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� A MILP model for renewable based hydrogen production, seasonal storage and mobility.

� A real case study is analyzed by extending a microgrid lab facility in Austria.

� Multiple investment optimization scenarios relative to two distinct reference cases.

� CO2 reduction by at least 66% and at most 99% relative to the diesel reference case.

� Introducing carbon prices to bridge the cost gap between hydrogen and diesel fuel.
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This paper investigates the optimal planning of microgrids including the hydrogen energy

system through mixed-integer linear programming model. A real case study is analyzed by

extending the only microgrid lab facility in Austria. The case study considers the hydrogen

production via electrolysis, seasonal storage and fueling station for meeting the hydrogen

fuel demand of fuel cell vehicles, busses and trucks. The optimization is performed relative

to two different reference cases which satisfy the mobility demand by diesel fuel and utility

electricity based hydrogen fuel production respectively. The key results indicate that the

low emission hydrogen mobility framework is achieved by high share of renewable energy

sources and seasonal hydrogen storage in the microgrid. The investment optimization

scenarios provide at least 66% and at most 99% carbon emission savings at increased costs

of 30% and 100% respectively relative to the costs of the diesel reference case (current

situation).
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Nomenclature

Abbreviations

O&M operation and maintenance

CAPEX capital expenditure

DER distributed energy resources

DER-CAM distributed energy resources - customer

adoption model

EV electric vehicle

FCEB fuel cell electric bus

FCET fuel cell electric truck

FCEV fuel cell electric vehicle

FDS Fuel Demand Share

LOH level of hydrogen

MILP mixed-integer linear programming

OPEX operational expenditure

PEM proton exchange membrane

WTW well-to-wheel

Mathematical symbols

h efficiency parameter

g cost constraint parameter

P annuity rate of the technology

r parameter for the level of hydrogen

Q loss factor

C total annual energy costs

Cap capacity of the technology

E variable associated with electricity

FixC fixed capital cost

H variable associated with hydrogen fuel

N arbitrary large number

VarC variable capital cost

f charging or discharging rate of storage

Superscripts

El electrolyzer

fleet hydrogen fuel cell vehicles

in input for storage

loss loss of stored energy

out output from storage

stored state of the energy in storage

XOR binary variable

Subscripts

char charge rate of the storage

dis discharge rate of the storage

El electrolyzer

invest annualized investment

lim limit on the costs

press pressurizer

tech technologies

up upfront

d daytypes

h hours

m months

t time
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Introduction

The increasing attention of decarbonizing the mobility sector

in Europe and around the globe requires solutions that are

technologically as well as economically viable and at the same

time sustainable for the environment. Themobility sector is a

major part of the ecosystem and abundantly dependent upon

the fossil fuels at the moment. This dependency upon the

fossil fuels is likely to increase and ultimately can increase the

carbon dioxide emissions. The mobility sector is sought to be

responsible for approximately 20% of the projected increase in

the global energy demand and the greenhouse gas emissions

by 2040 [1]. The mobility sector constitutes approximately a

third of the total energy use and a quarter of the total green-

house gas emissions in Europe [2]. The decarbonization of the

mobility sector is both urgent and an important challenge in

fulfilling the European Union's commitment towards the car-

bon neutrality by 2050 and for the global effort to the imple-

mentation of the Paris Agreement [3]. Thus, hydrogen is

considered to be one of the solutions to achieve this challenge

of decarbonization in the mobility sector [4]. The complete

decarbonization of the mobility sector may not be possible

solely by battery Electric Vehicles (EVs). It is because of the low

specific energy, low energy density, low range and high

charging times of the battery EVs as compared to the

hydrogen fuel cell vehicles when the hydrogen is purely

generated from renewable energy sources [5]. Therefore, the

renewable hydrogen might be the missing link in the decar-

bonized energy transition of the mobility sector.

About 96% of the current hydrogen production is based on

the fossil fuels i.e. 48% from natural gas, 30% from oil, 18%

from coal and only 4% is based on the electrolysis of water [6].

The life-cycle greenhouse gas emissions of the hydrogen

production via fossil fuels are considerably high i.e. 10 tonne-

CO2/tonne-H2 from natural gas, 12 tonne-CO2/tonne-H2 from

oil and 19 tonne-CO2/tonne-H2 from coal [7]. Even though the

electrolysis is a small part of the current hydrogen production

chain globally, it is the only process towards 100% carbon

neutral production of the hydrogen fuel when it is produced

completely via renewable energy sources. The solar PV and

wind power technologies would constitute most of the

installed power capacity in the global energy supply by 2050

[8]. Hence, grid-connected or islanded renewable energy based

microgrids with the solar PV and wind power technologies

have a high potential to decarbonize the hydrogen generation

process and ultimately decarbonize the mobility sector.

Recently, Lin et al. [9] have provided a comprehensive

overview of the prominent scientific literature related to the

integration of hydrogen energy in smart grids including grid-

connected as well as islanded microgrids, hydrogen fuel cell

electric vehicles, hydrogen economy in smart grids and

different models for energy systems that include hydrogen.

Nicita et al. [10] have conducted a techno-economic-financial

analysis to evaluate the profitability of green hydrogen pro-

duction system by solar PV based renewable energy source.

Basic research in the hydrogen production, its use and its

comparison with the conventional fossil fuels have been
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carried out by Bartels et al. [11], Barthelemy et al. [12] and

Ajanovic et al. [13]. But, these studies lack the optimization

modelling framework with respect to the optimal system

design for production, storage and user application levels for

microgrids. The optimizationmodels are necessary to evaluate

the most appropriate design of the technologies including

renewable energy sources for achieving the economical and

environmental objectives of the hydrogen energy systems.

Recently, A Mixed-Integer Linear Programming (MILP)

based microgrid solution has been proposed in Ref. [14] that

considers a solar PV based hydrogen energy system for airport

electrification. The previous study highlights the importance

of the hydrogen over the conventional fuel based electrifica-

tion of remote aircraft auxiliary power units via fuel cells.

HassanzadehFard et al. [15] use particle swarm optimization

methodology to realize a hybrid microgrid system where

hydrogen is produced via renewable energy sources as well as

natural gas reforming process. A grid-connected solar PV and

hydrogen power optimization approach has been proposed in

Ref. [16] for a typical household application that considers

hydrogen electrolyzer, hydrogen storage and hydrogen fuel

cells. The scale of the previous study is relatively small but it is

important to show the use of the hydrogen technology in

hybrid energy systems for the grid-connected microgrids. Arlt

et al. [17] investigate the cost effectiveness of a hydrogen en-

ergy system inmicrogrids through MILP approach using time-

series aggregated data sets. The time-series aggregation,

considered in that study, provides the representative periods

overwhich optimization is performed but does not include the

modelling of the seasonal storage behavior of the hydrogen

storage and catching the variability of the renewable energy

sources correctly. Zhang et al. [18] study the storage sizing and

rule-based operation of the grid-connected energy system

including solar PV, hydrogen generation, hydrogen storage

and battery storage technologies through genetic algorithm

optimization. The optimization objectives, considered in that

study, are based on the cost functions but do not include the

carbon emission optimization and the modelling of the

mobility load. An optimal design of a low carbonmulti-energy

system including the hydrogen seasonal storage using MILP

has been carried out in Ref. [19] to satisfy the thermal load

demand via hydrogen fuel. The previous study uses the opti-

mization to minimize the energy costs and the CO2 emissions

but does not include the modelling of the mobility load.

Therefore, it is limited in assessing the economic viability of

the hydrogen fuel in comparison with the conventional fossil

fuels in the mobility sector.

Few studies have been conducted in recent years in Austria

which are based on optimization in the field of microgrid

design. Zwickl-Bernhard and Auer [20] have recently examined

a cost minimizing energy technology portfolio using an open

source energy model with MILP for an energy community in

Vienna, Austria. An optimization study considering two

different MILP methodologies has been conducted in Ref. [21]

for the optimal planning of renewable energy based microgrid

in Austria to minimize the total annual energy costs and the

total annual carbon dioxide emissions. Although the studies

reported in Ref. [20] and Ref. [21] support the optimal energy

system planning in microgrid structure in Austria but are

limited in not considering the hydrogen technology and
modelling of the mobility load. Caglayan et al. [22] have

recently proposed a robust design of a future 100% renewable

european energy supply systemwith a hydrogen infrastructure

and have concluded that Austria might serve as a channel for

hydrogen transport in the region. Ajanovic [23] has conducted

an economic analysis for different value chains of hydrogen

production and its usage in mobility sector for Austria. The

main focus of the study in Ref. [23] is the production of

hydrogen from renewable energy sources in Austria and con-

siders simple investment calculation methods to evaluate the

current hydrogen energy costs and projects the future energy

service costs with a learning rate. Although the previously

mentioned study is relevant to this research work but it is

relatively old, lacks optimization methodology to assess the

techno-economic viability and is limited in realizing the real

deployment of renewable energy based hydrogen production,

seasonal storage and service use in mobility sector of Austria.

Therefore, this research overcomes the above mentioned

gaps in the stare-of-the-art by designing a MILP modelling

framework for the optimal planning of microgrid technolo-

gies. These technologies include solar PV, wind power,

hydrogen electrolyzer and hydrogen storage to satisfy the

mobility demand for the decarbonization of the mobility

sector. The framework is applied to a case study for designing

the renewable energy based hydrogen production and

hydrogen seasonal storage for a small-scale hydrogen fueling

station at a real microgrid testbed in Wieselburg, Austria. In

this study, the MILP framework has a multi-objective setting

which considers the CO2minimization scenarioswith the cost

limitations. The optimization framework uses one year time

series data because the adequate modelling of the optimiza-

tion techniques require a full year time horizon at least for

incorporating the renewable energy sources and seasonality

of the hydrogen storage in microgrids. This full-scale MILP

model is able to consider the connectivity between days and

seasons in the optimization. This research work approaches

themodelling of themobility demand by considering a variety

of hydrogen fuel cell vehicles including passenger cars, busses

and trucks. The optimization is performed relative to two

different reference cases i.e. the diesel basecase and the utility

basecase. In the diesel basecase, the mobility demand of the

entire fleet is considered to be covered by the diesel fuel. In the

utility basecase, the hydrogen fuel is produced through elec-

trolysis, stored and used to satisfy the mobility demand of the

entire fleet using only the utility electricity. After setting up

the reference cases, the investment optimization is performed

by minimizing the CO2 emissions and keeping a limit on the

energy costs that vary in different scenarios. The results

include (1) the optimal sizing and dispatch of the technologies,

(2) the economical viability, (3) the environmental impact, (4) a

comparison between the optimal hydrogen fuel costs and the

currentmarket costs of the diesel fuel to identify the H2-Diesel

cost gap and (5) the calculation of the carbon prices to close

the H2-Diesel cost gap. The uniqueness of this research work

stems from contributions toward the decarbonized energy

transition in the mobility sector by addressing the five highly

important points mentioned above in a single study.

This paper is structured as follows: Section Formulation of

optimization problem describes the mathematical modelling

of the optimization problem. Section Case study provides the

https://doi.org/10.1016/j.ijhydene.2021.03.110
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detailed information of the case study and its testing. Section

Results discusses the detailed results followed by the

conclusion in Section Conclusions.
Formulation of optimization problem

The methodology considers the optimization model using a

MILP framework based on the Distributed Energy Resources -

Customer Adoption Model (DER-CAM) [24] and further devel-

oped as OptEnGrid v1.0 within this research to include the

hydrogen production, seasonal storage and use in themobility

sector with a yearly time horizon. A major difference to the

existing literature and DER-CAM is the addition of the

hydrogen production via water electrolysis, hydrogen sea-

sonal storage and use in the mobility using full-scale optimi-

zation horizon in OptEnGrid v1.0. It is because of this wider

range of the time horizon and connectivity linkage between

time steps that the seasonality can be taken into account in

the optimization. Therefore, this MILP framework considers

the full scale optimization i.e. 8760-hours by replacing the

previously MILP framework (with time series in terms of 24-

h based three representative daytypes for each month) hav-

ing months m 2 {1, 2, …, 12}, daytypes d 2 {1, 2, 3} and hours

h 2 {1, 2, …, 24} with t 2 {1, 2, …, 8760}.

The MILP optimization framework minimizes the total

energy costs and the total CO2 emissions. The simplified

objective function related to the total annual energy costs C

can be represented by Eq. (1).

C ¼
X

tech

DERinvest þ
X

t

Cutility þ
X

t

CO&M (1)

where DERinvest is the annualized investment cost per tech-

nology tech, Cutility is related to electrical purchaseminus sales

to the utility grid and other fixed costs related to utility i.e.

time-of-use tariffs and daily and monthly demand charges of

the electricity purchased and CO&M is related to the operation

and maintenance costs.

DERinvest can be further described as shown in Eqs. (2) and

(3).

DERinvest ¼
X

tech

ðCup PtechÞ (2)

Cup ¼ VarCtech Captech þ FixCtech (3)

whereCup are the upfront capital costs of the technology,Ptech

is the annuity rate of the technology, VarCtech are the variable

capital costs of the technology, Captech is the technology ca-

pacity to be invested, FixCtech are the fixed capital costs of the

technology. The variable capital costs vary with the amount of

capacity that is invested, while the fixed capital costs are in-

dependent on the size of the technology and can cover engi-

neering costs.

The total annual energy costs C can also be limited in the

optimization by the cost constraint of Clim according to Eqs. (4)

and (5).

Clim ¼ ð1þgÞCreference (4)

C � Clim (5)
where Creference are the input costs associatedwith the reference

case and g is the cost constraint parameter responsible for

limiting the total annual energy costs. This is particularly very

important to conduct sensitivity analysis where CO2 optimiza-

tions are performed by keeping the limit on the total annual en-

ergy costs and effectively establish amulti-objective frontier.

The simplified objective function related to the total

annual carbon dioxide emissions can be represented by eq. (6).

It is the summation of the carbon dioxide emissions occurred

in providing the electricity from the grid. The carbon dioxide

emissions can also be considered form other technologies

such as a combined heat and power system running on nat-

ural gas, but only electricity fromgrid is considered as a source

of carbon dioxide emissions in this study.

CO2 ¼
X

t

CO2grid (6)

The hydrogen produced by the electrolyzer can be repre-

sented by eq. (7) and the electrolyzer capacity constraint can

be represented by eq. (8).

H2
in
t ¼ EEl

t hEl hpress (7)

EEl
t � CapEl (8)

where H2
in
t is the hydrogen produced by the electrolyzer and

the input to hydrogen storage system, EEl
t is the electricity

required by the electrolyzer, hEl is the electrolyzer efficiency,

hpress is the pressurizing efficiency for the hydrogen and CapEl
is the capacity of hydrogen electrolyzer.

The hydrogen stored can be represented by eq. (9).

H2
stored
t ¼ H2

stored
t�1 þH2

in
t �H2

out
t � H2

loss
t (9)

where H2
stored
t represents the state of the charge or the Level of

Hydrogen (LOH), H2
in
t is the input for hydrogen storage, H2

out
t is

the output from hydrogen storage, H2
loss
t is the hydrogen lost

in hydrogen storage. The hydrogen losses can be represented

by eq. (10).

H2
loss
t ¼ H2

stored
t�1 QH (10)

where QH is the co-efficient of loss for hydrogen storage. The

hydrogen storage model constraints are given by eq. 11e16.

H2
stored
t � CapH (11)

H2
stored
t � CapH rmin

LOH (12)

H2
in
t � CapH fmax

char (13)

H2
out
t � CapH fmax

dis (14)

H2
in
t � H2

XOR
t N (15)

H2
out
t � ð1�H2

XOR
t ÞN (16)

where CapH is the capacity of the hydrogen storage, rmin
LOH is the

minimum level of hydrogen, fmax
char is the maximum charging

rate of the hydrogen storage, fmax
dis is the maximum dis-

charging rate of the hydrogen storage, H2
XOR
t is the binary

https://doi.org/10.1016/j.ijhydene.2021.03.110
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input for avoiding simultaneous charging and discharging of

hydrogen and N is an arbitrary large number.

The hydrogen storage output can be used by the hydrogen

fuel station to be supplied to the hydrogen fleet vehicles. H2
out
t

can be represented by eq. (17).

H2
out
t ¼ H2

fleet
t (17)

where H2
fleet
t is the hydrogen fuel demand required by the

hydrogen fleet.

The electricity provided by the solar PV technology is given

by eq. (18).

Esolar
t ¼ CapPV PV

performance
t (18)

where Esolar
t is the electricity provided by solar PV technology,

CapPV is the capacity of solar PV technology and PVperformance
t is

the normalized solar PV performance at the location.

The wind power is modelled as discrete technology unlike

the hydrogen electrolyzer, hydrogen storage and solar PV

technologies, which aremodelled as continuous technologies.

It is due to the fact that wind power units are available in

specific unit capacities with specific dimensions commer-

cially, thus it requires to model wind power technology in

discrete steps of its unit capacity. Therefore, the optimal wind

power capacity is a discrete function of a wind power unit

available commercially. The electricity provided by wind

power can be represented by eq. (19).

Ewind
t ¼ WindPQ Windpotential

t (19)

where Ewind
t is the electricity provided by the wind power

technology, WindPQ is the wind power unit purchase quantity

and Windpotential
t is the wind power unit potential.

The higher level energy balance equation for the overall

model is given by eq. (20).

Eload
t þ EEl

t ¼ Egrid
t þ Esolar

t þ Ewind
t (20)

where Eload
t is the electrical load demand associated with the

hydrogen dispensing pumps and Egrid
t is the electricity pur-

chased from electric grid.
Case study

This section includes the details and the approach of

designing the real case study for a small-scale hydrogen filling

station as part of extending the existing microgrid testbed in

Wieselburg, Austria. It also includes the time series data

analysis, the technical and economical details of the tech-

nologies, assumptions and the optimization strategy.

Extension of the microgrid testbed at Wieselburg

The microgrid testbed at Wieselburg is the first microgrid

research lab in Austria that integrates renewable energy,

utility electricity, heat technologies, biomass technologies,

electro-mobility, storage technologies, building control as well

as smart network communication that allows for multiple

MILP based model predictive control strategies.
The existing infrastructure at themicrogrid testbedmainly

consists of solar PV, battery storage, electric vehicle charging

station, emergency diesel generator, point of common

coupling for utility electricity import/export, biomass boilers,

heat storage, absorption cooling and compression cooling

technologies distributed in the three main buildings of the

site. These technologies are responsible for achieving a bal-

ance of sources and loads in the multi-energy system concept

(electricity, heating and cooling) of a microgrid. The new

infrastructure required for the production, storage and use of

the hydrogen fuel contains more solar PV, wind power, water

electrolyzer, hydrogen seasonal storage tank and hydrogen

fuel dispensers with fuel pumps. These technologies are

optimized with the optimization framework given in section

Formulation of optimization problem. Comprehensive re-

views onwater electrolysis have been provided in Ref. [25] and

Ref. [26] for highlighting the advantages and disadvantages of

hydrogen electrolyzer technologies including the alkaline

electrolyzer and the Proton Exchange Membrane (PEM) elec-

trolyzer. Although the PEM electrolyzer has higher perfor-

mance and rapid system response but it has highest costs as

compared to other hydrogen electrolyzer technologies, it

needs noble metal catalyst for operation and it has capacity

stacks below megawatt (MW) range. On the other hand, the

alkaline electrolyzer is cost efficient, mature technology

which has been undergoing recent developments as well [27],

does not require any noble metal catalyst and has capacity

stacks in MW range. Due to these advantages, this research

work chooses alkaline electrolyzer for the current case study

but modelling of PEM electrolyzer is also present in our MILP

optimization framework and can also be used as an alterna-

tive to alkaline electrolyzer if different case study requires to

choose PEM electrolyzer. The existing and optimized addi-

tional infrastructure of the microgrid testbed is shown in

Fig. 1. The productionmode of the solar PV is DC followed by a

DC-to-AC inverter and the production mode of the wind

power is AC followed by an AC-to-AC converter. The DC-to-AC

inverter efficiency for the solar PV and AC-to-AC converter

efficiency for the wind power are already considered in the

optimal planningmethodology. The transmissionmode of the

complete electrical power flow is AC. However, the inverter

and converter which make the power flow to be AC are

not shown in Fig. 1, but as already mentioned, the conversion

efficiencies are considered in the optimal planning

methodology.

Time series input data analysis and assumptions

The hydrogen fleet consists of Fuel Cell Electric Vehicles

(FCEVs), Fuel Cell Electric Busses (FCEBs) and Fuel Cell Electric

Trucks (FCETs). The FCEBs are based on the real schedule of

the conventional fuel busses in the region [28]. The FCEVs and

the FCETs are based on the average annual mileage of the

conventional fuel passenger cars and trucks in the region [29].

The FCETs are further divided into three sub groups based on

the distance covered as small, medium and large FCETs. The

corresponding single trip distance radius showing the reach of

the hydrogen fleet is shown in Fig. 2.

The fleet covers most of the major cities in the center of

Austria for transporting the goods via FCETs while the

https://doi.org/10.1016/j.ijhydene.2021.03.110
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regional passenger transport demand of lower Austria is

satisfied by the FCEVs and FCEBs. The design parameters of

the already available hydrogen FCEVs [30], FCEBs [31] and

FCETs [32] in the European market are given in Table 1.

The trip distance and the weekly frequency for the FCEBs is

according to the real weekly schedules of the busses in the

Wieselburg region. The trip distance and the weekly fre-

quency of the FCEVs and FCETs is taken as assumption so that

the annual average mileage per vehicle remains in the range

of the actual annual average mileage. The trip distance and

the weekly fueling frequency of the entire hydrogen fleet are
Fig. 2 e The reach of the entire hyd
given in Table 2. The hourly schedules of the week and

weekend days for FCEBs are adopted according to the real

schedule of the busses. The hourly schedules of the week and

weekend days for FCEVs and FCETs are taken as assumption

by not violating the annual average mileage limit. The hourly

schedules for FCEVs, FCEBs and FCETs are multiplied with the

respective round trip distance to obtain the total annual dis-

tance demand of the hydrogen fleet. The percentage share of

the total annual distance demand by each fleet type is such

that FCEVs, FCEBs and FCETs constitute 7%, 31% and 62% of

the total annual distance demand respectively.
rogen fleet for the case study.

https://doi.org/10.1016/j.ijhydene.2021.03.110
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Table 1 e The design parameters of the entire hydrogen fleet [30e32].

Fleet Fuel Output
[kW]

Consumption
[kgH2/100 km]

Max. Tank Capacity
[kg]

Max.
Range
[km]

Average
Speed
[km/h]

Approx. Unit
Cost
[V]

Manufacturer

FCEV Hydrogen (700 bar) 114 0.76 5 500 100 78,600 TOYOTA

FCEB Hydrogen (350 bar) 180 6 37.5 400 40 620,000 CAETANOBUS

FCET Hydrogen (350 bar) 250 8 31 400 70 302,000e334,000 ESORO

Table 2 e The trip distance and the weekly fueling frequency of the entire hydrogen fleet.

Fleet Type Fleet Details Single Trip
[km]

Round Trip
[km]

Fueling Frequency

Mon Tue Wed Thu Fri Sat Sun

FCEVs Passenger Cars 23 46 8 8 8 8 8 4 0

FCEBs Wieselburg-Petzenkirchen-Ybbs/Donau (Route-5) 7.3 14.6 12 12 12 12 12 0 0

Wieselburg-Gresten (Route-667) 25.5 51 10 10 10 10 10 5 0

Wieselburg-Erlauf-Poechlarn (Route-670) 14.5 29 3 3 3 3 3 0 0

Wieselburg-Gumprechtsfelden (Route-674) 5.3 10.6 6 6 6 6 6 0 0

Wieselburg-St Georgen/Leys (Route-675) 20 40 7 7 7 7 7 0 0

Wieselburg-Ruprechtshofen-Kilb (Route-685) 33 66 8 8 8 8 8 0 0

FCETs Small Distance Trucks 50 100 3 3 3 3 3 0 0

Medium Distance Trucks 100 200 5 5 5 5 5 0 0

Large Distance Trucks 150 300 7 7 7 7 7 0 0
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The hydrogen fuel consumption is obtained bymultiplying

themileage consumption as given in Table 1 with the distance

demand for each fleet type. This is done in accordance with

not violating the maximum tank capacity and maximum

range of each fleet type. The hourly hydrogen demand of the

entire hydrogen fleet on working and weekend days is shown

in Fig. 3. This hydrogen fuel consumption in kgH2 is then

converted into hydrogen energy demand in kWh (1 kgH2 is

equivalent to 33.33 kWh of energy content [33]) and is treated

as the final hydrogen energy demand for the optimization

problem. Together with the hydrogen fuel, it is also important

to consider the electric consumption of the hydrogen fuel

pumps required for dispensing the fuel. This electric con-

sumption is considered as 1.1 kWh per kgH2 dispensed as

given in Ref. [34]. The yearly profiles of the hydrogen energy

demand in kWh and the electric energy consumption of

hydrogen dispensing pumps in kWh are constructed by

extrapolating the respective hourly demand profiles of the
Fig. 3 e The hourly hydrogen demand of the entire fleet.
week and weekend days. Themaximum energy demand in an

hour for the hydrogen fuel and hydrogen dispensing pumps is

around 2034 kWh and 67 kWh respectively in the whole year.

The required time series input data also includes the

hourly solar PV performance and the wind power potential at

the site. As discussed in section Formulation Of Optimization

Problem that the wind power is modelled as a discrete tech-

nology so it is required to select a wind power unit with a

specific power output and hourly wind potential profile. After

conducting a preliminary analysis by taking into account the

location constraints of the microgrid lab, the Enercon E48 800

Model [35] has been selected for this case study as the wind

power unit in the optimization. The technological and

economical parameters of the solar PV and wind power unit

are addressed in sub-section Techno-economical parameters.

The solar PV performance is retrieved from the Meteonorm

[36] while the wind power potential is retrieved from the

Renewable Ninja [37] for the same Enercon E48 800Model with

hourly time horizon. These data are shown in Fig. 4.

Techno-economical parameters

The economical parameters for the solar PV, wind power,

alkaline electrolyzer and hydrogen storage tank include the

investment parameters like fixed capital costs, variable capital

costs, operation & maintenance costs and lifetime. These

parameters are given in Table 3 [17,38e40]. In Table 3, the fixed

costs represent the fixed capital expenditure (Fixed CAPEX),

the variable costs represent the variable capital expenditure

(Variable CAPEX) and the operation & maintenance costs

represent the operation expenditure (OPEX) of the technolo-

gies. The variable capital costs vary with the amount of ca-

pacity that is invested, while the fixed capital costs are

independent on the size of the technology and can cover en-

gineering costs. The fixed capital costs of the considered
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Fig. 4 e The solar PV performance and the wind potential on hourly basis at Wieselburg site [36,37].

Table 3 e The economic parameters of the microgrid technologies [17,38e40].

Technology Fixed Capital Costs
(Fixed CAPEX)

[V]

Variable Capital Costs
(Variable CAPEX)
[V/kW or kWh]

O&M Costs
(OPEX)

[V/kW or kWh] per year

Lifetime
[Years]

Solar PV 0 842 9 25

Wind Power 0 1247 48 15

Alkaline Electrolyzer 0 920 19 25

Hydrogen Storage 0 14 0 30

Table 4 e The technical parameters of the microgrid
technologies [17,41,42].

Parameter Value

Efficiency of Electrolyzer [%] 70

Efficiency of Pressurizer [%] 90

Minimum Level of Hydrogen [%] 0

Maximum Charge Rate [%] 100

Maximum Discharge Rate [%] 100

Losses in Hydrogen Storage [% per hour] 0.04
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technologies are zero as per the cited sources [17,38e40]

because these costs are almost negligible as compared to the

variable capacity investment costs of the technologies. The

additional equipment such as inverter, converter, control and

monitoring devices are considered in the optimal planning of

this case study through the costs (CAPEX and OPEX) associ-

ated with the main technologies as well as their efficiencies

and conversion curves where needed. The interest rate is

considered as 3% which is needed for the calculation of the

annuity rate for each technology. The electricity rate for the

microgrid in Wieselburg is 11.5 centsV/kWh and is constant

for the entire year. There are no monthly or daily demand

rates currently enforced by the utility grid side in the region so

these are not considered in this study for the purchase of

utility electricity.

The technical parameters for the alkaline electrolyzer and

hydrogen storage include the efficiency of the electrolyzer, the

efficiency of the pressurizer, the maximum charge and

discharge rates of the hydrogen storage and the decay/losses

in the hydrogen storage tank. The efficiency of the pressurizer

for compressing the output of the electrolyzer to 350 bar and

700 bar is assumed to be the same. These parameters are given

in Table 4 [17,41,42].

To assess the CO2 emissions correctly, the CO2 content of

the purchased utility electricity also needs to be considered.

The marginal CO2 emissions rate in kg CO2/kWh of the utility

electricity purchased is considered in this study and is shown

in Fig. 5 [43] on hourly basis for the whole year. The marginal

CO2 emissions rate is based on the Austrian-mix and import-

mix electricity sources. The marginal CO2 emissions only

consider the direct emissions of the fuel while generating the
electricity and do not include the indirect emissions related to

the fuel production and transportation.

Optimization framework and strategy

The case study considers two reference cases i.e. the diesel

basecase and the utility basecase. The diesel basecase satisfies

the mobility demand by the diesel fuel. The total annual en-

ergy costs and the total annual CO2 emissions are calculated

using the Well-to-Wheel (WTW) carbon emissions, fuel

mileage and WTW fuel costs given in Table 5 [44,46].

The utility basecase satisfies the mobility demand by only

considering the electricity purchase from the grid using the

technical and economical parameters reported in sub-section

Techno-economical parameters. In the utility basecase, the

hydrogen is produced through electrolysis, stored and used to

satisfy the mobility demand. For the utility basecase, the total

annual energy costs and the total annual CO2 emissions are

calculated through the cost minimization of the optimization

model. Therefore, the annual energy costs for the utility
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Fig. 5 e The hourly marginal CO2 emissions of the utility

electricity [43].
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basecase include the investment costs related to the electro-

lyzer and hydrogen storage together with the electricity pur-

chase costs. The annual CO2 emissions for the utility basecase

include the total marginal carbon emissions of the electricity

purchase from the utility.

After setting up the reference cases, the investment opti-

mization is performed relative to each reference case through

sensitivity analyses. In each optimization scenario of the in-

vestment case, the total annual CO2 emissions are minimized

by keeping the limit on the total annual energy costs given by

the cost constraint parameter g. The results include the

optimal sizing and the full-year operational dispatch of the

technologies. The results also include the comparisons with

the reference cases in terms of the CO2 savings, the total

annual energy costs, the total annual carbon dioxide emis-

sions, H2-Diesel cost gap and carbon prices to close that H2-

Diesel cost gap. The optimization framework and strategy is

shown in Fig. 6.
Results

This section provides the results of the reference cases and

the corresponding investment optimization scenarios based

on the variation in the cost constraint. The variation in the

cost constraint is introduced by changing the g parameter in

the steps of ±10% and ±25% for the costs of each reference

case. The plus sign indicates a percentage increase in the

reference costs and negative sign indicates a percentage

decrease in the reference costs. The total annual energy costs
Table 5 e The design parameters for the calculation of the total
the diesel basecase [44,46].

Fleet Type WTW Carbon Emissions
[kgCO2/km]

Fuel Mileage
[litre/100 km]

Passenger Cars 0.2445 7

Busses 1.0425 33

Trucks 0.5972 19.6
and the total annual CO2 emissions of the diesel basecase and

the utility basecase are given in Table 6. For the diesel base-

case, these are calculated based on Table 5 given in sub-

section Optimization framework and strategy and for the

utility basecase, these are calculated throughminimization of

the cost objective function.

The utility basecase has 65% higher total annual energy

costs and 17% higher total annual carbon dioxide emissions as

compared to the diesel basecase. Therefore, the diesel base-

case is much cheaper and generate less CO2 emissions than

that of the utility electricity-based hydrogen. The results of

the investment optimization scenarios are provided in the

next sub-sections for each of the reference case.

Sensitivity analysis for the diesel basecase

The investment optimization scenarios compared to the

diesel basecase are infeasible for all the negative cost

constraint variations and also for the positive cost constraint

variations of þ10%, þ20% and þ25%. The investment optimi-

zation becomes feasible for the cost constraint variation

greater than or equal to þ30%. Thus, an optimization solution

is not possible unless the costs are increased at least 30%

relative to the diesel basecase costs. The total annual energy

costs and the total annual CO2 emissions of the investment

optimization scenarios compared to the diesel basecase are

shown in Fig. 7a. The CO2 savings of the investment optimi-

zation scenarios compared to the diesel basecase are shown in

Fig. 7b.

These results show that with 30% more annual energy

costs, the CO2 emissions are reduced by 66.32%. As the cost

constraint is relaxed further, the CO2 emissions are drastically

reduced by 86.28% at 50% more annual energy costs and then

slowly reduced when reaching more than 90% CO2 savings.

The maximum CO2 savings of almost 100% are achieved at

twice the costs of the diesel basecase. The optimal capacity

decisions for the solar PV, wind power, hydrogen electrolyzer

and hydrogen seasonal storage are given in Table 7 together

with the total annual energy costs, the total annual CO2

emissions and the CO2 savings for the investment optimiza-

tion scenarios compared to the diesel basecase. The capacities

are increasing with the increasing investment costs and also

the CO2 savings are increasing with larger capacities of the

technologies. The evident increase in the investment of the

technologies ultimately increases the on-site production of

the renewable energy and the seasonal hydrogen storage.

The optimal costs of the hydrogen fuel consumption

(V/kgH2) and the hydrogen energy (V/kWh) are shown in

Fig. 8a and Fig. 8b respectively. The hydrogen fuel consump-

tion costs in Fig. 8a are compared with the current market
annual energy costs and the total annual CO2 emissions for

WTW Fuel Costs
[V/litre]

Annual Equivalent Distance of Fleet
[km]

1.22 105,248

1.22 440,648

1.22 884,000
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Fig. 6 e Overview of the optimization framework and strategy.

Table 6 e The total annual energy costs and the total annual CO2 emissions of the reference cases.

Reference Case Total Annual Energy Costs
[kV ]

Total Annual CO2 Emissions
[tonne-CO2]

Diesel Basecase 397.78 1013.03

Utility Basecase 656.10 1181.64
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costs of the hydrogen fuel in Austria (9 V/kgH2 [45]). The cur-

rentmarket costs of the hydrogen fuel aremainly based on the

centralized hydrogen production via fossil fuels. The

hydrogen energy costs in Fig. 8b are compared with the cur-

rent market costs of the diesel fuel energy in Austria (0.12

V/kWh [46]).

Fig. 8a shows that the optimized hydrogen fuel costs can

be 41% lower as compared to the current market costs of
Fig. 7 e The total annual energy costs, the total annual CO2 emi

scenarios compared to the diesel basecase.
the hydrogen fuel. As the cost constraint is relaxed further,

the gap between the optimal hydrogen fuel costs and the

market costs of the hydrogen fuel is decreased. This gap is

just 10% when the total annual energy costs of the opti-

mization are double as compared to the reference costs of

the diesel basecase, but still lower than the current

hydrogen costs.
ssions and the CO2 savings of the investment optimization
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Table 7 e The capacity decisions together with the total annual energy costs, the total annual CO2 emissions and the CO2

savings for the investment optimization scenarios compared to the diesel basecase.

g

[%]
Solar PV
[kW]

Wind
Power
[kW]

Electrolyzer
[kW]

Hydrogen
Storage
[kWh]

Total Annual Energy
Costs
[kV]

Total Annual CO2

Emissions
[tonne-CO2]

CO2

Savings
[%]

�10% Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible

0% Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible

þ10% Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible

þ20% Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible

þ25% Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible Infeasible

þ30% 1876 800 1524 40,890 517.11 341.16 66.32%

þ40% 2207 800 1734 97,556 556.89 274.47 72.91%

þ50% 1330 1600 1638 115,093 585.43 138.99 86.28%

þ60% 1643 1600 1814 169,001 629.14 93.41 90.78%

þ70% 1882 1600 1948 215,763 672.00 63.67 93.71%

þ75% 1983 1600 2005 238,742 693.24 51.69 94.90%

þ80% 2081 1600 2060 261,432 714.43 40.76 95.98%

þ90% 2265 1600 2164 304,729 755.77 22.36 97.79%

þ100% 2421 1600 2251 347,141 795.55 7.99 99.21%
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On the other hand, Fig. 8b shows that the optimized

hydrogen energy costs are always higher than the current

market costs of the diesel fuel in all investment optimization

scenarios. The optimized hydrogen energy costs are at least

32% higher as compared to the market costs of the diesel fuel.

The difference between the optimized hydrogen energy costs

and the market costs of the diesel fuel increases as the cost

constraint is relaxed further. The optimized hydrogen energy

costs are slightlymore than double as compared to themarket

costs of the diesel fuel when the total annual energy costs of

the optimization are increased by 100% as compared to the

reference costs of the diesel basecase.

Even though the optimal costs of the hydrogen fuel con-

sumption are lower than the current hydrogen fuel costs in all

investment scenarios, the optimal hydrogen energy costs are

always higher than the current diesel energy costs. These

costs would be much larger if the hydrogen production and

storage are not considered close to the point of delivery of the
Fig. 8 e Hydrogen fuel consumption and hydrogen energy costs

(red dotted lines) in Austria for the investment optimization sce

interpretation of the references to colour in this figure legend, t
fuel due to the transportation and other delivery related costs

of the system. This shows the benefit of using renewable en-

ergy based microgrids and distributed hydrogen energy sys-

tems over the conventional fossil fuel based centralized

hydrogen energy systems. The difference between the

optimal hydrogen energy costs and the current diesel energy

costs can be compensated by introducing carbon prices, sub-

sidies and cheaper costs of the solar PV, wind power,

hydrogen electrolyzer and hydrogen storage technologies.

The introduction of the carbon price as an emission tax for the

diesel fuel is considered in this study to close the H2-Diesel

cost gap shown in Fig. 8b. The carbon price increases the

diesel fuel costs and reduces the current difference of the

costs between hydrogen fuel and diesel fuel. This can enable

the transition of shifting the high energy costs of the hydrogen

fuel to the same energy costs as the diesel fuel but with a

system that can decarbonize the mobility sector. The sub-

section Carbon prices to close the H2-diesel cost gap
with the current market costs of hydrogen and diesel fuel

narios as compared to the diesel basecase. (For

he reader is referred to the Web version of this article.)
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Fig. 9 e Detailed dispatch graphs of the investment optimization scenarios as compared to the diesel basecase.
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provides further details on how the H2-Diesel cost gap can be

closed by the introduction of carbon prices.

The detailed dispatch graphs of the hydrogen storage

together with themonthly energy shares of the solar PV, wind
power and utility electricity are shown in Fig. 9 for the in-

vestment optimization scenarios compared to the diesel

basecase. Fig. 9 shows that as the variation in the cost

constraint parameter increases from þ30% to þ100%, the
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Fig. 10 e The total annual energy costs, the total annual CO2 emissions and the CO2 savings of the investment optimization

scenarios compared to the utility basecase.
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share of the renewable energy sources increases because of

the increase in the investment decisions and also the size of

the hydrogen seasonal storage increases. Thus, making it

desirable for catching the seasonality of the solar PV andwind

power technologies. This seasonal behavior of the hydrogen

storage is evident from its dispatch throughout the year. The

corresponding share of the utility electricity decreases and the

CO2 savings increase.

Sensitivity analysis for the utility basecase

The investment optimization scenarios compared to the

utility basecase can be considered as a subset of the diesel

basecase optimization scenarios because the utility basecase

costs are higher than that of the diesel basecase costs.

Therefore, the variation in the cost constraint parameter can

be considered in both positive and negative directions. The

optimization scenarios for the negative cost constraint vari-

ations are feasible until the utility basecase costs are lowered

by more than 20% and the investments are infeasible below

that point. The total annual energy costs and the total annual

CO2 emissions of the investment optimization scenarios

compared to the utility basecase are shown in Fig. 10a. The

CO2 savings of the investment optimization scenarios

compared to the utility basecase are shown in Fig. 10b. The

optimal capacity decisions for the solar PV, wind power,
Table 8 e The capacity decisions together with the total annua
savings for the investment optimization scenarios compared t

g

[%]
Solar PV
[kW]

Wind
Power
[kW]

Electrolyzer
[kW]

Hydrogen
Storage
[kWh]

Tot

�25% Infeasible Infeasible Infeasible Infeasible

�20% 2002 800 1604 54,363

�10% 2371 800 1838 140,485

0% 1765 1600 1882 192,823

þ10% 2108 1600 2075 267,884

þ20% 2389 1600 2233 338,458

þ25% 2514 1600 2304 372,972
hydrogen electrolyzer and hydrogen storage are reported in

Table 8 together with the total annual energy costs, the total

annual CO2 emissions and the CO2 savings for the investment

optimization scenarios compared to the utility basecase.

Without any further relaxation or limitation in the refer-

ence costs of the utility basecase (0% point in Table 8), the

investment decisions consider the renewable energy sources

which significantly reduce the share of the utility electricity

and achieve the CO2 savings of around 94%. Before touching

the infeasibility boundary, the investment decisions still pro-

vide around 74%of theCO2 savings at 20% lower annual energy

costs relative to the utility basecase costs. This use case vali-

dates that at least 74% decarbonization of the mobility sector

can be achieved by microgrids at costs lower than that of the

utility electricity based hydrogen energy systemswhich do not

consider microgrids. The results also show that with just 25%

more annual energy costs than the utility basecase costs, a

100% decarbonization of the mobility sector is possible by the

renewable energy based microgrid solution.

The optimal costs of the hydrogen fuel consumption

(V/kgH2)and thehydrogenenergy (V/kWh)areshowninFig. 11a

and Fig. 11b respectively. In this sensitivity analysis, the results

of the hydrogen fuel costs and hydrogen energy costs show the

similar behavior to the sensitivity analysis for the diesel base-

case. Also in this case, carbon prices, subsidies and cheaper

costs of the technologies are required to make the hydrogen
l energy costs, the total annual CO2 emissions and the CO2

o the utility basecase.

al Annual Energy
Costs
[kV]

Total Annual CO2

Emissions
[tonne-CO2]

CO2

Savings
[%]

Infeasible Infeasible Infeasible

524.88 312.77 73.53%

590.49 245.56 79.22%

650.37 78.09 93.39%

720.52 37.79 96.80%

787.32 10.85 99.08%

820.13 0.23 99.98%
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Fig. 11 e Hydrogen fuel consumption and hydrogen energy costs with the current market costs of hydrogen and diesel fuel

(red dotted lines) in Austria for the investment optimization scenarios as compared to the utility basecase. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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energy costs competitive with the current market costs of the

diesel fuel. The sub-section Carbon prices to close the H2-diesel

cost gap provides further details to close the H2-Diesel cost gap

shown in Fig. 11b by the introduction of carbon prices.

The detailed dispatch graphs of the hydrogen storage

together with themonthly energy shares of the solar PV, wind

power and utility electricity are shown in Fig. 12 for the in-

vestment optimization scenarios compared to the utility

basecase. Fig. 12 shows that the seasonal behavior of the

hydrogen storage becomes evident as the share of the

renewable energy sources increases.

Carbon prices to close the H2-Diesel Cost Gap

This sub-section provides a detailed methodology and results

of the carbon prices that can vary the diesel fuel costs and

close the H2-Diesel cost gap. By using the design parameters

given in Table 5, the carbon emissions per unit diesel fuel

consumption (kg-CO2/litre) and the diesel fuel demand share

(%) for each fleet type are calculated (Table 9).

The H2-Diesel cost gap is shown in Figs. 8b and 11b for each

investment optimization scenario in V/kWh. This H2-Diesel

cost gap is converted into V/litre for diesel fuel. The H2-Diesel

cost gap is given cumulatively for all the fleet types by each

investment optimization scenario. Therefore, it is necessary

to take into account the carbon emissions and the fuel de-

mand share of each fleet type given in Table 9 to calculate the

carbon price (V/kg-CO2) in each investment optimization

scenario by using eq. (21).
CarbonPriceg ¼ H2DieselCostGapg

ðCO2cars FDScarsÞ þ ðCO2busses FDSbussesÞ þ ðCO2trucks FDStrucksÞ (21)
The resulting carbon prices for all the investment optimi-

zation scenarios relative to the diesel basecase and utility

basecase are given in Table 10 and Table 11 respectively.
As the cost constraint parameter is relaxed, the H2-Diesel

cost gap is increasing and the resulting carbon price is also

increasing. With a CO2 saving of around 66%, the carbon price

on the diesel fuel is estimated to be around 124V/tonne-CO2 to

close the H2-Diesel cost gap. These results show that the

carbon price is estimated to be more than 400 V/tonne-CO2 to

make the hydrogen costs competitive with the diesel costs

and achieve almost 100% CO2 savings.
Conclusions

This research work helps in addressing the urgent and vital

issue of the decarbonization in the mobility sector. It con-

siders a regional case study having a real microgrid testbed in

Wieselburg, Austria. The main emphasis is to highlight the

importance of the renewable energy based hydrogen pro-

duction, hydrogen seasonal storage and its use by considering

a MILP based optimization framework in a microgrid

perspective. The investment optimization has a multi-

objective setting which considers the CO2 minimization sce-

narios with the cost limitations. The case study considers

sensitivity analyses relative to two different reference cases

i.e. the diesel basecase and the utility basecase. The diesel

basecase considers the conventional diesel fuel and the utility

basecase considers the utility electricity based hydrogen fuel.

The results include the optimal investment decisions and the

operational dispatch of the technologies. A comparison is

made between the economic viability, assessed in terms of
costs per unit hydrogen fuel consumption and the environ-

mental impact, assessed in terms of CO2 savings. An eco-

nomic assessment is performed by comparing the
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Fig. 12 e Detailed dispatch graphs of the investment optimization scenarios as compared to the utility basecase.

Table 9 e The carbon emissions per unit diesel fuel consumption and fuel demand share for each fleet type.

Fleet Type Carbon Emissions
[kg-CO2/litre]

Fuel Demand Share (FDS)
[%]

Passenger Cars 3.49 7%

Busses 3.16 31%

Trucks 3.05 62%

Table 10 e Carbon prices to close the H2-Diesel cost gap for the investment optimization scenarios compared to the diesel
basecase.

g

[%]
H2-Diesel Cost Gap Carbon Price CO2 Savings

[%][V/kWh] [V/litre] [V/kg-CO2] [V/tonne-CO2]

þ30% 0.0384 0.384 0.1233 123.3 66.32%

þ40% 0.0506 0.506 0.1624 162.4 72.91%

þ50% 0.0593 0.593 0.1905 190.5 86.28%

þ60% 0.0727 0.727 0.2335 233.5 90.78%

þ70% 0.0858 0.858 0.2757 275.7 93.71%

þ75% 0.0923 0.923 0.2966 296.6 94.90%

þ80% 0.0988 0.988 0.3174 317.4 95.98%

þ90% 0.1115 1.115 0.3581 358.1 97.79%

þ100% 0.1237 1.237 0.3973 397.3 99.21%
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Table 11 e Carbon prices to close the H2-Diesel cost gap for the investment optimization scenarios compared to the utility
basecase.

g

[%]
H2-Diesel Cost Gap Carbon Price CO2 Savings

[%][V/kWh] [V/litre] [V/kg-CO2] [V/tonne-CO2]

�20% 0.0408 0.408 0.1309 130.9 73.53%

�10% 0.0609 0.609 0.1955 195.5 79.22%

0% 0.0792 0.792 0.2544 254.4 93.39%

þ10% 0.1007 1.007 0.3234 323.4 96.80%

þ20% 0.1211 1.211 0.3892 389.2 99.08%

þ25% 0.1312 1.312 0.4214 421.4 99.98%
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optimization results with the current market costs of the

diesel fuel as well as hydrogen fuel in Austria. The H2-Diesel

cost gaps are identified for all the investment optimization

scenarios and the carbon prices are calculated to close the H2-

Diesel cost gaps.

With respect to the diesel basecase, the investment opti-

mization results of the energy systemare infeasible unless the

investment costs are increased by at least 30% relative to the

diesel basecase costs. From 30% to 100% increase in the diesel

basecase costs, the investment optimization provides a min-

imum CO2 savings of 66.32% and a maximum CO2 savings of

99.21%. These results show that the renewable energy sour-

ces, if penetrated highly into the microgrids, can significantly

reduce the carbon footprint and make use of the renewable

hydrogen fuel to enable the decarbonized energy transition in

the mobility sector. Evidently, the seasonal hydrogen storage

has an important role in this decarbonized energy transition

as it captures the seasonal variability of the renewable energy

sources. With respect to the utility basecase, the investment

optimization results can be considered as a subset to that of

the diesel basecase. The variation in the cost constraint also

provides feasible results if the costs are decreased by 20%

relative to the utility basecase costs. The most interesting

outcome in the utility basecase is that at no further costs, the

renewable energy based sources and the hydrogen seasonal

storage in the microgrid can provide CO2 savings of around

94%. At 20% reduced costs, the microgrid still constitutes a

large share of renewable energy that provides significant CO2

savings of around 74%. Thus, renewable energy based

microgrids are highly desirable as compared to the utility

based hydrogen energy systems for the decarbonization of the

mobility sector.

From an economic point of view relative to both reference

cases, the optimal hydrogen fuel costs (V/kgH2) are lower than

the current market costs of the hydrogen fuel. This difference

could be due to not considering the costs related to the de-

livery of the hydrogen fuel since the hydrogen production,

storage and distribution is assumed to be close to the fueling

station in this microgrid. Therefore, the hydrogen fuel is

considered to be cheaper if it is produced by renewable energy

based microgrids close to the point of delivery of the fuel. The

optimal hydrogen energy costs (V/kWh) are higher than the

current diesel fuel costs in all investment optimization sce-

narios. These costs would be much larger if the hydrogen

production and storage are not considered close to the point of

delivery of the fuel due to the transportation and other de-

livery related costs of the system. This shows the benefit of
using renewable energy based microgrids and distributed

hydrogen energy systems over the conventional fossil fuel

based centralized hydrogen energy systems.

This work provides a trade-off between mitigating the

environmental impact by the CO2 savings and assessing the

economical viability in terms of the energy system costs. The

trade-off indicates that if the mobility sector has to be dec-

arbonized completely by hydrogen, the current costs of this

decarbonization are doubled as compared to the current

diesel fuel based mobility framework. Surprisingly, this

decarbonization can still provide at least a CO2 saving of

around 66% if the difference of the costs between hydrogen

fuel and diesel fuel is only 32%. This draws an attention to

make the hydrogen energy price competitive with the diesel

fuel price. The introduction of the carbon price as an emis-

sion tax for the diesel fuel is considered in this study to close

the H2-Diesel cost gaps. The carbon price increases the diesel

fuel costs and reduces the current difference of the costs

between the hydrogen fuel and the diesel fuel if applied in

the policy framework. For achieving a CO2 saving of around

66%, a carbon price of around 124 V/tonne-CO2 is estimated

on the diesel fuel to make the hydrogen and the diesel fuel

costs competitive with each other. For achieving almost

100% CO2 savings, a carbon price of more than 400 V/tonne-

CO2 is estimated on the diesel fuel to close the H2-Diesel cost

gap.

This research work considers the extension of the existing

real microgrid testbed in Wieselburg, Austria which is based

on the optimal planning by the predecessor methodology of

OptEnGrid v1.0. The extension of the existing microgrid test-

bed by developing the advanced optimal planning strategies

in OptEnGrid v1.0 and realizing the case study with the real

mobility data highlights the contribution of this researchwork

towards the real deployment of microgrids having hydrogen

energy system technologies. The hydrogen fuel is only pro-

duced from the electrolysis in this case study. Therefore, the

future work will consider the production of the hydrogen fuel

form other sources such as biomass and compare it with the

electrolysis based hydrogen fuel systems as well as the con-

ventional diesel fuel.
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