electrolyzer Capacity (W) 0 0
Annual Electricity Production

(KWh) 11056 10084
Annual Heat Production (kWh) 4336 4336
System Capacity Factor 28% 29%
Renewable Energy use Fraction 0.78 0.74
(%)

Backup optlon (Generator, Fuel Grid Grid
cell or Grid)

Annual Fu_el (Boiler natural gas) 294 265
Consumption (kg)

AnnuaI./ Life Cycle CO, 1890 1850
production (kg)

Levelized cost of energy

($/kWh) [1* obj.] 0.21 0.24
Life Cycle Exergy cost [2" obj.] 5.05 3.3
Levelized cost of electricity 0.288 0.33

($/kWh)
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4.3. Total On-grid system

The next scenario for hybrid energy system configuration belongs to the on-grid system, which
can transfer i.e. buy and sell energy to the grid. The proposed system has two options of power
backup and two options of excess energy sale to the grid. The cases are electricity purchase
beside diesel or fuel cell generator system, and electricity sell in competition with hydrogen
injection to gas network for excess energy transfer. The model can determine the optimum
point regarding exogenous parameters and the system power flow. Results of optimization in
the case of an on-grid are shown in Fig. 7 and Table 8 for the same boundary conditions in
Table 4. As can be seen, the net present value is the second objective function instead of unit

cost of energy.

Table 8. Output parameters and results of single-objective optimization for on-grid system

Result for Result for exergy

Output Parameter economic objective objective function

function (NPV) (LCEX)
PV rated power (W) * Number, PV type Polf/c?f;sgl’line 90*8. Cd-Te
Wind turbine rated power (W), turbine type 1450, HAWT 1152, HAWT
Hydro turbine rated power (W), turbine type 1445, Pelton 1214, Pelton
Solar Collector Area (m2), collector type 2.63, unglazed 0.7, unglazed
Electrolyzer Capacity (W) 1819 0
Hydrogen storage (kg) 6.835 0
Annual Electricity Production (kWh) 23129 10533
Annual Heat Production (kwh) 4348 4337
System Capacity Factor 29% 33.2%
Renewable Energy use Fraction (%) 93.8 79.7
Backup option (Generator, Fuel cell or Grid) Grid Grid
Delivery Option to the grid (Electricity or Hydrogen) Hydrogen Electricity
Annual Fuel (Boiler natural gas) Consumption (kg) 234 206
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Annual / Life Cycle CO, production (kg) 3430 1723
Annual Sale Revenue ($) 11456 3650
NPV($) [1* obj.] 53463 33988
Life Cycle Exergy cost [2nd obj.] 3.76 2.69
6
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Fig. 7. Pareto front of two-objective optimization for on-grid hybrid system

4.4. On-grid system with non-backup generator

The last case for hybrid systems can be defined as a system with non-backup fossil-fuel
generator operating in comparison with renewable energy supply technologies. The generator
can produce electricity same as the other energy systems regarding a specific mass flow rate of
the fuel. The exogenous conditions of the scenario are similar to previous situations. The results
for a specific mass flow rate profile with average of 0.5 kilograms per hour and boundary

conditions of table 4 can be shown in Table 9.
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Table 9. (a) Output parameters and variables (b) results of optimum design

(a) Output parameters and variables

Output Parameter

Result for economic
objective function
(NPV)

Result for exergy
objective function
(LCEX)

PV rated power (W) * Number, PV Type

52*8, Poly-crystalline

64*15, Thin-film

Wind turbine rated power (W), WT Type

120, HAWT

552, HAWT

Hydro turbine rated power (W), turbine type

620, Pelton

1024, Kaplan

Output Parameter

Result for economic
objective function
(NPV)

Result for exergy
objective function
(LCEX)

Diesel Generator rated power (W) 2150 1608

Solar Collector Area (m2), collector type 2.65, Evacuated tube 1.82, Evacuated tube

Electrolyzer Capacity (W) 980 1578
Fuel Cell capacity (W) 0 1904
Hydrogen storage (kg) 1.67 2.88

(b) results of optimum design

Result for
. Result for exergy
economic - .
Output result .. . objective function
objective function (LCEX)
(NPV)
Annual Electricity Production (kWh) 9094 10234
Annual Heat Production (kWh) 4435 4434
System Capacity Factor 24% 26%
Backup option (Generator, Fuel cell or Grid) Grid Fuel cell
Delivery Option to the grid (Electricity or Hydrogen) Hydrogen Hydrogen
Annual Fuel (Boiler natural gas) Consumption (kg) 284 245
Annual Fuel (Gasoil Generator) Consumption (kg) 3454 2182
Annual / Life Cycle CO , production (kg) 1989 1998
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Annual Sale Revenue ($) 1254 2358
NPV($) [1% obj ] 24409 22087
Life Cycle Exergy cost [2" obj.] 243 1.93

The optimal values of objective functions for the two different single objectives are categorized
in Table 10.

Table 10 — Optimum value of single objective functions in the proposed scenarios

Optimum 1 Optimum 2™ obj.
obj. function function
Scenario 1 (Off-grid) 0.22 [L] 4.13
kWh
Scenario 2 (On-grid without energy sale) 0.21 [L] 3.3
kWh
Scenario 3 (On-grid) 53463 [$] 2.69
Scenario 4 (On-grid with non-backup generator) 24409[%] 1.93

5. Sensitivity Analysis

An analysis was performed by changing the input parameters. Indeed, the threshold points have
been determined, which an option such as diesel generator is preferred to another choice e.g.
grid. These margins can be detected by a sensitivity analysis that redounds to variation of

optimal results.

For on-grid system without power sale option, the marginal fuel and electricity prices were
determined, in which grid power purchase or diesel generator options were chosen. These

margins for the levelized energy cost objective function of optimization have been illustrated in
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Fig. 8. There are two areas, in which each of the backup solutions was opted, since being more
affordable.

Diseel Generator
Backup

Electricity Purchase Price ($/kWh)

0 0.055 0.1 0.2 0.25 0.3
Fuel Price ($/kg)

Fig. 8. Threshold optimal points of backup system selection for first objective i.e. levelized cost

Figure 8 depicts a sensitivity analysis on the electricity network price and the fuel cost. In cases
where the electricity network price is higher than the fuel cost, factoring in the capital cost of the
diesel generator, utilizing the diesel generator as a backup system demonstrates higher economic

justification compared to supplying a portion of the demand through the network.

Also, for on-grid system, the marginal hydrogen and electricity prices that change optimum
excess energy selling option were figured out. Fig. 9 illustrates the result of the proposed

threshold points of choosing sale options for both objective functions as well.
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Fig. 9. Different optimal threshold points of energy sale alternative selection for two objective functions

Figure 9 investigates the variation in hydrogen prices and the tariff for selling electrical energy to
the national grid in the context of appropriate utilization of surplus electrical energy based on
objective functions: maximum net present value or minimum life cycle exergy cost.

The results show that, when selecting the maximum net present value as the objective function,
the use of surplus electricity for hydrogen production, compared to selling surplus electricity to
the national power grid, is recommended in higher tariff ranges than the electricity selling tariffs
to the grid in terms of the minimum life cycle exergy cost objective function. This is because the
use of electrolyzers and the hydrogen selling system, in terms of exergy and resource
consumption, lowers the system's qualitative state. Consequently, if the objective function is to
minimize the life cycle exergy cost, hydrogen sales are recommended in a smaller range of

electricity selling tariffs to the grid
6. Conclusion

In the present paper, optimum sizing and configuration of hybrid power and heat supply
systems were discussed. A comprehensive simulation model has been developed, which can
consider either renewable or fossil fuel supply system in a micro scale and domestic demand. In
addition, four scenarios have been assumed as back-up generator mode in off-grid, on-grid with

power purchase, purchase and sale on-grid and non-backup mode of on-grid states.

For the on-grid condition, the optimum net present value i.e. first objective function was
calculated equal to 53436 dollars. Also, the same objective function optimal magnitude for
non-backup generator is decreased to 24409 dollars, because of increasing capital and operation
costs and decreasing renewable system size and annual sale revenue. Moreover, for the off-grid
system, the total cost increased because of batteries and limited backup options. In addition, the
fuel cost was added to the system total cost. It was calculated that the batteries contain about
29% of total capital cost. However, the most probable scenario for the proposed case study is
on-grid without energy sale option, because lack of selling infrastructure and pricing in most
regions. Likewise, the most proper option can be on-grid, since it will be the most profitable

scenario.
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Also, the sensitivity analysis was performed by varying of input parameters such as gasoil fuel,
hydrogen and electricity prices. The results claimed that there are threshold points or margins,
which in energy purchase and sale options selection, change with varying energy carrier

prices.

The main novelty of the proposed research is to implement new criteria based on lifecycle
exergy for the optimal sustainability-based design of hybrid energy systems. Moreover,
extracting cost and exergy consumption equations for different systems, and a comprehensive
model for renewable and conventional energy carriers to provide both heat and electricity are
the other contributions of the present work. For the improvement of the next researches, one
can contribute more detailed cost and lifecycle exergy data and equations beside variety of
different supply technologies. In addition, a time-variable mode! for equations of technologies,
which can predict the trend and future of energy supply and storage systems cost and exergy

consumption, will be a remarkable research objective.

The results of the present research and optimization model can be suitable for both macro and
micro decision-makers. Actually, power officials can either make new or change policies
mostly based on lifecycle exergy objective function. On the other hand, for domestic and
residential applications, both objectives, especially economic optimization can result in a

competitive hybrid system based on each specific region and demand.
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