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ABSTRACT

This paper studies power management in a grid-tied hybrid energy system consisting of photovoltaic
array, wind turbine, fuel cell, electrolyzer, hydrogen storage tank and a combinational heating system
to supply the thermal and electrical demand of a building. Moreover, the hybrid system is capable of
exchanging power with local grid. Thus, variable daily buying and selling tariffs are also taken into
account so as to cover a wide range of operational conditions. The thermal demand is supplied by both
electric heating system and the fuel cell exhaust heat. The paper formulates the matter in the form of a
nonlinear constrained optimization problem and then evaluates several well-known heuristic
optimization techniques. The performance of each of these algorithms is discussed in detail and the
elite algorithm is introduced. Furthermore, the effect of the initial charge of the hydrogen storage tank
on total operation cost and also charge remained are fully discussed. In order to fulfill this intention, a
novel criterion is presented to determine the optimal initial charge. The validation of the results will be
implemented based on simulations.

doi: 10.5829/idosi.ije.2016.29.01a.06

NOMENCLATURE
C, Total operation costs ($) P Thermal recovered power from fuel cell at interval i (kw)
costl, Maintenance costs during i time interval (3) Py Electrical power exchanged with local grid (kw)
D} Electrical demand during i time interval (kw) pk, Electrolyzer electrical power consumption at interval i (kw)
18 Thermal demand during i time interval (kw) PLR; Part load ratio of fuel cell at interval i (kw)
Djax Customer's contract demand rh Thermal to electrical power ratio at interval i
L/h Liter per hour soc, Initial state of charge of hydrogen tank (%)
MDT Maximum down time limit (interval) S0C.,q  Final state of charge of hydrogen tank (%)
MUT Maximum up time limit (interval) S0Cm  Minimum limit of state of charge of hydrogen tank (%)
N™ax Maximum number of starts-stops S0Cmay ~ Maximum limit of state of charge of hydrogen tank (%)
Nstare-stop  Number of starts-stops of fuel cell soc¢; State of charge of hydrogen tank at interval i (%)
n Number of time intervals T Duration of time interval (min)
L, Wind turbine power production at interval i (kw) i Duration in which fuel cell is continuously on
o Rated power of wind turbine (kw) 7/ Duration in which fuel cell is continuously off
pl Photovoltaic array power production at interval i (kw) iy Purchasing tariff in h™ hour ($/kwh)
ps Rated power of Photovoltaic array (kw) trl,  Selling tariff in h™ hour ($/kwh)
ppin Minimum limit of consumption power of electrolyzer (kw) U; Equal 1 if fuel cell is on and zero if it is off
Prex Maximum limit of consumption power of electrolyzer (kw) nt Electric efficiency of fuel cell in interval i
PR Minimum electric generation output of fuel cell (kw) Ny Electric heating system efficiency
PR Maximum electric generation output of fuel cell (kw) Apge Ramp up rate limit of fuel cell (kw/min)
Py Price of hydrogen (cent/NI) Ap. Ramp down rate limit of fuel cell (kw/min)
Dic Fuel cell electrical power production at interval i (kw) Apt, Ramp up rate limit of electrolyzer (kw/min)
Pa Internal consumption power of fuel cell (kw) Apd, Ramp down rate limit of electrolyzer (kw/min)
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1. INTRODUCTION

At present the main contribution of energy production in
the world is still from fossil resources [1]. Therefore,
providing stable and eco-friendly energy has been the
developmental landscape of so many countries. The
growing consumption and decreasing access to natural
resources result in increase in the price of energy.
Obviously, in such circumstances, renewable energy
sources are being considered [2]. Meantime, the sun and
wind are the two renewable energy resources which are
lionized because of their ease of access and
inexhaustibility [3]. However, producing energy from
aforesaid resources is influenced by climatic and
geographical conditions and this is considered as a
challenge for sustainable generation [4]. In order to deal
with such a kind of unsustainability, it is possible that
energy conversion be done in the process of providing
energy. For example, pumped-storage power plants
pump water to a high altitude during light-load hours so
that its potential energy can be used in peak hours to
operate a hydro-generator, and generate power. Other
conversions of energy can also be used for electrical
energy storage. However, the most efficient type of
conversion is gas into electrical power and vice versa.
For instance, when energy exceeds consumption,
hydrogen can be produced and stored at a high level of
efficiency so as to be used as fuel for a fuel cell in case
of energy shortage [5].

Some recent studies prove that placing fuel cell next
to a wind turbine and a photovoltaic array can form an
appropriate structure as a sustainable energy source [6-
9].

As mentioned previously, a hybrid energy system
has degrees of freedom in determining the contribution
of each subsystem in comparison with a single source
system that leads to an increase in the operational
efficiency. Energy production in these structures is
significantly more reliable and is not related to time or
geographical conditions [5].

Accordingly, in this paper, the system under study
includes both fuel cell and electrolyzer. The proposed
hybrid structure is much more sustainable than those
presented in previous researches. Moreover, this system
is capable of exchanging power with local grid. The
system satisfies both thermal and electrical load of a
building. In other words, the system acts as a CHP
generation system. In order to implement optimal
energy management of the system in the form of an
optimization problem, different well-known
optimization techniques are utilized and a comparative
assessment of results is presented. Proposing a novel
criterion for choosing the best value of initial state of
charge of hydrogen tank is also discussed in this paper.
The rest of the paper is organized as follows: In the

second section, the problem of optimal energy
management is comprehensively discussed in the form
of a constrained nonlinear optimization problem and its
formulation in order to design an off-line energy
management system. The configuration of the hybrid
system under study is also described in this section. In
the third section, the utilized heuristic optimization
techniques are introduced. In addition to this, simulation
results provided by the techniques, those obtained by
the elite algorithm in particular, are also proposed.
Finally, conclusions are presented in section four

2. THE CONFIGURATION OF THE SYSTEM UNDER
STUDY

The current paper discusses a grid-tied hybrid structure
in which wind turbine, photovoltaic array and fuel cell
are responsible for supplying the thermal and power
demand of a building. The generation system is also
equipped with some accessories such as electrolyzer,
electric heater, hydrogen storage tank and water
reservoir. It is essential to note that energy management
beside various subsystems constraints is highly affected
by the quality of the connections of each element, such
as series, parallel or switchable connection [10].
According to what was said, the configuration of the
system under study is represented in Figure 1.

Since this paper is a continuation of the work
initiated in an earlier paper, the technical features of all
subsystems, the data related to wind speed and radiation
intensity, electrical and thermal demand and also energy
exchange tariffs with local grid have been chosen the
same as [11]. The electricity trading tariffs and the main
features of the subsystems have been presented in the
form of Figure 8 and Tables 1-5 of [11], respectively.

A polymer exchange membrane (PEM) fuel cell has
been used in this paper due to its particular
characteristics. PEM fuel cell has a higher efficiency
and lower ohmic losses; it is cheaper and faster than
other types. Therefore, this type of fuel cell is usually
preferred [11]. Since a fuel cell is dynamically a slow
device, in some cases it is paralleled with a super
capacitor or a battery to improve its dynamic behavior
[5, 10, 12]. In order to consider the slow behavior of the
fuel cell in the process of solving the energy
management problem, ramp up/down rate limits,
minimum up/down time limits and the maximum
number of starts/stops are also considered in the model.
Equations (1)-(3) present the model of the given fuel
cell [13]. These relations link the electric output power
of the fuel cell, thermal exhaust power and its efficiency
to one another. The relationship between hydrogen
consumption of the fuel cell and its output power
follows a relatively linear relationship [10].
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Figure 1. System configuration and power flows of the proposed system
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2. 1. Problem Formulation and Objective
Function In this paper the period of the problem is
a 24-h time horizon. In order to solve the optimization
problem, the range of system parameters needs to be
mapped to a discrete range using the sampling method.
Here, the time interval of the samples is equal to 10
minutes while it was 15 minutes in [14, 15]. Equation
(4) represents the essential relation of power balance
which must be satisfied in each time interval. This
equation verifies the configuration previously proposed
in Figure 1.

P+ pho +pl, +pi = D4 ply + PEEETRE)
According to Equations (1)-(3), the thermal power
produced by the fuel cell can be computed if its electric
output power be known, so the unknown parameters in
Equation (4) are pl, pic, pk..- Since the power balance
equation itself presents a linear relation of these
unknown parameters, the problem has two independent

variables. In the rest of the paper, it is assumed that the
electric output power of the fuel cell and electrolyzer
power consumption are the two independent variables
of the optimization problem.

Expenses in this system include the maintenance, the
cost of consumed hydrogen, the cost of buying
electricity from the grid and the income is selling
electricity to the local grid. So, the objective function
can be defined as Equation (5). The first term of the
objective function represents maintenance costs, the
second term describes the power purchasing cost, the
third term is related to the income obtained from selling
electricity, the fourth term is a penalty which is
responsible for exceeding the contract demand and
finally the fifth term is related to the cost of consumed
hydrogen fuel. It should be mentioned that due to the
presence of the electrolyzer in the hybrid system, the
price of stored hydrogen in the storage tank would be
time-variable because both exchanging tariffs and
power consumed by the electrolyzer are changing over
time intervals, and this results in different prices for
produced hydrogen. To avoid the complexities of
calculating the spot price of the capsulated hydrogen,
the difference between the primary and final state of
charge of the hydrogen storage tank can be considered
in calculating hydrogen consumption cost.

Cost = YLy costh + Xiy T.max(py , 0). tryyy

© 1 T.min(p},0). trey + (5)

Y, T.max(ph — DI, 0). trhyuy—pen +
Py. (soc, — 50Ceng)
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The objective function presented in Equation (5) is
subject to power balance equation defined by Equation
(4) and inequality constraints defined by Equations (6)-
(15). Equations (6) and (12) denote the minimum and
maximum allowed generation and consumption limits of
the fuel cell and electrolyzer, respectively. To cover the
slow dynamic response of the fuel cell and electrolyzer,
the set point of their power in the next time interval has
been limited to a certain change by the use of ramp
up/down rate limits. Therefore, Equations (7)-(8) and
(13)-(14) are defined to formulate the aforesaid
constraint. The other difficulty arising from the slow
dynamic of these two subsystems are minimum
up/down time limit and the maximum number of
starts/stops in a given period. Equations (9) - (10) are
responsible for applying these constraints in the
problem formulation. It is clear that the maximum
capacity of the hydrogen storage tank must be restricted
to a critical limit. On the other hand, considering a
security margin in the residual charge contained in the
tank can increase system reliability. Based on these
facts, Equation (15) is defined in order to cover this
necessity.

P < pie < PR (6)
Prc = Prc' < Apic @
prc' — Prc < Apfc ®)
(T2 —MUT)Uio, —U) =0 )
(12%] = MDT)(U; = Ui—) 2 0 (10)
Nstart—stop < Nmax (11)
PEI™ < ppy, < PR (12)
Pk — PEL" < Apk, (13)
pPEL' — Pk < APgL (14)
S0Cmin < S0C; < SOCmax (15)

3. SURVEY ON OPTIMIZATION TECHNIQUES TO
SOLVE POWER MANAGEMENT PROBLEM

The present optimal energy management of the grid-tied
hybrid generation system is a constrained nonlinear
optimization problem that is not easy to solve by relying
on classical solution methods. Due to the complexity of
solving such problems, engineers are often satisfied
with a satisfactory solution instead of a global optimum.
Therefore, several approaches have been suggested to

find a nearly optimal solution under an acceptable
computational time period. Algorithms which can
ensure finding good solutions in a given distance of the
global solution are called approximate algorithms and
those that can ensure finding a solution close to the
optimum point considering a high probability are called
probabilistic algorithms. Besides these two categories,
there are some algorithms which have no guarantee in
finding a solution, but according to the records of their
results, they have greatly proposed the best tradeoff
between computational effort and time. These
optimization techniques are called heuristic algorithms.
Generally, these algorithms have a kind of exclusive
efficiency for a special category of optimization
problems. However, the performance of some of them
such as genetic algorithm is significantly wider. This
matter made researchers pay attention to the various
types of heuristic search during the last two decades.
Hence, different optimization techniques have been
presented and developed [16]. In other words, no
heuristic algorithm has yet been presented that can be
suitable for solving all optimization problems. Heuristic
algorithms are popular among researchers due to four
major reasons: simplicity, flexibility, not relying on
derivativeness and convexity of fitness function and the
ability of achieving the global optimum [16]. There are
various heuristic techniques such as Genetic, Simulated
Annealing, Cuckoo, Ant Lion Optimizer, Imperialist
Competitive Algorithm, Dragonfly, Flower Pollination,
Gray Wolf, Interior Search, League Championship,
Optic Inspired, and Particle Swarm Optimization which
are either in use or have been introduced in the last two
years. According to the performance of these algorithms
in solving energy management optimization problem,
eight of them showed better results than the others. In
the following, the effectiveness and robustness of these
eight algorithms over the optimal power management
problem are discussed briefly. The principles of the
optimization idea of the aforementioned techniques
have been fully described in literature [16-20].

3. 1. Simulation Results This section presents the
simulation results of energy management in the hybrid
system. The energy management has been implemented
by using the optimization algorithms described above.
The data related to the irradiation, wind speed and the
technical information of the subsystems were presented
in the previous sections. In order to make an appropriate
comparison of the different algorithms, the same setting
must be used. Therefore, the mentioned techniques must
have the same starting point and population size with a
certain number of iterations. Figure 2 shows the
convergence profiles of different algorithms in which
the number of iterations is equal to 2000. In the
following, the performance of each of these techniques
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over power management optimization problem is briefly
discussed.

Genetic Algorithm (GA): According to Figure 2, the
convergence curve of this algorithm ceaselessly follows
a continuous and downward slope during the simulation
period which is not observed in any of the other
algorithms. From performance point of view, this
algorithm ranks as the second best among all.

Simulated Algorithm (SA): Although the efficiency
of this algorithm is undeniable in solving the complex
engineering problems, in this case this algorithm is the
most deficient. This could verify that the efficiency of a
heuristic algorithm is usually restricted to an exclusive
category of optimization problems which was
mentioned before.

Cuckoo Algorithm: In the same manner of GA, the
convergence profile of this algorithm follows a
downward and continuous movement though not as
efficient as that of GA.

Flower Pollination Algorithm (FA): By focusing on
Figure 2, it can be observed that this algorithm would be
the best algorithm if the number of iterations was
restricted to a number around 100. That is to say,
although the algorithm shows a prodigious performance
during the initial iterations, the motivation of the
algorithm decreases gradually, insofar as it finally meets
the fourth rank among all.

Gray Wolf and Imperialist Competitive
algorithms (GWO & ICA): These two algorithms have
shown their inability by ending at two local minima of
approximately the same value.

Interior Search Algorithm (ISA): Based on what
Figure 3 indicates, the efficiency of this algorithm in
finding the best solution is quite obvious. The algorithm
has been nearly the most elite of all from the initial
iterations to end. The behavior of the algorithm is in
such a way in which finding a better solution is
promising and highly expected. The performance of this
optimization technique is so clear that there is no
hesitation for choosing it as the most efficient
algorithm. For the same reason, only the simulation
results obtained by this algorithm are presented in the
following.

Optic Inspired Optimization (0I0): In initial
iterations, this technique treats as well as flower
pollination algorithm. In other words, in the beginning
the algorithm introduces itself as a significantly
powerful optimization technique, but the algorithm
reaches to a local minimum by increasing the number of
iterations. From nearly the 1200" iteration to end, the
convergence profile of this algorithm and SA more or
less match each other. OIO meets the second position,
after SA, from the perspective of deficiency.

It is noticeable since all the algorithms discussed
above are heuristic; they contain an unavoidable
inherent uncertainty. That is to say, a heuristic would
not explore all possible states of the optimization
problem, or would begin by exploring the most likely
ones, so it may fail to find a better solution. Based on
this fact, a heuristic technique might propose a nearly
more optimal solution through reimplementing. To
avoid this case, the best solution found after several
executions was chosen and showed in Figure 2 though
reimplementations did not present so different results.
This means that despite the presence of some stochastic
movements in the nature of these algorithms, their
performance is chiefly influenced by the structure of the
optimization algorithm not the number of runs. Table 1
presents the numerical results of the different algorithms
in terms of cost and computational time. Regarding the
robustness of ISA (Figure 2 and Table 1) and by
considering a compromise between the computational
effort and the time required the final results to which the
algorithm leads are illustrated in Figure 3. From what
Figure 3 shows, it can be argued that low buying tariff
at early hours has made the electrolyzer produce
hydrogen in this period. That is because the electrolyzer
can produce hydrogen in these hours with a lower price
than that of a hydrogen fuel station. Due to the slow
dynamic of the electrolyzer that was earlier applied to
the problem formulation in the forms of Equations (13)
and (14), the electrolyzer has started with a growing
consumption. This conservative response is also seen in
all other upward and downward changes of the
electrolyzer consumption. Since the purchasing tariff is
seriously low during the initial hours, the electrolyzer is
strongly attempting to produce and store hydrogen with
its maximum capacity. Later, by increasing the buying
tariff, the electrolyzer is less prone to generate
hydrogen. The lack of free space for hydrogen storage
could be another cause for this reluctance.

TABLE 1. The numerical comparison of the utilized optimization algorithms under the conditions in which the starting point,
population size and also the number of iterations is the same for all algorithms

Algorithm GA SA Cuckoo FPA GWO ICA ISA Ol0
Elapsed Time (s) 1096 124 2641 1142 1707 1817 1835 48
Cost ($) 6.323 6.890 6.562 6.591 6.726 6.758 5.666 6.863
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Figure 2. The convergence profiles of the utilized optimization algorithms under the conditions in which the starting point,
population size and also the number of iterations is the same for all algorithms

The production of hydrogen by the electrolyzer is
also seen in the last hours because there is a further
decrease in buying tariff. At the period 1- 7 o’clock, the
wind turbine is the only generator and the electrical and
thermal load is mainly satisfied by the local grid. As
Figure 3 shows, the electric heater is supplying the heat
demand during the mentioned period while the fuel cell
is shut down. This situation has resulted in a great
amount of purchased power from the local grid because
there is no exhaust heat recovery via fuel cell during this
period.

After the 7™ hour, with an increase in purchasing
tariff, the fuel cell begins to generate power through
consuming hydrogen. The fuel cell cooperates in
supplying both electrical and heat load, so that the
power purchased from the local grid is highly reduced.
In hours 7-15 in spite of the effort of the fuel cell to
supply thermal load, it is not fully met. Therefore, the
electric heating system is still trying to compensate this
shortage, which has been shown as a gray area in Figure
3. Since almost the entire electrical and thermal load is
being met by the fuel cell during 15-20 o’clock, local
generation exceeds the total demand some of the time.
In such a case, any excess electricity is fed back into the
grid which is largely the power produced by the wind
turbine in this period. Like what was argued about the
quality of the electrolyzer response, the slope of the
changes of the power produced by the fuel cell is also
slow and there is no sudden variation. Equations (7) and
(8) are responsible for this behavior of the fuel cell
which were previously discussed. The hours, during
which the fuel cell has participated with its maximum
capacity in providing load corresponds to high buying
tariffs. The power produced by the solar array has led to
a decline in the fuel cell production within hours 10-15.
It is really essential to note that there is no time interval
in which both injecting energy to the grid and

consuming power by the electrolyzer is simultaneously
observed. This important note validates the problem
formulation and simulation results.

It is clear that the hydrogen storage tank needs a
recharge after a few days. The initial state of charge
(SOC) can postpone the recharge or vice versa that was
broadly studied in [11]. Authors of the mentioned article
demonstrated that load supplying cost and time to
recharge in such a hybrid generation system are highly
influenced by the primary SOC of hydrogen storage
tank. As it was mentioned previously in section 2, we
assumed max/min limit for SOC. One can say that
current SOC must be higher than a certain charge during
all time intervals and another designer can say the value
of current SOC is not important, but final SOC must be
above a certain limit. Since the first claim is a more
conservative approach in terms of reliability, it was
considered in the problem simulation in this paper. The
simulation results previously showed in Figure 3 were
based on this presupposition that the initial SOC
(SOCp) is equal to 90%. However, choosing this
particular value was not reasoned. Figure 4 depicts both
final SOC of the hydrogen storage tank and total
operation cost with respect to different values for SOCo.

It is obvious that the enlargement of remained
charge (final SOC) in the tank is satisfying for the
operator of the system, because it postpones time to
recharge. On the other hand, minimum operation cost is
a purpose which is essentially followed in energy
management. Therefore, a tradeoff must be considered.
The ratio of cost to remained charge could be an
efficient and strategic criterion to determine the
appropriate value of SOCq. According to Figure 4, the
best value of the index (the minimum value) is nearly
proved for SOC, =90%. That is why the simulation
results were initially presented with emphasis on
S0C, = 90%.
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Since the minimum cost occurs when initial charge
is equal to 85%, a 5-percent step size is regarded
between 80-90%. It should not be neglected that Figure
4 is to say although the SOC, in which the maximum
value of the charge remained is met, is not necessarily
corresponding with the point in which the minimum
operating cost is provided; the distance between these
two points is not very high. Furthermore, by focusing on
Figure 4, one can understand that almost there is no
segment in which both cost and remained charge
profiles moves in the same direction. The style of the
objective function formulation verifies this observation
(Equation (5)).

The minimum operation cost obtained in [11] with
SOC, = 90% using gravitational search algorithm was
equal to $4.819, while the current technique (ISA)
presents the total operation cost = $4.765.

These optimizations were carried out under
MATLAB R2013a (8.1.0.604), 32-bit on a system
running at 2.26 GHz (Intel Core i5) with 4 GB of RAM.

4. CONCLUSION

Through this paper, first an overview of energy
management in hybrid energy systems was discussed
and then a sustainable and grid-connected structure of
these kinds of systems was proposed which consists of
wind turbine, photovoltaic array, fuel cell, electrolyzer,
combinational heater and hydrogen storage tank. The
aforementioned system was capable of trading power
with local grid with variant tariffs through a 24-h time
horizon. This system guaranteed to supply a domestic
load where the thermal demand of the building was met
through recovering exhaust heat of the fuel cell and the
electric heater. Several well-known heuristic algorithms
were used in order to solve the energy management
optimization problem in the system under study as a
nonlinear and constrained one. Based on the simulation
results, Interior Search Algorithm (ISA) distinctly
proposed the most efficient results with great suitability
in comparison with other algorithms. Furthermore, the
role of initial charge of the hydrogen storage tank in
total operation cost was also argued. According to the
results obtained, choosing an inappropriate initial
charge for the hydrogen storage tank would have both
increased energy supply cost intensively and decreased
the reliability associated with the hybrid system. Since
the effect of this parameter on the operation cost and the
final state of charge of the hydrogen storage tank was in
a case that it was always improving one and weakening
the other, a simple yet robust criterion was introduced
and applied in order to choose the optimal initial state of
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charge. The optimal point of this index is constantly
affected by the technical features of the system
components, power exchange tariffs with the grid and
also the electrical and thermal load profile.
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