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Abstract: Nowadays, the integration of multi-energy carriers is one of the most critical matters in
smart energy systems with the aim of meeting sustainable energy development indicators. Hydrogen
is referred to as one of the main energy carriers in the future energy industry, but its integration
into the energy system faces different open challenges which have not yet been comprehensively
studied. In this paper, a novel day-ahead scheduling is presented to reach the optimal operation of a
hydrogen-based energy hub, based on a stochastic multi-attribute decision-making approach. In this
way, the energy hub model is first developed by providing a detailed model of Power-to-Hydrogen
(P2H) facilities. Then, a new multi-objective problem is given by considering the prosumer’s role
in the proposed energy hub model as well as the integrated demand response program (IDRP).
The proposed model introduces a comprehensive approach from the analysis of the historical data
to the final decision-making with the aim of minimizing the system operation cost and carbon
emission. Moreover, to deal with system uncertainty, the scenario-based method is applied to model
the renewable energy resources fluctuation. The proposed problem is defined as mixed-integer
non-linear programming (MINLP), and to solve this problem, a simple augmented e-constrained
(SAUGMECON) method is employed. Finally, the simulation of the proposed model is performed on
a case study and the obtained results show the effectiveness and benefits of the proposed scheme.

Keywords: smart energy hub; multi-energy carrier; renewable energies; uncertainty analysis;
power-to-hydrogen; multi-criteria decision

1. Introduction
1.1. Motivation

The integration of different energy systems consisting of multi-energy carriers is
introduced as a sustainable solution to decrease the operational cost and reach decarboniza-
tion goals. In fact, this integration means coupling the different energy infrastructures
together and making them possible to convert each energy carrier into another [1]. In this
context, the energy hub concept has been proposed and developed by researchers with
the aim of obtaining more efficient energy management for such an integrated energy
system. Hydrogen is an emission-free energy carrier that can be used in the transport
sectors as a green fuel. Since environmental pollution has become a major concern and
carbon is the main component of greenhouse gases (GHG), the integration of hydrogen into
energy systems can contribute to decarbonization. Moreover, using renewable energies
to produce hydrogen while reducing emissions, can reduce operation costs in the whole
energy system. Following the increment of pollutant emissions, in the near future, a large
number of customers will lead to the use of renewable energy sources (RESs) [2]. Therefore,
the investigation of integrated energy systems based on hydrogen and renewable energy
resource would be one of the most important topics for the future of energy transition. For
this purpose, considering the uncertainty of renewable energies as well as proposing an
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accurate model of hydrogen-based equipment is an important point to bring the studies
closer to reality.

1.2. Literature Review

According to the energy hub definition in the literature, it is considered a place that
can receive different forms of energy carriers as input and supply different forms of energy
demand as output. In recent years, diverse works have been done regarding the operation
and optimization of energy hubs. These works can be distinguished from proposing
different structures and models for energy hubs and utilizing different optimization models
for their energy management. By developing different energy conversion technologies,
such as combined heat and power (CHP), combined cooling, heat and power (CCHP), as
well as energy storage system (ESS), the basis of different energy carrier integration has
been formed [3]. On the other hand, hydrogen is considered a clean energy carrier and
it is promoted to achieve a green energy system. Based on this fact, Power-to-Hydrogen
(P2H) technologies has also been presented as a new concept in which electrical energy is
converted to hydrogen. These technologies can play the role of ESS for energy buffering
aims by using hydrogen tanks. Moreover, P2H can participate in ancillary services for
electrical networks because electrolyzers have a fast response [4]. To deal with the low
efficiency of electrolyzers, a new power-to-hydrogen and heat (P2HH) system has been
introduced by Li et al. [5]. Liu et al. [6] proposed a novel method considering P2H
and power to methane (P2M) with the aim of maximizing wind power participation and
minimizing the total operation cost. Jahangir et al. [7] used a hydrogen/diesel backup
system in the energy hub to improve operation cost by considering discount and inflation
rates. Shabani et al. [8] presented a new model by assuming agents for all facilities that
participate in the cooperative model to maximize their own profit and social welfare.

Shaving loads, especially during peak periods, has a significant impact on the opera-
tion cost and can even affect the emission cost. DRP is one of the most important tools for
modifying the loads with respect to energy prices. Majidi et al. [9] presented a new smart
energy hub model to support electrical and thermal demand by using DRP for decreasing
the total operation cost. Integrated demand response programming (IDRP) for both electri-
cal and thermal demand has been introduced by Jamalzadeh et al. [10] for the energy hub
system, connected to electrical, natural gas, and district heating networks. Saatloo et al. [11]
have proposed a novel robust optimization approach in which the system operational cost
was reduced by approximately 7.8%, considering electricity price uncertainty as well as
IDRP for electrical and heating loads. Another important issue in the operation of energy
hubs is uncertainty analysis. A data-driven approach based on regression techniques is
applied to estimate the renewable energies from historical data in [12]. To handle wind
uncertainty, Daneshvar et al. [13] presented scenario-based stochastic optimization by
using Monte Carlo simulation to generate different scenarios for modeling wind fluctua-
tion. Turi et al. [14] reviewed and analyzed the potential of wind energy in Pakistan and
showed that using RESs has a significant effect on reducing the GHG emissions emitted
from the energy sectors in Pakistan. Javadi et al. [15] applied photovoltaic as a renewable
energy resource (RES) of the energy hub and proposed a novel model to operate the energy
hub by considering a scenario-based method for the PV generation and energy demand
uncertainty.

A bilevel optimization model has been also used by Bostan et al. [16] for day-ahead
optimal scheduling of energy hub and the advantage of the proposed method has been
demonstrated by testing it on the IEEE 33 bus standard system as a case study system. The
simulation results have shown the proposed method reduces distribution system costs
by approximately 27.8%. Risk-based optimal scheduling for an energy hub system has
been presented by Karkhaneh et al. [17] to avoid encountering abnormally high costs in
the possible scenarios determined by the system operator. A novel stochastic model for
hydrogen- and water-based energy hub has been given by Kafaei et al. [2] with the aim
of minimizing the operation cost and carbon emission. To analyze the system’s random
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variables, a hybrid uncertainty method was employed in the proposed problem. The
scenario-based method has been considered for modeling electric vehicle uncertainty
and information gap decision theory (IGDT) has been used for modeling the uncertainty
of the renewable resource. Multiple integrated energy hubs with industrial consumers
are presented in [18] to minimize its operation cost, considering a competitive energy
market environment. The uncertainty of the day-ahead electricity market price, energy
demand, and PV generation have been considered in the proposed model. Tao et al. [19]
proposed a new model for the IES including electrical, gas, and hydrogen energy carriers,
aiming to supply electrical and hydrogen loads without considering RESs uncertainty. The
results have shown that this integration of multi-energy carriers can increase social welfare
and decrease total operation costs. A novel hydrogen-based energy hub has been given
by AlRafea et al. [20] to increase the renewable energy sources penetration considering
combined cycle power plants through electrolysis generating hydrogen. The obtained
results showed a 2% reduction in total energy cost. It should be noted that in this reference,
DRP was not studied. Optimal planning for an electricity-hydrogen system considering
N-1 contingency and robust optimization to address PV, wind turbine, and load uncertainty
has also been presented by [21]. In Table 1, the details of the recent studies are shown, and
the superiority of the proposed method will be proved.

Table 1. Detail of recent studies on energy hub.
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In Table 1 symbol v and x mean the subject is considered and not considered in
related studies. According to this table, there are different studies in which some of the
aforementioned subjects are taken into consideration, but there is no research that has a
comprehensive study on all subjects. For example, in [10,17,25], uncertainty of WT and
PV is not considered. Moreover, IDRP has only been considered in [10,13,17,18,22], and
none of the other references have used this tool. Another important point in this paper
is considering hydrogen as the primary energy in the energy system. Although some
references have considered P2H facilities in their research, none of them have considered
hydrogen as the base energy. Additionally, the problems in all references except [18-20]
are single objectives and only ref. [20] uses DM for achieving the best answer among
Pareto optimal solutions. In this study, SAUGMECON, which is more powerful than other
e-constraint methods, is used to generate optimal Pareto solutions and AHP is used as the
DM method.
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1.3. Contribution

In this paper, a novel stochastic energy hub scheduling is given, considering detailed
modeling for hydrogen network and IDRP. The proposed problem is introduced as a multi-
objective optimization problem in the frame of mixed-integer non-linear programming
(MINLP). The first one is the minimization of the energy hub operation cost and the
second one is the minimization of the greenhouse gas emission. Moreover, this paper
gives a comprehensive and coherent approach from historical data analysis as input of the
proposed problem to final decision-making as its output. This approach can be divided
into 3 sections, i.e., uncertainty handling, optimization, and decision-making. A scenario-
based approach is first employed to model the uncertainty of wind and solar, with regard
to uncertainty handling. Then, the simple augmented e-constrained (SAUGMECON) is
implemented to obtain Pareto front optimal solutions for the optimization part. Finally, a
new procedure is applied to reach the best possible solution by using analytic hierarchy
process and weighted sum methods based on the pay-off table. The contributions of this
paper can be summarized as follows:

e  Proposing detailed modeling of hydrogen-based equipment to achieve a more realistic
operation of an energy hub;

e  Proposing an IDRP containing EDRP and TDRP to reduce both operation and emission
costs;
Wind and solar generation uncertainty modeling by applying a scenario-based method;
Presenting a novel multi-objective optimization problem for optimal operation of the
energy hub by employing SAUGMECON to reach Pareto optimal solution;

e  Using the AHP method as a multi-criteria decision-making procedure to select the
desired solution.

1.4. Organization

This paper is organized as follows: energy hub modeling is presented in Section 2.
Problem formulation and all equations about the model are given in Section 3. Then, the
solution methodology is discussed in Section 4. First, SAUGMECON as a multi-objective
optimization method and then AHP as multi-criteria decision-making are described in this
section. In the next section, the case study and the simulation results are comprehensively
discussed. Finally, Section 6 is dedicated to the conclusion of the paper.

2. Proposed Energy Hub

In each energy hub, some forms of energies are considered as inputs of energy hub
and some as outputs. Based on that, the relation between the energy hub’s inputs and
outputs can be presented as Equation (1) [27].

[Pout] = [C] [Pi ] @

where C is a converter coupling matrix, P;,, and P, are inputs and outputs vectors,
respectively. Figure 1 presents the proposed energy hub in this paper. As shown in this
figure, the proposed energy hub includes hydrogen, electricity, and natural gas as input
energy carriers and supplies hydrogen, electrical, gas, and heat demand. The proposed
energy hub has different own facilities to maintain energy demand besides selling these
energies through upstream energy networks. For instance, to supply electrical demand,
the electricity can be provided by the direct generation of the solar and wind turbine and
or through fuel cells by converting hydrogen to electricity. In the proposed energy hub,
hydrogen demand is also considered and is met by electrolyzer and hydrogen network.
Moreover, EESS and HESS are considered for energy price market balancing through saving
electricity and hydrogen when the price is low and use it when the electrical and hydrogen
network price is high.
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Figure 1. Proposed energy hub architecture in this study.

3. Problem Formulation
3.1. Objective Function

The proposed problem is given as two-objective optimization problem. The first
objective is to minimize the total operation cost of the energy hub, which is presented
by Equation (2). This cost function consists of the cost of the electricity, natural gas, and
hydrogen purchased from the upstream grids, as well as EESS, TESS, EDRP and TDRP
operation costs. In the second objective function, given by Equation (3), the amount of
emission produced by the energy hub and energy networks is minimized. The emission
function includes two main parts. The first part is the distribution of greenhouse gases
during the operation of energy hub equipment, such as CHP and boiler. This part is called
the energy hub inside emissions. The second part deals with the distribution of greenhouse
gases during the generation and transportation of energy in the energy networks, which is
related to the energy carriers consumed by the energy hub. This part is called the energy
hub outside emissions. The proposed problem objective functions are as follows:

7 = Mm{f_fl Re(8)-Pe(t) + Ag (£)-Pe(£) + Abty (8).Pray (1) + ASE [ PEL (1) + PEE(8)] + AST PSR (2) + P (1)

()

+ X /\?rR(t)[LinccrU)"‘DRcr(t)'Dcr(t)]}
crefen}

24
Zy = Min{ YeupPg T (8) + vBPg (1) + 7Py (1) + %Pg(t)} 3)
t=1
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3.2. System Modeling

As an important point to achieve balance in any energy system, production and
consumption must be always equal. For this reason, electrical, gas, heat and hydrogen
energy balance are considered in the proposed energy hub. The energy balance constraints
for electrical, gas, heat and hydrogen are presented in Equations (4)—(7), respectively. In
these equations, input powers appear with positive sign and output powers appear with
negative sign.

De(t) = " Pe(t) + 1S (Pur(t) + Ppy (t)) — Per(t) + Pec(t) + nEHPPSHP (£) — P (t) + PI () 4)
Py(t) = PHP () + P (1) ®)

Dy(t) = n"Pg () + 15, TP Pg P (1) 6)

Dy, (t) = Py, (t) + 7" Per(t) — Pec(t) — P (t) + PR () )

The system storage units are modeled by Equations (8) and (10) and restrictions (9)
and (11). Equations (8) and (10) show that the amount of electrical and hydrogen power
stored in EES and HES in ¢ = 1, 24 must be equal to the initial values. Restrictions (9) and
(11) are limitation of electrical and hydrogen power stored in storages.

P, storage(t) =P stomge(initial) Vt=1, 24 (8)
;ﬂsig)mge X Ie(t) <P stomge(t) < gqsuti;mge X Ie(t) (9)
PHZ storage(t) = PHZ storuge(i”itial) Vt=1,24 (10)
Iizgnstorage X IHz(t) < Py, Sto?ﬂg€<t) < Pg}zm;tomge X IHz(t) (11)

In hydrogen-based equipment, an electrolyzer is used for converting electricity to
hydrogen when hydrogen price is high. This electrical energy can be supplied from the
power grid and wind turbine. Exactly opposite of electrolyzer, fuel cell convert hydrogen
to electrical power when electricity price is so high. Restrictions (12) and (13) represent
fuel cell and electrolyzer input power limit, respectively. Restriction (14) demonstrates that
electrolyzer and fuel cell cannot operate at the same time.

PPUm x Tpe(t) < Ppe(t) < PPS* x Ipc(t) (12)
PP™ % Igp (t) < Ppp(t) < PR x gL (t) (13)
Ipc(t) + Ipr(t) <1 (14)

Restrictions (15)—(17) show electricity, gas, and hydrogen network constraints, respec-
tively. CHP is used to convert natural gas into heat and electrical energy and also, boiler
convert natural gas into heat energy which their allowable ranges presented by restrictions
(18) and (19), respectively.

Pl < Po(t) < PP (15)
P < Py(t) < Py (16)
P < Py, (t) < Pf™ (17)
0 < PgHP () < pgHP max (18)
0< Pg(t) <pgm™ (19)

Respectively, Equations (20) and (21) define the molar flows of electrolyzer and fuel cell.
HESS pressure is obtained by Equation (22). Restriction (24) shows the limitation of HESS
pressure which cannot exceed its maximum and minimum allowable limit. Considering
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Faraday’s low, molar flow of charging HESS (electrolyzer) and molar flow of discharging
HESS (fuel cell) can be written as fallows [28]:

EL pch
NP (t)
NEL(t) = ﬁ (20)
2
()
Nrc(t) = ———2—— 21
RT
Prig,(t) = Pryg, (t — 1) + VHH2 (NEL(t) — Npc(£)) (22)
2
Pry, (t) = Pry, (initial ) Vi=1 (23)
Pri{" < Pry,(t) < Prip®™ (24)

Equation (25) presents the relation between wind speed and WT output power [29].
According to this formula, if wind speed be between v, and v.,, WT generate its maximum
output power. Furthermore, (26) shows the electrical power generated from PV system [30].

0 v(t) < vgorv(t) > e
Pwr(t) =4 P.U0 v <o(t) <o (25)
P, otherwise
Irr(t NOCT — 20
Ppy(t) = Irrgo) X {Pnl\{p[zx + Umax X [T(t) + Irr(t) x 800 To} } (26)

3.3. Demand Response

DRPs are used to achieve lower operation costs, by shifting the load from on-peak
hours to off-peak hours. DRPs are programs that encourage consumers to reduce their
energy consumption by changing the consumption pattern of consumers according to the
price of energy during the day. It is noted that DRP just effected on operation cost and there
is no effect on greenhouse gas emission. There are many programs to use, but in this paper
TOU demand response programming is used.

D(t) — Load(t) = DR(£)D(t) — Linc(#) (27)

DR(t) < DR™*(t) (28)

Y Linc(t) = ) DR(t)D(t) (29)
t

t

4. Solution Methodology

In this paper, a comprehensive methodology is presented to find the final solution of
the proposed problem. In this way one of the strongest methods, i.e., SAUGMECON, is
firstly used to figure out Pareto optimal solution and after a multi-criteria decision-making
method is employed to reach the best solution among all candidate solutions on the Pareto
front. In the rest of this section, the solution methodology employed in this research is
described in detailed.

4.1. Multi-Objective Optimization Method

To solve the multi-objective problem and reach a reliable solution, it is necessary to
employ a multi-objective Pareto-based method. In this paper, SAUGMECON method is
presented to solve the propose problem and generate Pareto optimal solutions. This method
is a combination of traditional and augmented e-constrained method [31]. In this method,
one objective considered as a main objective function and the other objectives are assumed
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as inequality constraints. Then, pay-off tables components are obtained by solving the
single objective problem for each constraint and after that, Pareto optimal solutions will be
reachable. Consider an original optimization problem as follows:

Min {Z1(X), Zo(X), ..., Zua(X)}S.to:  h(X) =0g(X) <0X €S (30)

The objective function consists of Z;, Z, ..., Z, that constrained to some equality
and some inequality constraints and S is the feasible solution. By using the SAUGMECON
method, the proposed multi-objective problem transformed as follows:

Min {Zl(X) — eps X Z(X) + Z3(X) + ...+ 4Z”r(nx)}

] r3
Sto:  Zp(X)<ek Zz(X) <k, ..., Zu(X) <ef

h(X)=0 (31)

§(X) <0
xeS

where (Chamandoust et al., 2019):
zmax _ Zmin
eﬁ:Z,TﬂX<”q”)xk k=1,2,...,qu (32)
n

In which eps is scaling factor (107¢ < eps < 1073%), r,, and g,, are the range and number
of equal intervals of nth objective function. The advantage of SAUGMECON method is that
the main objective function is optimized completely, and the other objectives optimized as
much as possible. Additionally, in this method inefficient Pareto optimal solutions are not
produced. These make the augmented method answer faster than the traditional method.

4.2. Multi-Criteria Decision Making

In this step, after providing Pareto optimal solutions by the SAUGMECON, a decision
maker should choose the most preferred solution among the Pareto optimal solutions based
on the preferences of the decision making. In this study, AHP is used to determine the
weighting factors of each objective function [32]. To implement this method, at first the
pairwise comparison matrix should be created. For the proposed problem, this matrix will
be as follows:

1 app ... Lllp
1
E 1 “e ﬂzlg
A= | . o . (33)
o1
Ty !

where 4;; is quantified judgment on a Z; and Z; that a;; = ai], The pairwise comparison
between the two criteria can be considered by applying the priority value from 1 to 9,
according to the importance of each objective compared to the other objective.

After placing desired numbers in the matrix A, largest eigenvalue (Ay.y) and its
relevant normalized eigenvector (V) are calculated. Components of this normalized eigen-
vector are the same as the weighting values for all objective functions. In this paper, three
decision making are considered and the value of each component in each step is presented
in Table 1. At the last stage, before defining certain weighting values, consistency of the
comparison matrix should be verified.

el
- RI

(/\max - n)
(n—1)

CR (34)

Cl = (35)
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RI values for different numbers of criteria are shown in Figure 2. If CR < 0.1, the
obtained eigenvector as weighting values are acceptable [32]. After using the AHP method
and obtaining the adequate weights, the main objective function would be calculated as
follows:

Z Z
Z=w X =1 4wy x 2 (36)
2

where Z!"" and Z" are provided in Table 2 according to Equation (36); if one of coefficients
is zero, the objective function will be equal to 1.

* e ¥

1.4 4
1.2 4
1.0 1

0.8 1

0.6 o
0.4 - w“[

RI

0.2 1

0.0 e

2 3 4 5 6 7 8 9 10
Number of criteria (n)

Figure 2. Relation between RI and 7 to qualify the comparison matrix.

Table 2. Pay-off table calculated for the proposed problem.

OF Z] ZZ
Min Z, 194,906.3 11,776.401
Min Z, 243,094.586 10,058.488

5. Case Study

As mentioned earlier, the aim of this paper is to simultaneously minimize the oper-
ational cost and carbon emissions for local integrated energy systems in the presence of
P2X technologies, considering the EH concept. To achieve this goal, the MINLP problem
is implemented in Python with by using Pyomo package. The local energy system, con-
sidered as case study for this research, is connected to upstream energy systems including
electricity, gas, and hydrogen networks. The energy price for these energy carriers is shown
in Figure 3. As can be seen from this figure, the price of electricity is very variable, unlike
the price of hydrogen. Figure 4 shows the hydrogen load profile for each time interval. All
facilities and networks parameters are considered based on [25,33,34]. It is also assumed
that the hydrogen produced in the hydrogen network is green hydrogen, so hydrogen
production does not cause any pollution. However, the electricity and natural gas produced
by electricity and gas networks through fossil fuels resources and EH operators should pay
emission costs for buying them.

To avoid the high deviation of the cost function of the optimization problem, it is
necessary to normalize the value of objective functions based on the weighted sum method
according to Equation (36). For this purpose, a pay-off table is determined. To calculate the
pay-off table values, solving two single objective function is needed, so that the elements
of the first row for this table, regarding the amount of Z; and Zj, are calculated, while the
first objective function is minimized. In the same way to find the amount of the second row
elements, the second objective function should be minimized [35]. A pay-off table for the
proposed problem has been shown in Table 2.
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Figure 3. Electricity, gas and hydrogen price for the case study.
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Figure 4. Hydrogen load profile of hydrogen demand.

After implementing SAUGMECON and obtaining optimal Pareto front solutions,
according to AHP method, pairwise comparison matrices are calculated to achieve weight
of objective functions. The elements of pairwise comparison matrices, largest eigenvalue,
and most significant eigenvector of each case are shown in Table 3. As can be seen in this
table, three case studies are assumed for the proposed problem in this paper according to
reached weight factors for each objective function. These cases are as follows:

Case-1: w1 =0.8 and wy =0.2;

Case-2: w1 =0.5 and wy = 0.5;

Case-3: w1 =0.2 and w, =0.8.

where w; and w, are coefficients of first and second objective functions, respectively.

Table 3. Obtained weights of each criteria from AHP method.

Pairwise

Decision Making Criteria Comparison .Largest . Largest
. Eigenvalue Eigenvector
Matrix
Z1 1 4 0.8
Case-1 A % 1 2 0.2
71 1 1 0.5
Case-2 7 1 1 2 0.5
Z 1 1 02
Case-3 7 4 1 2 0.8
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6. Simulation Results

As mentioned before, this paper presents a novel stochastic energy hub scheduling
considering hydrogen network. To model the wind farm and PV uncertainty, 1000 scenarios
are, respectively, generated by Python considering Weibull and Normal distribution. In the
next step, the probability interval method is used for scenario reduction. In this procedure,
the total distance of each scenario from the other scenarios is firstly calculated. A scenario,
which has the shortest distance, is selected as an agent and all scenarios that their distance
was less than the considered radius, are eliminated. Finally, five scenarios, shown in
Figures 5 and 6, are chosen for the system simulation. The rest of this section gives the
results obtained by solving the proposed problem. For better analyses, the simulation
results are discussed in three sections.

—— Scenario-1
—— Scenario-2
1000 A —— Scenario-3
Scenario-4
— —— Scenario-5
= i
Z 800
—
2
= 600 -
o
400 1
200 T T T T T T
0 5 10 15 20 25

Time (h)

Figure 5. Wind farm generation for five scenarios selected by interval method.

1000 —— Scenario-1
—— Scenario-2
800 —— Scenario-3
Scenario-4
— Scenario-5
5 600 A
—
g
= 400 A
o
200 A
O =
0 5 10 15 20 25

Time (h)
Figure 6. PV generation for five scenarios selected by interval method.

6.1. Energy Transaction with Upstream Networks

In this section, the results obtained in relation to the energy exchange between the
energy hub and upstream energy networks are provided and discussed. To this end,
the DRP effect is firstly investigated for each case in the operation results. Then, the
energy exchange results are presented based on the load profile corrected by applying DRP.
Figures 7 and 8 show the electricity and thermal demand before and after DRP, respectively.
Considering the base load in Figure 7, there are three load levels for electricity demand
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as follows; 1-8 and 24 are off-peak, 9-17 are mean-peak and 18-23 are on-peak hours.
As can be seen from these figures, the implementation of DRP causes loads to be shifted
from hours when the energy price is high to hours when the energy price is low or the
contribution of renewable energy is high. For instance, for electricity loads, DRP shift loads
from hours 12-14 and 19-22 to hours 24-6, and for heat loads, the loads are shifted from
hours 8-19 to hours 20-23 and 3-6 to reduce operation cost. From the obtained results, it
can be found that DRP has more effect on Case-1 than Case-2 as well as Case-2 than Case-3
because DRP is defined based on minimizing the operation cost, thus when the weight of
Z; is reduced, the role of DRP is diminished as well.
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Figure 7. Electricity load profile before and after DRP for three cases.
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Figure 8. Thermal load profile before and after DRP for three cases.

Figure 9 shows the transaction of electrical energy between energy hub and upstream
electrical network. In hours 7-14, when the generation power of WT and PV are at a
sufficient level, the energy hub sells its excess power to the power grid with the aim of
improving the objective function. The amount of the transacted electrical power in Case-3
is greater than other cases on hours 4-5 and 20-22, which are shown in Figure 9 with gold
dashed boxes. In these hours, the fuel cell is operated on its maximum power; so, the
energy hub must meet other demand using CHP or the electrical network. Since in Case-3
the emission cost is more important than the operational cost, as well as the electrical
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network pollution being less than the gas network, the EH prefers to purchase its required
electrical energy from the electrical network.

1500

1000 A

500 ~

Power (kw)

—500 A

5 10 15 20 25
Time (h)

—1000 -+
0

Figure 9. The electrical power exchange between energy hub and electrical network.

Figures 10 and 11 show the gas and hydrogen power purchased from natural gas and
hydrogen upstream networks, respectively. According to Figure 10, the gas purchased
from the gas network in Case-3 is more than in other cases at hours 9-10 and 14-17 because
the thermal load of Case-3 after DRP is more than Case-1 and Case-2, as can be seen
from Figure 8. In Case-3, the coefficient of emission cost is higher than the operation cost
coefficient. In this situation, it is expected that cleaner energy carriers will be used more
than others. As can be seen from Figure 11, the power purchased from the hydrogen
network in Case-3 is more than in the other two cases during hours 9-18 and at hours 3, 5,
and 20. Because the green hydrogen energy is clean and non-polluting the proposed EH
uses more hydrogen in this case to Case-1 and Case-2, by considering the priority of the
emission cost in Case-3.
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Figure 10. The gas power purchased from upstream network.
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Figure 11. The hydrogen power purchased from upstream network.

6.2. Energy Exchange inside of the Energy Hub

In this section, the results regarding energy exchange inside of the energy hub are
given. The amount of electrical energy stored in EESS and HESS are shown in Figure 12.
As illustrated in this figure, the electrical energy stored in the EESS is used to meet the
electrical demand during hours 3-7 and 19-23, when the WT and PV generation are
reduced as shown in Figures 5 and 6. On the other hand, the energy storage systems are
considered for energy price adjustment in different energy systems. This issue can also be
seen in the results by comparing the results belonging to Case-1 in which the economic cost
minimization is more important than emission minimization with the results of other cases.
Based on the results obtained, the EESS is discharged at hours 9-10 and 14 to maximize the
electrical power sold, with the aim of increasing the total system’s benefit. As shown in
Figure 12, the amount of power discharge is more for Case-1 than for other cases.
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—
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Figure 12. Electrical energy stored in EESS.

The amount of hydrogen energy stored in HESS as well as the internal pressure of
HESS are, respectively, shown in Figures 13 and 14. By comparing these two figures, it is
visible that HESS pressure has direct relation with the energy stored in HESS as described
by Equations (20)—(24). Moreover, as mentioned earlier, green hydrogen is stored more for
future usage in Case-3 than in the other cases, due to its non-pollution characteristic. As
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can be seen from Figure 13, this issue is obviously seen at hours 3, 11, 12, and 19 for the
planning day.
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Figure 13. Hydrogen energy stored in HESS.
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Figure 14. HESS pressure during different hours of planning period.

The results belonging to electrolyzer and fuel cell input power are indicated in Fig-
ures 15 and 16. From the economic point of view and according to the relatively low
efficiency of the electrolyzer, this facility should be operated when the electrical price is
significantly lower than the hydrogen price. Nevertheless, the main purpose of using
electrolyzers and fuel cells is to reduce the emission of pollutants. As shown in Figure 15,
the electrolyzer is mostly used in Case-1, because supplying its input power by the electrical
grid will have a negative effect on the emission cost. At hours 1, 2, 7, and 8, the electrolyzer
is employed to produce hydrogen from excess PV and WT electricity generation. Moreover,
the electrolyzer is used during hours 15-18 only for Case-1, when electricity price is low
and hydrogen price is high.

Figure 16 illustrates the fuel cell operates exactly opposite the electrolyzer. Since the
fuel cell uses clean energy to produce electrical power, it is mostly used in Case-3. During
hours 8-18, because of the high price of hydrogen, the fuel cell never operates in Case-1
and Case-2. At hours 13-18, when the wind speed is low and the solar radiation decreases,
the fuel cell converts hydrogen into electricity in Case-3 to meet the electrical demand and
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avoid buying more electricity from the grid and subsequent to it, increasing the emission

cost.
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Figure 15. Electrolyzer input power during different hours of the planning day.
100 = PEVEVEVASEVE R "= "R XX
BE | ':

80 - |

l

\
60 - ’ \*
’ \ - Case-2
\

40 1 =& Case-3

Power (kw)

l
SEEE
! \ :
ST PG TP DU WO S R
0 5 10 15 20 25
Time (h)

I

I

I ':

| - Case-1
!

!

!
!

|
1
|
|
|
I
I
1
]
1
|
I
|
201 i
|
1

Figure 16. Fuel cell input power during different hours of the planning day.

Figure 17 shows the input power of boiler and CHP at each hour of the operation day.

The boiler plays a key role in supplying the heat demand, so it produces its maximum power
during most hours. At hours 9-10 and 14-16, the boiler meets all the heat demand without
reaching its maximum power according to the heating load changes after applying DRP
in the three cases, which are pictured in Figure 8. CHP is operated to generate electricity
when the electrical grid inside the energy hub needs cheaper electricity. Furthermore, it
could be also employed to produce heat when the boiler cannot supply all of the heat load.
For the negative effect of CHP on emission cost, it is used less in Case-1 rather than in other
cases. In summary, the participation of each energy hub’s equipment, as well as energy

networks, is presented in Table 4 and compared for different cases.
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Figure 17. Input power of boiler and CHP.

Table 4. Participation rate of each network and facility in each case.

Facility/Network Case-1 Case-2 Case-3
Electricity network High Normal Low
Gas network High Normal Low
Hydrogen network Low Normal High
Boiler Low Normal High
CHP High Normal Low
Electrolyzer High Normal Low
Fuel cell Low Normal High

6.3. Optimization Analysis

After implementing SAUGMECON method, Pareto optimal solutions are obtained.
Figure 18 shows the Pareto front for the proposed problem. As discussed earlier, the next
step in the optimization phase is to find the most preferred solution, based on the system
operator preference by using the AHP method. As can be seen in Figure 18, five different
solutions, points A-E, are highlighted. Each point has been selected as the optimal solution
for a specific preference as follows:

Point A: Considered coefficient w; = 1 and w; = 0 (only economic preference);
Point E: Considered coefficient w; = 0.8 and w, = 0.2 (Case-1);

Point D: Considered coefficient wq = 0.5 and w; = 0.5 (Case-2);

Point C: Considered coefficient w; = 0.2 and w, = 0.8 (Case-3);

Point B: Considered coefficient w; = 0 and w; =1 (only emission preference).

The value of objective cost functions obtained after solving the proposed problem with
and without DRP in each case are shown in Tables 5 and 6, respectively. By comparing the
results of these two tables, it is understood that DRP can reduce the objective function in
all three cases. Respectively, 33.28%, 33.85, and 26.28% decrement in operation cost as well
as 7.90%, 5.58%, and 8.36% decrement in the amount of pollution emission were obtained
for the first, second, and third scenarios, which can show that the DPR can satisfactorily
support the decrement of both economic and environmental costs.

The comparison between the obtained results of different cases, regarding operation
and emission costs, are done in Figures 19 and 20, respectively. According to Figure 19, the
operation cost for Case-1 is less than other cases and Figure 20 shows the emission cost has
been decreased from Case-1 to Case-3. These results indicate the impact of the objective
function coefficients. In other words, if the system operator as a decision maker cares more
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about the economic cost, Case-1 is suitable for this goal. In contrast, if the decision maker
prioritizes the emission cost, Case-3 would be more suitable than Case-1 and Case-2.

e——A
11,750 4
11501 @
) we—rE
~ 11,250 1 Y
+ 8
) s
o \
O 11,000 1 »
: o
‘% 10,750
R FNY
€ 10,500 1 &
L Z - c B
®--
10,250 R i
"""" o---------_----_l
10,000 - T T T T T
200,000 210,000 220,000 230,000 240,000
Operation cost (cent)
Figure 18. Pareto optimal solutions scatter.
Table 5. The objective functions cost with DRP.
Operation Emission
Cased#t “1 w2 Cost (Cent) (kg) z
1 0.8 0.2 196,949.607 11,332.592 0.990
2 0.5 0.5 202,746.603 10,803.797 1.029
3 0.2 0.8 230,560.372 10,058.488 1.024
Table 6. The objective functions cost without DRP.
Operation Emission
Caset w1 w2 Cost (Cent) (kg) z
1 0.8 0.2 262,495.055 12,228.062 1.07
2 0.5 0.5 271,369.829 11,406.413 1.113
3 0.2 0.8 291,144.340 10,898.993 1.093
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Figure 19. Operation cost comparison in three cases.
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Figure 20. Emission cost comparison in three cases.

7. Conclusions

A novel scenario-based stochastic programming for the day-ahead operation problem
of a hydrogen-based energy hub has been presented in this paper based on the multi-
attribute decision-making approach. Moreover, a detailed model of the energy hub has
been given and the performance of different hub facilities has been investigated. In this
way, three different case studies have been applied, considering the various priorities for
the weights of the objective functions. A pervasive analysis has been done on the hydrogen
network and the results have shown the fuel cell plays an essential role in the proposed
energy hub due to its free pollution characteristic, especially in Case-3. However, due
to the high cost of electricity compared to hydrogen as well as the low efficiency of the
electrolyzer, this equipment is rarely used. Moreover, both electrical and hydrogen energy
storage systems have a more important role in Case-1 due to the economic preference
of this case. By using the EDRP and TDRP, the total objective function of the proposed
problem has been reduced by 8.08%, 8.163%, and 6.738% in Case-1, Case-2, and Case-3,
respectively. Since in this study the focus was on the operation of the proposed energy hub
and its optimal day-ahead scheduling, the planning and designing problem regarding the
optimal placement and sizing of the different energy technologies would be considered in
our future work.
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Acronyms
P2H Power to hydrogen
P2M Power to methane

P2HH Power-to-hydrogen and heat
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SAUGMECON
MINLP

DRP

TDRP

EDRP

IDRP

TOU

RES

PV

WT

IGDT

CHP

CCHP

ESS

EESS

HESS

CM

EM

MOO

MOP

DM

AHP

GAMS
Indices

t

cr

n
Parameters
Ae, Ag, A,
AT, AL
ADR
DR
Load
Linc
DRmth
YCHP, VB
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D,, Dy, Dy,
T
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CHP ,,CHP
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min max
Pe storage’ Pe storage
PH, storage (initial)
pmin pmax
H, storage’” ~ H, storage
min  pmax
PFC ’ PFC
min  pmax
PEL ’ PEL

Pemin’ Pgnux
Pg,nin, Pémlx
Pg[lzin’ P;Inzax
ngHP max, PgB max

LHVy,
R

Simple augmented e-constrained
Mixed-integer non-linear programming
Demand response programming
Thermal demand response programming
Electrical demand response programming
Integrated demand response programming
Time of use

Renewable energy resource

Photovoltaic

Wind turbine

Information gap decision theory
Combined heat & power

Combined cooling, heat and power
Energy storage system

Electrical energy storage system
Hydrogen energy storage system

Cost minimization

Emission minimization

Multi-objective optimization
Multi-objective problem

Decision making

Analytic hierarchy process

General algebraic modeling system

Time index
Electricity and natural gas
Number of criteria

Electricity, gas and hydrogen price

Electrical and hydrogen storages operation cost

Electrical /Thermal DR operation cost

Rate of load reduction in electrical /thermal DRP

Load after DRP

Increased load in DRP

Maximum rate of load reduction

CO2 emission factor of CHP and boiler

CO2 emission factor of electricity and gas network

Electrical, heat and hydrogen demand

Transformer and converter efficiencies

Gas to electricity and heat efficiency for CHP

Boiler efficiency

Electrolyzer and fuel cell efficiency

Initial amount of EESS

Minimum and maximum allowable amount of EESS

Initial amount of HESS

Minimum and maximum allowable amount of HESS

Minimum and maximum allowable amount of fuel cell
Minimum and maximum allowable amount of electrolyzer
Minimum and maximum allowable amount of purchased power
from electrical network

Minimum and maximum allowable amount of purchased power
from gas network

Minimum and maximum allowable amount of purchased power
from hydrogen network

Maximum allowable amount of CHP and boiler power purchased
from gas network

Lower heating value of the hydrogen

Gas constant
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Vh, HESS volume
Ty, Inside temperature of the vessel
Pry, (initial) Initial amount HESS pressure

min max
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Minimum and maximum allowable amount HESS pressure
Wind turbine rated power

v Wind speed

Vco, Uiy U Cut out, cut in and rated wind speed

Irr Sun irradiation

Irry Sun irradiation at the standard condition

pM. Maximum electrical power generated at the standard condition
T Ambiance temperature during a day

To Module temperature at the standard condition

NOCT Normal operation cell temperature of PV panel

RI Relevant random index
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P, Amount of purchased electricity from electrical network
Pg Amount of purchased natural gas from gas network

Py, Amount of purchased hydrogen from hydrogen network
ngHP Amount of natural gas entering to the CHP

P; Amount of natural gas entering to the boiler

Pyt Electrical power generated by WT

Ppy Electrical power generated by PV

Prr. Electrical power used by electrolyzer

Prc Electrical power used by fuel cell

PIC{}; HESS charge power

PI”_Z}ZS HESS discharge power

Nrr Molar flow of electrolyzer

Nrc Molar flow of fuel cell

Pry, HESS pressure

Load Load after DRP

Amax Largest eigenvalue

RI Relevant random index
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Decision variable for electrolyzer
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