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Abstract — Recently, a growing interest on multienergy Microgrids has been observed.
This kind of grids involves different energy vectors and treat them on a whole. The most
typical cases contemplate electrical, natural gas and hydrogen subsystems. Multiple
efforts have been conducted on modelling this kind of grids for energy management
problems. However, it is observed that most of references studied do not faithfully
modelling this kind of grids or directly omit some of the mentioned subsystems, which
difficults the accurately representation of these grids. This paper aims at developing a
comprehensive but tractable yet multienergy MG model, which allows to accurately
represent the interaction between electrical, natural gas and hydrogen subsystems. To
that end, the developed framework includes detailed models of the different elements
which are typically encountered in this kind of grids such as Gas-to-Power or Power-to-
Gas facilities. Also, charging stations for electrical, natural gas and hydrogen vehicles are
considered. Different tariffs and vehicle charging modes can be easily incorporated within
the developed framework. The proposed model is validated with a case study in typical
winter and summer scenarios based on real data. Results show that the developed model is

able to accurately represent the operational behavior of multienergy Microgrids, which may be

valuable for multiple research and educational tools.

Keywords: Multienergy Microgrid, Storage, Power to Gas

*Corresponding author, Tel.: +34 953 648518; Fax: +34 953 648586.



E-mail addresses: fjurado@ujaen.es (F. Jurado), mtostado@ujaen.es (M. Tostado),
wpac0001@red.ujaen.es (P. Arévalo)

Nomenclature
Acronyms

MG  Microgrid

RES Renewable Energy Source

ESS Electrical Storage System

EV  Electric Vehicle

G2P  Gas-to-Power

NG  Natural Gas

NGV Natural Gas Vehicle

NGSS Natural Gas Storage System
P2G Power-to-Gas

P2H Power-to-Hydrogen (Electrolysis)
H2G Hydrogen-to-Gas (Methanation)
HSS Hydrogen Storage System

HV  Hydrogen Vehicle

Variables

pFe-buwy jpEGsell Power bought/sold from/to the electrical grid at time ¢ [kKW]

PRES Power supplied by the RESs at time ¢t [KW]
PRES Capacity of RESs at time t [KW]
pEsS«ch jpEsS.dis Power exchanged by the ESS with the MG in charging/discharging

mode at time t [KW]
EESS Energy stored in the ESS at time t [kKWh]

pg?P Power supplied by the G2P unit at time t [kKW]
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P2H
Py

Load,i
Pt

EVs,i
P t

NG,buy NG,sell
Gt /Gt

G2P
Gy

Co,in Co,out
Gt /Gt

NGSS,in NGSS,out
Gy /Gy

H2G
Gy

NGVs,i
G, ¢

Load,i
Gt

HFP2H
[m?]

HSS,in HSS,out
Ht /Ht

H2G
Hg

HVs,i
Ht

I;

Input power of the P2G unit (Electrolysis process) at time t [kKW]
Electrical load at time t with tariff i [KW]

Power consumption of EVs at time t in charging mode i [kKW]
NG bought/sold from/to the NG grid at time t [m3]

Inflow of the G2P unit at time ¢ [m?]

Inflow/Outflow of the NG compressor at time t [m?3]
Inflow/Outflow of the NGSS at time t [m?3]

NG supplied by the P2G unit (Methanation process) at time t [m?3]
NG supplied to the NGVs at time t in charging mode i [m?]

NG demand at time t with tariff i [m3]

Hydrogen produced by the P2G (Electrolysis process) at time ¢t

Inflow/Outflow of the HSS at time ¢t [m?3]
Inflow of the P2G unit (Methanation process) at time t [m3]
Hydrogen supplied to the HVs at time t in charging mode i [m?]

Commitment status of the dispatchable unit i at time t [Binary]

Parameters, Indexes & Constants

PEG,buy/PEG,sell

EESS

GiGZP/PiGZP

Electrical grid capacity to buy/sell electricity [kW]
Capacity of the ESS [kWh]

it" point of the generation curve of the G2P unit for piecewise

representation [m3/kW]

PPZH/PPZH

process) [kKW]

Maximum/Minimum capacity of the P2G unit (Electrolysis



GNG,buy/GNG,sell

Geo

GNGSS,m/GNGSS,out

GNGSS

HHSS,Ln/HHSS,out

Hyss
Hrrza/Huze
process) [m3]
RUgg/RDgg

R UGZP /RDGZP
RUyg/RDng
RUpz1/RDpyy
process) [KW]
RU26/RDyz6
process) [m3]
Mer

MRES
NEss,ch/MEss,dis
NG2p

Mco

Nconv

Np2H

DODygss

DODyss

NG grid capacity to buy/sell gas [m?3]
Inflow/Outflow capacity of the NG compressor [m?3]
Inflow/Outflow capacity of the NGSS [m?3]
Capacity of the NGSS [m3]

Inflow/Outflow capacity of the HSS [m?]

Capacity of the HSS [m?]

Maximum/Minimum capacity of the P2G unit (Methanation

Upward/Downward ramping limits of the electrical grid [kKW]
Upward/Downward ramping limits of the G2P unit [m?]
Upward/Downward ramping limits of the NG grid [m?]

Upward/Downward ramping limits of the P2G unit (Electrolysis

Upward/Downward ramping limits of the P2G unit (Methanation

MG coupling transformer efficiency [pu]

RES efficiency [pu]

ESS efficiency in charging/discharging mode [pu]
G2P unit efficiency [pu]

NG compressor efficiency [pu]

Converter efficiency [pu]

P2G unit efficiency (Electrolysis process) [pu]
Depth of discharge of the ESS [pu]

Depth of discharge of the NGSS [pu]

Depth of discharge of the HSS [pu]



Egsso Initial charge of the ESS [kWh]

GnGss,0 Initial charge of the NGSS [m?]

Hysso Initial charge of the HSS [m?]

CFcy, NG compressibility factor [pu]

CFy, Hydrogen compressibility factor [pu]

e2P Energy-to-power ratio [h]

At Time step [h]

HHVy, High heating value of the gaseous hydrogen [KWh/m?]

bu,-cH, H, — CH, conversion factor [pu]

AfG'b”y //’lfG'Se” Cost of electrical energy bought/sold from/to the grid at time ¢t
[$/kwWh]

AL Price of electrical energy with tariff i or EV charging mode i at

time t [$/kWh]

u Py jNesell - cost of electrical NG bought/sold from/to the grid at time ¢ [$/m?]

ot Price of NG with tariff i or NGV charging mode i at time t [$/m?]
Vi Price of HV charging mode i at time t [$/m?]

i,j,k,mn Indexes of different tariffs or vehicle charging modes

T Index of the last step of the evaluating period

1. Introduction

The increase in greenhouse gas emissions worldwide and the high price of fossil fuels,
within an economy based on hydrocarbons, drive the development of new propulsion
ecological technologies [1]. To reduce environmental pollution, MG concept must also
adapt using clean alternatives such as RES that supply electric loads, natural gas or

hydrogen loads [2]. In recent years there has been a growing interest in the so-called



multienergy MGs [3]. This kind of grids normally involve the interaction of different
subsystems such as electrical, NG and hydrogen. The efficiency of a multi-energy system
is greater than a system with a single source due to the complementarity of its resources,
since electrical and NG systems can take advantage of renewable resources and low
energy costs of the networks. The NG loads can be supplied through the electrical network
or renewable sources and the electrical loads could be supplied through the NG network
by using G2P and P2G units, so, the reliability is greater due to the high number of sources
available [3-8]. Also, the consideration of different subsystems on a whole, is of value
for MG operators, which may buy electricity or NG from the upscale grids and sell them

to final consumers such as vehicles or residential buildings [9].

Currently, multi-energy MG with more than two different sources are being developed
more frequently. A correct energy control that optimizes the operation of each energy
source in real time and from the technical and economic point of view is investigated in
[5,6,10,11], multiple sources make it possible to supply different types of loads at the
same time, increasing the feasibility of system. A MG that supplies electrical and
hydrogen loads simultaneously is studied in [12-17]. In the literature, the authors
proposed stochastic optimization methods to design the MG powered by RES and a
support diesel generator, the objective is to develop optimal operational strategies for
maximize profits by selling electricity and hydrogen to the owners of HVs, the results
show that the isolated MG are capable of meeting the demand of both types of vehicles
at a low cost, minimizing the operation of the diesel generator [17]. Similarly, in [13] the
authors perform the optimization of the MG that supplies EVs and HVs simultaneously
based on robust non-stochastic programming, the results are encouraging from the
technical and economic point of view. On the other hand, the same connected MG is

analyzed with the aim of optimizing the energy exchange between sources and loads,



considering the availability of renewable resources and the cost of buying energy from

the grid [14,15].

A multienergy MG to supply electric, NG and hydrogen loads has been analyzed so
far only in [18]. The authors proposed a new approach to the management of energy for
MG with electric vehicle chargers, hydrogen pumps and gas pumps. Forecasting
methodologies for renewables, electricity price and traffic flow are also presented to
support the modeling and operation of the MG. The results show that MG is viable and
that an energy storage system can save up to $ 127 per day. However, the model studied
in [18] does not present a complete energy exchange such as P2G or G2P units. In such a
way that the viability increases using electricity or natural gas grid when necessary, that
is, when grid costs are high, the MG will use electricity from RES or the ESS to supply
demand, and when the price of the energy or gas is minimal, it will be used to buy and
store energy, being able to freely exchange energy between the three systems.
Furthermore, an economic study that benefits the MG owner considering the three
technologies mentioned above and detailing opportunities to formulate more

sophisticated business models based on the benchmark has not yet been conducted [9].

Inside the multienergy MG, NGVs are an alternative highly mentioned in the literature.
By 2024 there will be around 30 million NGV vehicles worldwide [19], in some countries
such as China [20] or Nigeria [21] report a great current and future development of NG
grid with barriers to overcome, especially political ones. The first countries to use
compressed NG were those with resources in their subsoil [22] today many countries use
NG from the urban network. To be used the NG from the pipeline in the NGV, it is
necessary to adapt it by means of certain equipment that is investigated in [22], an
important component to optimize is the compressor [3], as well as the pressure and tank

temperature [23,24]. The interaction between the NG network and the electrical grid or



RES requires an energy management strategy to minimize the operating costs [7]. In a
multienergy system, the operation of a NG subsystem with electrical and NG loads
considering uncertainties of RES such as wind turbines and photovoltaic pannels is
analyzed in [7]. In [25], the authors apply the Monte Carlo simulation to solve the random
behavior of RES in a system composed of NG and electricity, showing that the
combination of the two technologies (electricity and heat) improves efficiency and
reduces costs [26—-30]. In this regards, there are many studies that analyze the optimization
and energy management of a system composed of NG and electrical grid considering P2G
energy exchange, and using different computational techniques from the economic and
technical ones [8,31-35]. In [3], the authors analyze a multienergy MG to supply EVs
and NGVs, based on RES (solar and wind), a P2G unit and a NG distributed generator.
The proposed optimization is modeled as mixed integer linear programming. The results
show that the economic benefits of the proposed MG are significantly greater than those

of a conventional one.

This work aims at filling the gaps encountered on the multienergy MGs proposed so
far, by proposing a novel comprehensive multienergy MG model suitable for energy
management applications. The new proposal encompasses electrical, gas and hydrogen
subsystems. The main idea behind the developed model is to find a compromise between
completeness, accuracy and simplicity. As just examples of the gaps that our proposal
aims at filling, let us summarize them in the following points. 1) Most works done so far
are mainly focused on only one energy vector while the others are customary simplified.
This is a good approach when a subsystem has to be further analyzed, however, it lacks
of accurateness when the interactions occurred in the overall system shall to be observed.
One clear example is the G2P unit, which is often modelled as a linear relationship

between the inflow NG and the output power. However, as modelled this work, this



relationship is rather nonlinear. 2) To the best of our knowledge, any reference has studied
the EV, NGV and HV refueling processes on a whole, which serves for exploring the
interaction between these processes and the remainder grid. 3) Many works neglect the
intermediate usages of hydrogen and even its storage system within the P2G paradigm,
therefore, some hydrogen endings like HV refueling cannot be considered by using
simpler models. Our proposal aims at filling these gaps. On the basis of these
contributions, we find our proposal valuable for many research and educational purposes
as it is preserved simple but accurate and detailed enough. The developed model is
validated by carrying out an energy management problem in two typical winter and

summer scenarios based on real data.

The remainder of this paper is organized as follows: Section 2 reviews the main
elements involved in a multienergy MG. The mathematical modelling of the developed
multienergy MG is introduced in Section 3. Section 4 presents a case study to prove the
good performance of the developed model. Finally, the main conclusions are duly drawn

in Section 5.
2. Description of Multienergy MGs

Multienergy MGs typically include a series of devices and elements which interact
among them to supply and consume electricity, NG or hydrogen. The following points
provide a brief description about the different elements that may have been encountered

in this kind of MGs.

- RESs
Typically, a MG can obtain electrical energy from own resources such as wind turbines
or photovoltaic panels. These resources are based on renewable energies and are subjected

to the stochastic character of different natural resources like solar irradiance or wind



speed. The energy obtained from RESs is normally conditioned to the MG requirements
by using electronic devices such as inverters.
- Storage Systems

Storage systems bring multiple advantages to MG operation. For example, they
compensate the intermittent production of RESs or allow to storage resources in periods
of low price to be consumed in peak periods. In multienergy MGs one may find ESSs,
which store electrical energy. This process is normally carried out by using
electrochemical process through batteries of different technologies. On the other hand,
NG and hydrogen may be stored in gaseous stage. To be stored, both NG and hydrogen
are normally previously compressed up to 200 bar and 700 bar, respectively.

- G2P

Multienergy MGs typically includes a G2P unit, which can convert a natural gas flux
to electrical energy. Examples of G2P units are gas-fired turbines or gasifiers [36]. This
kind of elements are attractive when the price of NG is sufficiently low to produce a profit

in supplying electricity.

- P2G

The P2G is known as the set of activities conducted to convert electrical energy to NG.
Different technologies are available to such end like alkaline electrolysis, polymer
electrolyte membranes and solid oxide electrolysis [37]. In this work, a P2G model
composed by three steps as showed in Fig. 1 has been considered. In a first step, the input
electric power is used to produce hydrogen in a process called Electrolysis (P2H) [37].
During the Electrolysis, the P2G unit consumes electricity and water to produce hydrogen
and oxygen. After that, the produced hydrogen is normally compressed up to 700 bar and
stored. This hydrogen may be directly blended with NG in the local grid, however, many

countries impose limitations in the amount of hydrogen that can be supplied [38]. So, in



this article is considered that the produced hydrogen is either supplied to HVs or to the
Methanation process (H2G), which produces synthetic natural gas, heat, and water; while

it consumes hydrogen and CO2 [37].

Power €0, H,0
T
P2G
1st step v
H,0 Electrolysis |iH, H, CH,

P2H
I
v

0, Heat

Figure 1. P2G process
- Gas Compressors

These devices are deployed through the MG to compress both NG and hydrogen to be

stored. In both cases, they have to be considered as electrical loads.

3. Multienergy Microgrid Modelling

The modelling MG includes electrical, NG and hydrogen subsystems with different
generators and loads. It also includes vehicle and local demands. Different components
like compressors and storage systems are also modelled. In summary, Fig. 2 shows a
schematic representation of the MG under study. The nomenclature used for modelling

this MG is showed in its schematic representation of Fig. 2.
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Figure 2. Schematic representation of the MG under study

- Electrical Grid

The modelled MG can buy or sell energy from/to an upscale grid. The amount of

energy that can be bought/sold per unit of time is upper bounded in both cases by the

equations (1) and (2). In addition, it is not possible to buy and sell electricity at the same

period, as modelled the equation (3). The available power from/to the grid is also

subjected to physical ramps limits, as represented the equations (4) and (5), which aims

at modelling the low capacity reaction that can be experienced by some conventional units

deployed through the utility grid.

0< PtEG,buy < IfG,buy%’Vt

0 < pEGsell < ItEG,sell%, Vit

0 < I[OP 4 [Fosell < 1, vt

PFOP™ — RDpg < PFOP™ < PFOP™ 4 RUg6, vE > 1
PEG,sell _ RDEG < PtEG,sell < Ptl::Gl,sell + RUEG,Vt >1

t—1

- RES

(1)
)
(3)
(4)
()



In this work, the different RES generators deployed such as photovoltaic panels or
wind turbines are modelled as a unique generic generator. Typically, RES production is
given in terms of availability of some natural resource such as solar irradiation or wind
speed. In this paper, it is supposed that this data has been previously converted in terms
of active power by using the component models available in multiple references (e.g. see
[39]). The supplied power is upper bounded by the equation (6). The maximum delivered
RES power is given by either physical component limits or the availability of the natural
resource; so that, the upper limit in the equation (6) is a time-dependent variable rather

than a constant.
0 < PRES < [RESPRES yt (6)
- ESS

The modelled MG encompasses an ESS, which is represented as a single system and
can include different battery technologies for convenience. The ESS can absorb or deliver
power from/to the MG, however, this value is limited bounded by the equations (7) and
(8). In addition, the ESS cannot be charged and discharged at the same time as modelled
the equation (9). The equation (10) models the state of charge of the ESS, which is upper
and lower bounded by its nominal capacity and depth of discharge value, respectively, as
represented the equation (11). Finally, the equations (12) and (13) represent the initial and

final state of charge of the ESS.

0< PpESS,ch < IESSch EEss vt (7)
t e2p’

0 < pESSdis < IEss,dis@ vt (8)
t t e2p’

0 < [EGh 4 [FOS < 9 vt 9)

EFSS = EF5 + (PESS ChTIEss ch — ESS dlS/UEss dlS)AT vt >1 (10)

(1 — DODgss)Egss < Ef*® < Eggs, Vt (11)



Efss = EESS,O (12)

EES) = EfSS (13)
- Gas-to-Power (G2P) Facility

Some works model the G2P facilities as a linear relationship between the input natural
gas and the output power. However, as indicated in [40], this relationship is nonlinear. In
this paper, similarly to [40], the G2P unit is modelled as a piecewise representation of the
nonlinear relationship between the input natural gas and the output power as described

the Fig. 3 and the equations (14)-(18).

PE?P = 3N [IE2P (K,GE?F + M))], vt (14)
K= S (15)
M; = PF?F — GE?PK; (16)
0<¥L,IfP <1 (17)
IFPPGE?P < G < IFPPGEY (18)

The equation (14) introduces N bilinear terms which can be converted to linear

variables [41].

As observed, the nonlinear curve in Fig. 3 is linearized by N different points.
Intuitively, the higher N implies the more accurate representation of the curve in Fig. 3,
however, the system become more complex and harder to be solved. It is worth observing
that the input of the G2P unit is automatically lower and upper bounded by the piecewise
representation of its nonlinear relationship (IF2°G?P < GF2P < IFEPGS*P). The G2P

unit is also constrained by ramp limits, as modelled the equation (19).

GIP — RDgyp < GF?P < GE?F + RUG,p, VE> 1 (19)



- NG Grid

G2P
Gy

G2P
GZ

>
GS2P GgZP

Figure 3. Piecewise representation of the G2P unit

The natural gas grid is modelled similar to the electrical grid. Thus, a certain volume

of natural gas may be bought or sold from/to the grid as indicated the equations (20) and

(21). As the electrical grid, it is not possible buy and sell natural gas at the same time as

modelled the equation (22). Finally, the equations (23) and (24) represent the ramp limits

of this system.

NG,buy NGbuy~—""—
0 S Gt S It GNG,buy: Vt

0< GNG,sell < ING,sell

t =t

0 < [NOPW 4 NOsell < 1, vt

NG,buy NG,buy NG,buy
G.7"" — RDyg < G, <G, 4+ RUyg, VE> 1

G — RDyg < GO < GG + RUyg, VE > 1

- Gas Compressor

Gng,sei VT

(20)
(21)
(22)
(23)

(24)

Before supplying it to NGVs, the NG is compressed up to 200 bar and stored in gaseous

stage [3]. The NG is compressed by using a multistage compressor, which consumes



active power and compresses a certain volume of NG. The equation (25) models the input-

output relationship of the compressor.
GO = CFoy, GEO™, vt (25)

It is worth noting that, although the power consumed by the gas compressor varies
with its operating conditions, in this work a simplification by which this device is always
supplied to its nominal power has been adopted. This has been done so because it has
been observed that the gas compressors typically work to their nominal capacity, so, this
simplification does not normally incur in large inaccuracies while it allows to preserve

the model quite simple and computationally tractable.

Once the NG has been compressed up to the required pressure, it is stored into a NGSS;
therefore, the output of the compressor is, in fact, the input of the NGSS as says the

equation (26).
GNOSSin _ gCoout vy (26)

The inflow/outflow NG to/from the compressor is subjected to limits as indicated the

equations (27) and (28).

0 < GFO™ < IEG,, Vit (27)
0 < G2 < IEGey, Vit (28)
- NGSS

As mentioned, the compressed NG is stored before to be supplied to NGVs. The
equation (29) models the output relationship of the NG stored and the compressed NG
supplied to the NGVs. The volume of gas that can enter or leave the NGSS is bounded
by the equations (30) and (31). As the ESS, the NGSS cannot absorb and supply NG at

the same time as modelled the equation (32). The equation (33) represents the state of



charge of the NGSS. The total volume of NG stored is limited by the equation (34).
Similarly, to the ESS, the equations (35) and (36) represent the initial and final state of

charge of the NGSS, respectively.

GNOSSout _ 32 GNGVSE vy (29)
0 < GNOSSIn < NGSSInTr o /¢ (30)
0 < GNOSSout < [NGSSoUT T 1y (31)
0 < [NSSin 4 [NGSSout < 4 vy (32)
GNOSS = GNGSS 4 GNGSSin _ GNGSSout ¢ < (33)
(1 — DODygss)Gngss < G%° < Gygss, Vt (34)
G/ = GNess,o0 (35)
G = s @

It is worth noting in equation (29) that different gas demand for NGVs have been
considered. This has been done so to enable different fuelling modes. The reader can

check that similar approaches have been adopted for EVs and HVs in other expressions.
- Power-to-Gas (P2G) Facility

As commented, the P2G facility encompasses three processes. In a first step, the
Electrolysis process convert electrical power in hydrogen. The Electrolysis process is
described by the equation (37). The required water may be acquired from a local grid
while the input electricity is considered a variable and supplied by the MG. As observed,
the produced hydrogen is also compressed to be posteriorly stored in gaseous stage [42].
In this paper, we consider that the power consumed by the associated compressor is

included in the input power of the P2H unit (P/2H).

PE?HCFy, mpondT

HHVpy,

P2H _
Hi <" =

(37)



The P2H unit is upper bounded as said the equation (38) and constrained by physical

ramps as represented by the equation (39).
1P Ppoy < PP < 1P Py, Wt (38)
PP2H — RDp,y < PP < PP?H + RUpyy, VE > 1 (39)

As mentioned, the produced hydrogen is compressed up to 700 bar and stored in an

HSS. The HSS is modelled similarly to the NGSS by the equations (40)-(47).

HSS™ = P vt (40)
0 < HISS™ < [HSSIVE oo Vit (41)
0 < HtHSS,out < I:-ISS,outm, vVt (42)
0 < [HSSI 4 [HSSout < 4yt (43)
HHSS = HHSS + Hfss’m _ H:—ISS,out,Vt >1 (44)
(1 = DODyss)Hyss < HPS < Hygs, Vt (45)
H1H 5 = HHSS,O (46)
HES = HiSS (47)

The produced hydrogen can be used to charge the HVs or as input to the third step of
the P2G process called Methanation (H2G), as indicated the equation (48). The
Methanation process is modelled by the Sabatier equation (49) and subjected to limits and

ramps by the equations (50) and (51).

HtI-ISS,out = 26 4y . HFVSJ VYt (48)
Gi'*® = H{"* by, cn,, Vt (49)
I Hypg < H{?C < If* Hyp, Vt (50)

Hf2F — RDypq < HF?C < Hf2Y + RUpp6, YVt > 1 (51)



In this paper is assumed that the consumers do not demand heat, so that, although the
produced heat may be used for multiple local endings, it is considered in this paper
immaterial. On the other hand, the CO2 system required to supply this element to the P2G

chain has been neglected on the basis of two assumptions:

e The CO2 required by the H2G process can be directly acquired from the
atmosphere [42], therefore, it is not necessary an external source.
e The interactions between this system and the other main processes are

considered immaterial as pointed out in [42].
- Balance Equations

Both the electrical and the NG system must satisfy the generation-load balance. In the

case of the electrical system, the balance equation is given by

EG,b ESS,di EG,sell
PE"" N 4 PRESpes + P20 [Mpss ais + PE* Ngap = B2 ey +
ESS,ch 1 EVs,i Load,i
P " Ngss,en + PE*H + PE° /e, +—nwnv2vtpt ST Yy B0 vt (52)

The different efficiencies are taken into account in this equation. It is considered that
the MG is coupled with the transmission grid through a transformer with efficiency 7n,,..
It is assumed that the EVs charging is carried out through a AC/DC converter with
efficiency n.ony»- Similar devices are used for coupling the RESs with the MG, however,
in this case it is assumed that the converter efficiency is considered with nggs. Different
electrical demands are considered in the equation (46) since various tariffs may be
included. Similarly to (52), the equation (53) defines the generation-load balance of the

NG system.

GNP GH2G = GNGsell | GG2P 4 GO | 3 GLoadi vy (53)



Rightly, the hydrogen system should be also subjected to its own generation-load
balance; however, this restriction has been already considered by the equations (40) and

(48).
4. Case Study
- Optimization Problem

In order to validate the developed MG model, a 24h energy management optimization
problem has been studied. The objective function for the case study will be the economic

profit for the MG operator, as follows:

f — ZVt ATAfG'Se”PtEG’Se” + Zvi ZVt ATA%PtLoad,i + Zvj ZVt AT/l{PtEVS'j +
,sell ,sell dk :
ZVt ’ui\lG se GtNG se + ka ZVt .utlrcGtLoa + va ZVt ‘uznGtNGVsm +

HVsn EG,buy nEG,buy NG,buy ~NG,buy
ZVn ZVt V;nHt - ZVt ATAt Pt - ZVt Uy Gt (54)

The first term in (54) are the revenues from selling electricity to the grid. The second
and third terms are the revenues obtained from local electricity consumption and EV
charging; both terms admit different tariffs and charging modes, respectively. Similarly,
the fourth term in (54) are the revenues for selling NG, while the fifth and sixth terms are
the revenues from local NG consumption and NGV charging, respectively. The hydrogen
system brings revenues from charging HVs, as indicated the seventh term in (48). Finally,
the last two terms of the objective function represent the cost from buying electrical
energy and NG from the grid, respectively. Since the main purpose of this article is to
validate the proposed multienergy MG model, maintenance and capital costs of the
different components have been neglected in (54), in order to obtain results more easily

interpretable. The case study consists of maximizing the economical profit as follows:

max f (55a)



S.t.

gx) <0 (55b)

h(x) =0 (55¢)

In the problem (55), x is the vector of optimization variables while (55b) and (55c¢) are
the set of inequalities and equalities constraints collected in equations (1)-(53),
respectively. The problem (55) is a Mixed-Integer Linear problem which has been coded
in Matlab R2019a, and solved with Gurobi [44]. In order to properly capture the different
charging process and interactions, the problem has been solved with a time resolution of
5 minutes. Although faster processes occur in the MG (NG refuelling cycle), accumulated
values can be taken to overcome this issue. On the other hand, different time scales
restrictions have been already included by means of ramp constraints, which allows to
take longer time steps. Nevertheless, the time step can be set as short as required, in order
to further capture the different processes occurred in the MG, however, the computational

effort employed in the resolution also grows.
- Data

The value of the different parameters involved in the problem (55) are collected in
Table 1. Winter and summer scenarios are considered, Fig. 4 shows the electrical and NG
demand for the studied scenarios, which are similar to those considered in [35,45]. While
the electrical load is available with 5-min resolution, the NG demand is reported hourly;
to adapt it to the time step using in this paper (5 min), it is supposed that the hourly gas

demand is uniformly consumed.



Table 1 Value of the Parameters

Parameter Value Parameter Value
PEG,buy/PEG,sell 2 MW/500 kW NRESs 0.55
Egss 750 KWh NEss,dis/MESs,ch 0.95
szp, GZGZP, ngp, szp 0.1,0.4,0.7,0.9 m¥min  ng,p 0.95
pg2P pgeP pG2P pG2P 50, 175, 230, 250 kW Nco 0.8
Ppon/Ppan 50/400 kW Neonv 0.80
G_NG,buy/GNG,sell 5/0.7 m? Np2H 0.77
Geo 3ms DODgss 0.8
Gngssn/ GnGss,out 150 kg DODygss 0.4
Gyess 750 kg DODygss 0.4
Hyssin/Huss,out 3m? CFeq, 0.93
Hyss 6000 kg CFy, 1.45
Hyoe/Hyuac 0.5/3 m3 e2P 4h
RUg;/RDg¢ 500 kW At 1/12 h
RUgyp/RD¢2p 0.5ms HHVy, 39.8
kWh/m3

RUyg/RDyg 2m3 Pu,-cH, 4
RUpyz6/RDya¢ 1ms Gness,o 750 kg
Ner 0.95 Hysso 6000 kg
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The EV, NGV and HV demand profiles have been built according to the vehicle trip
distribution showed in [43] and are plotted in Fig. 5. These profiles have been built
considering the characteristics of the different fuelling/charging modes and stations,
which are reported in Table 2. In this paper, it has been assumed that the charging stations
are only adapted for small vehicles, while larger ones like trucks could not be charged in
the MG under study. The different charging costs have been taken similarly to those
offered in Spain. In the case of EVs, the electrical demand during the charging process is
not constant as showed in Fig. 6. In this case, a piecewise representation of the EV
charging profiles has been considered. It is worth mentioning that the same vehicle

demands have been used for the winter and summer scenarios.

T T T T T T T T

200+ Fast |
Semi Fast
Total

= 100

15 [ T - T T T T T T T _]
1 min demand

Accum. 5 min

2:00h 5:00h 8:00h 11:00h 14:00h 17:00h  20:00h  23:00h

6 T T

T T T T T T
Accum. 5 min
4 — -
(@)
S
2r n
0 Il L L L L

2:00h 5:00h 8:00h 11:00h 14:00h 17:00h  20:00h  23:00h

Figure 5. Demand of different vehicles. EVs (upper), NGVs (middle) and HVs (bottom)
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Figure 6. Demand profiles of the different EV charging modes and their piecewise
representations used in simulations

Table 2 Characteristics of the Different Charging Modes for EVs, NGVs & HVs

Fuelling/Charging Rating/Minimum Fuelling/Charging Price

mode Dispensers power & rating flow time

EV-Fast 3 55/15 kW 15-30 min 0.5
$/kWh

EV-Semi Fast 2 22/11 kW 1.5-3h 0.2
$/kWh

NGV 1 4.3 kg/min 1-3 min 0.89
$/kg

HV 1 1 kg/min 5 min 7 $/kg

Table 3 shows the characteristics of the different electricity and NG tariffs considered
for residential, industrial and commercial users. Three different electrical tariffs have
been included which are like those offered by some companies in Spain. Typically, the
consumers subjected to each tariff consume at those hours with low price. Under this
assumption, a percentage of the electrical load will correspond to each tariff as showed
Fig. 7. The hourly electricity and NG prices are showed in Fig. 8 [45]. The selling and
buying prices are assumed to be the same. Photovoltaic and wind-based RESs are
considered in this paper. The RES generation curves are showed in Fig. 9. They have
been generated following the same patterns showed by the islanded grid of La Palma

island (Spain), at typical winter and summer days [46].



Table 3 The Different Tariffs for Electricity & NG

Tariff Price - Winter Price - Summer
Electric 1 Fixed Fixed
0.15 $/kWh 0.15 $/kWh
Variable Variable
) 0.09 $/kWh 22-12h 0.09 $/kWh 23-13h
Electric 2 0.18 $/kWh 13-21h 0.18 $/kWh 14-22h
Variable Variable
_ 0.09 $/kWh 1-9h 0.09 $/kWh 1-9h
Electric 3 0.15 $/kWh 7-12h 0.15 $/kWh 7-12h
NG Fixed Fixed
0.82 $/m3 0.82 $/m3

Percentage over the total demand

Percentage over the total demand
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Figure 7. Percentage of the total electrical demand corresponding to consumers
subjected to each electricity tariff at winter (left) and summer (right)

$/kWh

0.035

0.03 -

0.025 -

0.02 -

0.015

0.01

T T
—@— Electricity - Winter

- ’ = Electricity - Summer
—@— Natural Gas - Winter

112

- ‘ — Natural Gas - Summer ,.. ‘ ‘H’." 114
! 1
140000000 " {10
L REREN-
1 1 ! 9 g
I 1 ¢! =
*e R 2L 2
1

2:00h 7:00h 12:00h

17:00h

22:00h

Figure 8. Electricity and NG buying prices



700 T T T T T T T T 800

Photovoltaic
Wind 700 -
600 [ Total RES |
600
500
500
400
2 2 400 |
300 H
I Al
" by A 300 |
N i\
NIBEWNITY IR N
200 ¥ 1 41 YA v <\
VIAPY Ui [ LA A
/il H 200 A M A
i | ¥ | \WARYAY
' 5 Vv
L A 4
10r B E _ IV 100 |
W, joY
A A/
) ) ) FAN 0 . . . A . . .
2:00h  5:00h  8:00h 11:00h 14:00h 17:00h 20:00h 23:00h 2:00h  5:00h  8:00nh 11:00h 14:00h 17:00h 20:00h 23:00h
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It is worth mentioning that the different data has been considered here deterministic,
which may be difficult to assert in the case of RES generation or the different demand
profiles. However, the aim of this Section is just to demonstrate that the developed
multienergy MG model works well and, consequently, it is not necessary to include any
extra process to manage with the uncertainties brought by the different stochastic
processes. Nevertheless, they can be treated using the proposed framework in the same

manner as it is done in other works, for example, by using representative days [47].
- Results. Winter scenario.

The objective function (54) resulted in a profit of ~3888 $ for the winter scenario. Fig.
10 shows the RES and G2P production along the electricity bought and sold from/to the
grid at winter scenario. As observed, the G2P production is kept almost constant during
the whole day working at 31% of its nominal capacity. The MG under study demands
much electricity from the grid (7.3 MWHh), and it is only possible to sell ~5 kWh during

the first hours of the day, promoted by a low electricity demand.
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Figure 10. RES and G2P electricity generation (upper). Electricity bought and sold
from/to the grid (bottom) at winter scenario

On the other hand, Fig. 11 plots the volumetric NG bought and sold from/to the NG
grid along the NG produced by the H2G unit (methanation) at winter scenario. As
observed, the H2G process allows to sell a considerable amount of NG to the grid (~65
m3), which results in a considerable profit for the MG due to the high price of NG. In
winter, the MG demands 318 m? of NG from the grid in a day. It is also worth noting that
the MG sells electrical energy to the grid when the NG demand is fully supplied by the
P2G unit. It indicates that it is more attractive to produce NG and selling it to the grid
rather than generating a surplus electricity to sell it to the electrical grid. This behaviour
is logic since the NG price is always much higher than the electricity price. Finally, Fig.
12 shows the performance of the different storage systems at winter scenario. As shown,

the state of charge of the different storage systems is kept within limits.
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Figure 12. Performance of the different storage systems at winter scenario. ESS (upper),
NGSS (middle) and HSS (bottom)

- Results. Summer scenario.

After carrying out the optimization problem (55), the objective function for the
summer scenario yielded a profit of ~3861 $ at summer scenario. Fig. 13 plots the RES
and G2P production along the electricity bought and sold from/to the grid at summer

scenario. The G2P unit is more exploited in summer, achieving a production up to 175



KW. In this case, it is possible to sell up to 206 kWh to the grid. The energy bought from
the grid was 3.6 MWh, much lower than at winter scenario, which is logic since the RES

production is much higher in this case.
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Figure 13. RES and G2P electricity generation (upper). Electricity bought and sold
from/to the grid (bottom) at summer scenario

Figure 14 plots the volumetric NG bought and sold from/to the NG grid along the NG
produced by the H2G unit at summer scenario. In this case, it is possible to sell up to 79
m?3 of NG to the grid, motivated by a low demand. This also benefits the G2P unit, which
is more exploited than at winter scenario. In this scenario, the MG demands 236 m?3 of
NG to the grid, much lower than in winter. Fig. 15 is analogue to Fig. 12 for the summer
scenario, as observed, the developed MG model is able to accurately represent the

behaviour of the different storage systems modelled.
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5. Conclusions

A comprehensive multienergy MG model has been presented. It aims at providing a
simple but accurate enough model for electrical-gas-hydrogen MGs, in order to properly
modelled the interactions among these systems without large computational

requirements.



The proposal involves electrical, NG and hydrogen subsystems. Our framework is
versatile enough to be adapted to any requirement as it includes the different elements
that can be found in this kind of grids. Thus, the developed framework includes elements
such as electrical and NG grids; RESs; comprehensive G2P and P2G models; different
storage systems; vehicle demands; gas compressors; and local electrical and NG
demands. In addition, our proposal also allows to include different electrical and NG
tariffs along different charging modes for EVs; which makes it especially suitable for
economic analysis. It is also worth mentioning that the developed model results in a
mixed-integer linear problem which can be easily solved by using conventional software.

In order to validate our proposal, an energy management problem has been carried out
in two typical winter and summer scenarios based on real data. The results have showed
that the model coherently works. Thus, it is demonstrated the valuable contribution of our
work in many areas related with energy management tools, as it allows to accurately
simulate the interactions of the different systems involved while the model is preserved
simple and tractable enough to be manage by average machines and tools.

Future works should be focused on further developing this kind of model to include
security constraints and more detailed relationships with the main grids, in order to make

it suitable for security applications.
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