Applied Energy 334 (2023) 120653

Sy

ELSEVIER

Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

Check for

Future vehicle energy supply - sustainable design and operation of hybrid  [%&s
hydrogen and electric microgrids

Robert Forster >, Matthias Kaiser ", Simon Wenninger *

b

@ Branch Business & Information Systems Engineering of the Fraunhofer FIT, Alter Postweg, 101, 86159 Augsburg, Germany
Y FIM Research Center, University of Applied Sciences Augsburg, An der Hochschule, 1, 86161 Augsburg, Germany

HIGHLIGHTS

e Modelling  hybrid charging and
hydrogen refuelling microgrids.

e Optimisation ~of hybrid electric,
hydrogen storage and stationary
hydrogen fuel cell.

e Development of an optimisation model
and application in a German case study.

o Cost-effective microgrid design and
operation do not contribute to
decarbonisation.

e Current demand charge regulation hin-
ders profitability and low GHG
operation.

ARTICLE INFO

Keywords:

Microgrid

Hydrogen infrastructure
Electric vehicle charging
Hybrid energy storage systems
Decarbonization

Road transportation

GRAPHICAL ABSTRACT

Highlights Microgrid Topology Economic and Ecological implication

Comparison of microgrid design and operation in
------ e 2019, 2020 and 2021
L . . DC- Tiverter GoF
«  Optimisation of hybrid electric | gy comerer — .

and hydrogen storage and _!_ ol
,
y SO Fcuobsenr

stationary hydrogen fuel cell
DC

o m {3" ﬂ:@'

+ Modelling hybrid charging and
hydrogen refuelling microgrids

X!

DC network

« Development of an optimisa-
tion model and application in a
German case study

:

DC-
converter

1Ey S ’
< [0 ;lﬂi]

o Cost-effective microgrid charging Hydrogen Hydiogen
design and operation do not = fuelcell storagg tank
contribute to decarbonisation
o = - [Ei—ad — :
+  Current demand charge < = =, Cost-effective design and operation does not
converter N contribute to the decarbonisation under com-

regulation hinders profitability BESS TCEV refueling stations “@"

and low GHG operation mon operation strategies and current demand

charge regulations.

......... 'AC Ekctricity DC Electricity

Hydrogen

| Tine definition

ABSTRACT

To decarbonise road transport, EU policymakers promote battery electric vehicle and fuel cell electric vehicle
adaption and advocate the expansion of charging and hydrogen refuelling infrastructure in the Fit-for-55
package. However, infrastructure operators face cost-intensive operations and insufficient low greenhouse gas
(GHG) hydrogen availability. Grid-connected hybrid hydrogen refuelling and electric vehicle charging micro-
grids with on-site hydrogen production, battery and hydrogen energy storages and renewable energy can help to
solve these challenges. We investigate the influence of various microgrid design and operation strategies
regarding their contribution to profitability and decarbonisation in an optimisation study. Our findings in a real-
world case study within Germany indicate that the cost-effectiveness of designing and operating such microgrids
does not contribute to the decarbonisation of road transportation under common operation strategies and current
demand charge regulations. We advocate revising German demand charge regulations to support sustainable
design and operation of future charging and hydrogen refuelling microgrids.

1. Introduction

preferably limit global warming to less than 1.5C compared to pre-
industrial levels [1]. The “Fit for 55" package - developed by policy-
makers in the EU - aims to reduce Greenhouse Gas (GHG) emissions by

To mitigate the negative impacts of climate change and preserve the 55 % until 2030 compared to 1990 levels [2]. Accounting for 23 % of
quality of life, it is necessary to comply with the Paris Agreement and energy-related GHG emissions, the decarbonisation of the transportation
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Nomenclature

Sets and indices

t Index of time from O, ---, T

P Index of power plant types from 1, -+, P
General parameters

m Length of time interval [h]

Parameters related to the Electrolyser (EL)

PEL Relative energy consumption [kWh/Nm?]
VEL Minimal production capacity [Nm®/h]
VEL Maximal production capacity [Nm®/h]

Parameters related to the Fuel Cell (FC)

% Relative hydrogen demand [Nm®/kWh]

pre. Minimum electricity output [kW)

pre. Maximal electricity output [kW]

Parameters related to the Hydrogen Storage Tank (HST)
VST Minimum volume of the HST [Nm?]

VST Maximum volume of the HST [Nm3|

VHST Initial hydrogen filling level [Nm?]

ini

Parameters related to the Battery Energy Storage System (BESS)
EBESS Rated energy capacity [kWh]

cap

SOCEESS  Minimal acceptable State of Charge (SoC)[%]
SOCBESS  Maximum acceptable SoC [%]
SOCEESS  nitial SoC [%]

ini
ESS
rated

SOthE 5% Tapering parameter limiting charging power at high SoC
%]

SOCSiSS'mp Tapering parameter limiting discharging power at low
SoC (%]

Rated charging and discharging power [kW)]

nBEsS Charging efficiency [%]

nBESs Discharging efficiency [%)]

External parameters

pecp Maximum possible power flow at Grid Coupling Point
(GCP) kW]

EP™ Retail price for electricity drawn from the grid [EUR/kWh]

Epo Grid feed-in price for electricity [EUR/kWh]
EP%r Demand charge rate imposed by the grid operator [EUR/

kWper year]

pBEV-d Charging demand of Battery Electric Vehicles (BEV) in
period t[kW]

VY4 Hydrogen demand of Fuel Cell Electric Vehicles (FCEV) in

period t[Nm®]

Variables related to the BESS
yBESS Binary variable with y&5 = 1, when BESS is charged in
period t, else y&5 = 0.

SOCPESS  SoC of the BESS in period t[%]
PfESS":h Charging power of the BESS in period t[kW)]
pPESSds  pischarging power of the BESS in period t[kW]

Variables related to the Hydrogen Subsystem (HSS)

yE Binary variable with y- = 1, when electrolysis is carried
out in period t, else yFL =0

piLd Power demand of the EL in period t[kW]

vEtrod  Hydrogen production volume in period t{Nm3]

VHST Stored hydrogen volume at the End of period t [Nm?]

yke Binary variable with y¢ = 1, when FC generates power in
period t, else yf¢ = 0.

PFeout power output of the FC in period t[kW]

yred Hydrogen demand of the FC in period t[Nm?®]

VISTICEV Hydrogen supplied to the FCEV in period t[Nm?]

VASTEC  Hydrogen supplied to the FC in period t[Nm?3]

Variables related to the power demand and supply

pMG Total power in the microgrid in period t[kW]

Pfrid.in

Pgn'd,nut
t

yfﬂd Binary variable with y‘f" 4 — 1, when electricity is drawn

Power drawn from the public power grid in period t[kW]
Power fed into the public power grid in period t[kW)]

from the power grid in period t, else y‘fﬁd =0.
poid Peak load at the GCP [kW]

PBEVeh  power used for charging BEV in period t[kW]
Variables and Parameters related to the Photovoltaic (PV) system
)i Power output of the PV system in period t[kW]

NPV Number of installed PV modules

PPVSTC power output of one PV module under Standard Test

Conditions (STC)[kW]
GHI, Global horizontal irradiance in period t[W/m?]
GHI'™®  Global horizontal irradiance used for STC [W/m?]
GHIOCT  Global horizontal irradiance at Nominal Operating Cell
Temperature [W/m?]

Y Temperature coefficient for power at the maximum power
point [%/ C]

T[C Cell temperature in period t[°C]

TCSTC Cell temperature under STC [°C]

Tomb Ambient temperature in period t

TNOCT Cell temperature at NOCT [°C]

T@mb-NOCT  Ambient temperature at NOCT [°C]

Variables and Parameters related to the decarbonisation evaluation

E‘frid Emission factor for grid electricity in period

t[gCO2 —eq/kWh]
eMe Average microgrid emission factor [gCO, — eq/kWh]
P}’;"ffd’i" Feed-in power of power plants of type p in period t{MW)]
e Emission factor for power plant type p[gCO2 —eq/kWh]
dcp®V  Decarbonisation potential of BEV [%]

dcp™V  Decarbonisation potential of FCEV [%]

EPEV<h  BEV energy consumption [kWh/100km]

VFCEVIf FCEV hydrogen consumption [Nm®/100km]

elCEcar  Emission factor of one passenger car with an Internal
Combustion Engine (ICE)[gCO2 — eq/100km]

elCEuck  Emigsion factor of one heavy-duty truck with ICE [gCO; —

eq/100km]
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sector holds significant potential to archive the GHG reduction targets
[3]. Researchers predict that Battery Electric Vehicles (BEV) for short-
distance individual transport and Fuel Cell Electric Vehicles (FCEV)
for heavy-duty long-distance transport will share a coexistence in dec-
arbonised road transportation [4-7]. Besides decarbonisation, the pro-
motion and long-term deployment of electrified and hydrogen-based
technologies in the transportation sector is also designed to reduce the
EU dependency on fossil fuels from Russia as part of the REPowerEU
plan following the start of the Russian-Ukrainian war [8]. For a signif-
icant market uptake, publicly accessible and comprehensive charging
and hydrogen refuelling infrastructure are required [9-11], which are
not widely deployed in Europe yet [12]. Therefore, the “Fit for 55”
package includes requirements for a cross-European network of
charging and hydrogen refuelling stations. This implies that by 2030, EU
Member States have to install a charging option for BEVs every 60 km
and a refuelling option for FCEVs every 100 km along the trans-
European transportation network (i.e., important national motorways)
[2,13,14].

Following this legislative proposal, massive investments in infra-
structure projects in the current decade are necessary, which the private
sector is reluctant to make in present market conditions [15-17]. Poli-
cymakers have recognised the urgent need for action and have already
launched initial initiatives and strategies [18,19]. For example, national
hydrogen strategies attempt to comply with the legislative proposal by
providing investment incentives [20]. However, several challenges
hinder further expansion of microgrid projects for decarbonised road
transportation. First, practitioners face cost-intensive operation [21,22].
Second, there is no distribution network to transfer hydrogen across long
distances available in the EU yet [23]. Third, to realise the long-term
vision of carbon neutrality, the electricity for charging BEVs and pro-
ducing hydrogen via electrolysis needs to be generated from Renewable
Energy Sources (RES) [24], making demand-side management measures
and energy storage necessary, to address the volatility of RES supply
[25,26].

Thus, for future charging and hydrogen refuelling stations, decen-
tralised generation of renewable energy, on-site hydrogen production
and ability to store energy might be crucial. Microgrids - small, decen-
tralised electricity distribution grids - connecting renewable generation,
energy storage and hydrogen production technologies to provide
charging and hydrogen refuelling possibilities, promise to address and
solve the presented challenges. As a solution, a grid-connected micro-
grid that uses electricity from RES for charging stations along with
hydrogen generation and a hybrid battery-hydrogen energy storage
system can be feasible [27,28]. Decentral hydrogen generation can meet
the surging demand with no hydrogen distribution grids established yet
and no clarity on national generation or import. In practice, Battery
Energy Storage Systems (BESS) help to compensate short-term fluctua-
tions in local energy supply [29], while hydrogen is rather used as a
long-term energy storage medium, due to its higher energy density
compared to batteries [30].

However, previous studies consider only partial aspects of microgrid
design and operational strategies to synergistically serve both BEVs and
FCEVs and incorporate both energy storage options. Decision-makers
still lack techno-economic guidance for designing and operating the
outlined hybrid charging and hydrogen refuelling station microgrid with
low GHG emissions. To ensure profitable, low GHG, and seamless
operation, it is necessary to study the design and operation strategy of
the installed units in the microgrid in detail. We intend to fill this gap in
research and pave the way for widespread application in the future
charging and hydrogen refuelling infrastructure for decarbonised road
transportation. We present a microgrid and introduce a mathematical
optimisation model that aims for minimising total energy cost during
operation of the outlined microgrid. Using data from a real-world case
study in Germany, we investigate the influence of Electrolyser (EL) and
Fuel Cell (FC) power as well as capacities of a hybrid hydrogen and
battery energy storage system on operation, total energy costs and the
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decarbonisation potential of BEV and FCEV. Optimising different oper-
ational strategies of Day-Ahead market participation and self-
consumption in 2019, 2020 and 2021 allows us to derive the effects of
component sizing and grid demand charges under diverse conditions.
We contribute to the development of technical, economic, and design
guidelines to support investors and operators in the development of
future hybrid charging and hydrogen refuelling stations and the trans-
formation of fossil fuel-based gas stations. Further, this paper contrib-
utes to policy measures as our results shed light on existing regulatory
barriers to low GHG operation of future charging and hydrogen micro-
grids in mobility.

2. The microgrid paradigm and related literature

Due to cross-sector decarbonisation and electrification, microgrids
are becoming increasingly popular to address the challenge of volatile
power supply from renewable energy sources and the diversity of new
electricity consumers. According to Ton and Smith [31] and Hirsch et al.
[32] we define microgrids as follows: The term microgrid refers to en-
ergy distribution networks that may operate connected to or discon-
nected from a larger macrogrid, commonly the public electricity grid.
Grid-connected microgrids usually have one Grid Coupling Point
(GCP), from which electricity can be drawn or also fed into the grid.
Most researchers agree that a grid-connected microgrid should be able to
operate in both grid and island mode and perform a seamless transition.
In this paper, we adopt the concept of temporary off-grid operation, as it
is the most realistic scenario for a future widespread charging and
hydrogen refuelling infrastructure in Germany and the EU, along with
being economically viable for prosumer infrastructures [33].

Researchers focus on different microgrid characteristics depending
on the specific application, including grid-connectivity, RES integration,
use of BESS and hydrogen production to serve load demands such as
BEV-charging and FCEV-refuelling. The literature in this field (cf.
Table 1) reveals different research objectives as Design principles and
operation strategies. When it comes to any RES-based microgrid system,
a key consideration is the sizing of the power generation capacity
[34-36]. Mah et al. [34] analyse the sizing of RES regarding the prof-
itability for operators in islanded microgrid settings. As Li et al. [37]
stated, the operating strategy has a significant impact on the economic
design of individual units in the microgrid. To improve the self-
sufficiency and profitability of RES-integrated microgrids, Bahramirad
et al. [38] investigate the integration of BESS that contribute to higher
decarbonisation potential. Several economic barriers hinder the wide-
spread expansion of charging infrastructure, including high annual de-
mand charge rates due to peak charging demand [39]. Xiang et al. [40]
investigate the design of an airport microgrid focusing on charging BEVs
and meeting electric loads of aircraft through RES and confirm the
viability of BESS in reducing power peaks.

As BESSs are expensive and therefore a major factor in investment
decisions [41,42], Haupt et al. [29] focus on the sizing of BESSs for a
renewable fast charging hub microgrid, considering different charging
strategies and real-world data-driven demand forecasts. To further
exploit the benefits of RES, a hydrogen energy storage system can be
applied in microgrids with BESS [43]. While BESS are used to cover
short-term demand and supply fluctuations, hydrogen as energy storage
is mainly used for long term energy management in microgrids [44].
Addressing different application areas with hydrogen loads or long-term
microgrid self-sufficiency, microgrid designs are proposed which
include hydrogen production and storage [36,45-50]. In their research,
Baghaee et al. [46] demonstrate long-term energy management based
on hydrogen in remote, islanded microgrids. Yamashita et al. [51]
investigate microgrids in residential and public buildings, focusing on
operating strategies for hybrid hydrogen and battery energy storage
systems to maintain supply reliability and increase self-sufficiency. The
inclusion of hydrogen generation and reconversion can improve the
autonomy of microgrids if all related components are scaled
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Literature review on microgrid research categorised by microgrid characteristics, application, and research focus.

Reference Microgrid characteristic Application Research focus
Grid- Volatile Stationary Hydrogen Hydrogen Stationary EV Hydrogen Design Operational
connected RES feed- BESS production reconversion hydrogen charging refuelling guidelines strategies
Microgrid in via EL via FC storage

Alam et al. v v v v v

[43]
Alavi et al. v v v v v v v
[45]
Aslani et al. v v v v v v 4
[52]
Baghaee et al. v v v v v
[46]
Bahramirad v v v v/
et al. [38]
Coppitters et al. v v v v v v v v
[49]
Dawood et al. 4 v v v v v
[58]
Ding et al. [41] v v v v
Dispenza et al. v v v v v v v v
[591]
Griiger et al. v v v v v v
[54]
Han et al. [57] v v v v v v v
Han et al. [56] v v v v v v v v
Haupt et al. v v v v v/
[29]

Jacob et al. v v v v v v
[35]

Khiareddine v v v v v v
et al. [42]

Kyriakarakos v v v v v v v
et al. [53]
Liet al. [37] v v v v v v v
Liu et al. [60] v v v v v v v v v v
Mah et al. [34] v v v v v v v
Mansour- 4 v v v v v v 4 v
Saatloo et al.
[27]

Tobajas et al. v v v v v v v
[501]

Vafaei and v v v v v
Kazerani
[47]

Valverde et al. v v v v v v 4
[44]

Vivas et al. v v v v v v v
[61]

Xiang et al. v v v v v v v v
[40]
Xu et al. [48] 4 v v v v v v
Xu et al. [55] v v v v v v v
Yamashita et al. v v v v v v v
[51]

Zhang et al. v v v v v v v v
[62]

Zhao and v v v v v v v
Brouwer
[36]

appropriately [52]. Yet, both design and operation complexity is
significantly higher [53].

In addition, the design of hydrogen refuelling stations with decen-
tralised hydrogen production should consider the demand behaviour
[54] and availability of RES [55]. Alavi et al. [45], investigate synergies
between demand in refuelling FCEVs and reconversion through FC in
FCEV in residential microgrids to achieve higher self-sufficiency of
hydrogen refuelling stations. While Han et al. [56] and Han et al [57]
focused on the operation of islanded hybrid hydrogen-battery micro-
grids in consecutive studies, Dawood et al. [58] compared scenarios
using BESS only, hydrogen energy storage only and hybrid battery-
hydrogen energy storage regarding investment costs, operational costs

and GHG reduction potential. Dispenza et al. [59] investigate a solar-
powered mobility hub including charging and hydrogen refuelling
infrastructure for public transport. In the absence of a BESS, Xu et al.
[48] focus on operational strategies of reconverted excess hydrogen via
stationary FC to serve the stochastic demand of BEV in a RES based
standalone microgrid for recharging BEV and refuelling FCEV to pro-
mote the market uptake of these propulsion technologies. Mansour-
Saatloo et al. [27] propose operational strategies for microgrids incor-
porating hydrogen, heat and electric loads microgrid, including both
BEV and FCEV demand. Their research analyses cost reduction potential
through different design variations, with BESS resulting in a slighter
impact on total cost reduction than implementing a hydrogen energy
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storage system. In the combined scenario with a hybrid battery and
hydrogen energy storage system, a reduction in operating costs of more
than three quarters can be measured. Similarly, Liu et al. [60] investi-
gate operational strategies to organise charging and hydrogen refuelling
in a case study for residential high-rise buildings, considering different
cruise schedules and, therefore, different demands for BEV-charging and
FCEV-refuelling. Their analysis of different energy management strate-
gies reveals that hydrogen is less prioritised as an energy storage me-
dium if battery capacity is high.

As reflected, multiple microgrid approaches with varying charac-
teristics can be identified in the literature, focusing on partial aspects of
design principles and operational strategies to address objectives such as
high self-sufficiency. Various highlighted research articles provide an
outlook on synergies between the charging of BEVs and the operation of
hydrogen refuelling stations with integrated hydrogen production
[27,48,59,60]. So far, previous research has neglected to investigate
future BEV/FCEV supply on highway corridors through microgrids
which include charging and hydrogen refuelling infrastructure with a
focus on component sizing and operating strategies to reduce total en-
ergy costs and GHG emissions.

3. Research design
3.1. Microgrid topology design
Our study investigates a microgrid that provides high-performance

hybrid charging and hydrogen refuelling services. We, therefore,
design a grid-connected microgrid with BEV charging points, FCEV

e

DC-
converter

Inverter

PV system
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refuelling stations, an on-site Photovoltaic (PV) system, EL, FC, BESS
and HST, as illustrated in Fig. 1.

We consider electrical energy flows and volumetric hydrogen flows
within this microgrid setting. Electrical power can be converted from the
local PV System or drawn from the power grid via the GCP. Microgrids
generally share the advantage of low electrical losses during voltage
conversion and distribution if the renewables are located close to the
consuming units [63]. Therefore, an on-site PV array system is used as
the on-site source of electricity from RES. We further propose a Direct
Current (DC) system to reduce conversion losses and increase overall
efficiency as recommended in multiple publications [64-68]. As all
supply and load technologies in the microgrid use DC, we only need one
Alternating Current (AC) to DC converter at the GCP. The more efficient
DC to DC converters between the DC technologies ensure the operation
of differently required power levels within the network. Hydrogen
electrolysis technologies are categorised into alkaline electrolysis, solid
oxide electrolysis and proton exchange membrane (PEM) electrolysis. In
our study, we focus on PEM electrolysers as they feature high efficiency,
high operational flexibility and yield high hydrogen purity for pro-
spective applications in fuel cells such as FCEV and stationary auxiliary
electricity generation [69]. We use electricity-powered PEM electrolysis
of water for hydrogen production [70] to either directly satisfy hydrogen
loads or to store in a stationary HST in gaseous form [71]. Total emis-
sions from electrolysis can be controlled by the electricity mix used [72],
causing high GHG emissions with fossil fuels and low GHG emissions
with RES [20]. In addition to hydrogen storage, a BESS is deployed to
store electrical energy. We consider lithium-ion batteries for the BESS
because of their high energy density and low standby self-discharge

DC network

TSI
T

0 BC-
9 converter 4 E ° !
DC-
BEV converter
chayging Hydrogen
pomts fuel cell
E,j —.—I? - -
DC- H, H,
converter —
BESS FCEV refuelling stations
Line definition
==unununn AC Electricity DC Electricity Hydrogen

Fig. 1. Illustration of the microgrid and its system modules.
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[73]. Hydrogen can also be reconverted into electricity by a FC. FCs are
categorised into alkaline FCs, phosphoric acid FCs, proton exchange
membrane fuel cells (PEMFCs), molten carbonate FCs and solid oxide
FCs [74]. This study considers PEMFC technology to reconvert
hydrogen, allowing high efficiency with fast ramp-up times, reliable and
flexible operation and high power density [75,76]. For both EL and FC,
the ability of fast ramp-up and flexible operation enable the coverage of
volatile mobility energy demand for electricity and hydrogen. The EL,
HST and FC collectively form the hydrogen subsystem (HSS). The
hydrogen produced by the EL must be compressed to the required
pressure to be stored in the HST or to be provided to the FCEV refuelling
stations. Also, pressurized hydrogen must be expanded before it can be
converted to electricity in the FC. The ambient temperature affects the
pressure of the stored hydrogen and can pose a potential safety risk, thus
pressure must be controlled adequately. By applying hydrogen pressure
controller (HoPC), we consider both mechanical compressors and pres-
sure regulating valves in the HSS. The charging and hydrogen refuelling
services at the EV charging points, and FCEV refuelling stations are the
main electricity and hydrogen consumers.

3.2. Modelling microgrid operation

The illustrated microgrid in Fig. 1 represents a diverse and integrated
system including the subsystems, such as the PV system or the BEV
charging points, which generally can operate autonomously. However,
within the microgrid the subsystems are controlled towards a shared
objective. The capability of the subsystems to exchange information, to
execute and assign tasks and to pursue collective objectives is charac-
teristic for a so called system of systems [77-79]. For the operation of

PMG — (Pfrid.in +P5’V +PIBESS.dr.§ +PIFC.om) _ (Plgrid,om +Pf3EV,ch +PfZESS,ch +PIELd)

t

such microgrids, a dedicated energy management system or microgrid
control system is applied to determine and control the ideal operating
state [80]. Several optimisation techniques are available for microgrids
ranging from iterative and graphical optimisations to artificial intelli-
gence driven methods [81]. To achieve the overall objective of the
microgrid, we employ a mixed integer linear programming model
(MILP) to optimise the operation of the microgrid, as established for
similar problems in research [29,34,42,46,49]. As in common practice
for the microgrid system of systems [79], we organise the subsequent
model formulation upon the various subsystems and the shared micro-
grid objective.

The optimisation aims to minimise the total energy cost by sched-
uling the use of BESS, EL, FC and HST and is limited by several con-
straints (cf. equation (1)). The objective function includes three
components. First, the annual grid demand charges corresponding to the
peak demand P;gn";,i and the linear demand charge rate EPY", second, the
volume-based electricity procurement costs for the power drawn from
the public grid Pfﬁd’i" multiplied with the electricity price EP™ and third,
the revenues for the electricity fed into the grid Pfﬁd”"t compensated
with the feed-in price EP for all periods t. The factor m allows to

consider different time intervals and thereby ensures consistency in the
respective units.

T
minC : P/:;Ir;i EPder + Z [(van'd,in EP;" _ Pfrid.nur.EP;mr) m]
=0

(€Y

Here, PZ4 is the load peak at the GCP over the total time frame under
examination (cf. equation (2)).

T e W .

max
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Although electricity can be drawn from the power grid, the preferred
electricity source is the on-site PV system. The power output of the PV
system PPV in each period t € T (cf. equation (3)) depends on the number
of installed PV modules NV, the power output of one PV module under
Standard Test Conditions (STC) PPVSTC, the irradiance GHI,, the irradi-
ance used in STC GHI*™, the temperature coefficient for power at the
maximum power point y, the cell temperature T and the cell temper-
ature under STC T¢™. The T¢ depends on the ambient temperature
Tf"‘b, the irradiance GHI,, the irradiance at Normal Operating Cell
Temperature (NOCT) GHIY", the cell temperature at NOCT TV°CT and
the ambient temperature at NOCT T#">NOCT a5 stated in equation (4)
[82-84].

7c GHI :
STC 4 C C,STC

PV = N™V.prVSTe GHITE ISTC~[1 —r (T =TC)] VierT (3)
GHI

T’C — Trmnb + G INOYCT.(TNOCT _ Tumb.NOCT) VteT (4)

The operation of the BESS, EL, FC and HST within the microgrid is
subject to several constraints. As introduced in Section 3.1, there are
several types of electricity supply units and electricity consumption
units in the microgrid. Equations (5) and (6) state that the power bal-
ance, i.e., the balance between electricity supply, i.e., grid purchase
P’;"id‘i", on-site PV generation PY, BESS discharge pPESSdis gC generation
Preeut and electricity demand, i.e., electricity feed-in Pfﬂd“’”t, electric

vehicle charging PPEV" BESS charging PP*™*" EL power demand P9,
must always be met.

VteT 5)

PC=0 VieT ©)

The maximum power that can be purchased from or fed into the
public grid through the GCP PSS within a given period is limited by the
rating of the inverter between the microgrid and the public grid. Thus,
the amount of electricity drawn from the public grid must remain within
a range defined by (7) and (8). These constraints also prevent simulta-
neous drawing and feeding in electricity. Therefore, the binary variable
¥ decides whether power can be drawn (y¥™ = 1) or fed into (%™ =
0) the public grid.

0 < pgridin < pOCP.yerid gy o )

0 < peridont < pOCP.(1 —y8) Vi eT (€))

The BESS is dedicated to the storage of electrical energy in the
microgrid and modelled according to 29 [29]. It is not possible to
simultaneously charge and discharge the BESS. Constraints (9) and (10)
ensure that the BESS can either be charged or discharged, as the binary
variable y?55 = 1 reflects charging and y?*% = 0 reflects discharging the
battery within the technically given power range limited by the rated

charging and discharging power PEESS.

0 S P?ESS.ch S Pﬁf;jjyj?ESS VieT (9)
0 < PIESSAN < PUESS. (1 _ \BESS) gy o T (10)

For any period, except for the initial period t = 0, the State of Charge
(SoC) of the BESS (SOC?ESS) is calculated by the SoC of the previous



R. Forster et al.

period plus the change in the SoC level through charging (PP*5") or

discharging (PP*5%), respective of the charging (22)

BESS )
£

and discharging
efficiency (75°°), in relation to the BESS energy capacity Eim° (cf.

equation (11)).

. (PBESS‘ch BESS PBESS dis /WBES'S)

Men

soctsss = socress vi>0 (1D

'BESS
E cap

As the power consumption and power output performance of BESS
Systems significantly decrease at low (SOCP™* < 20%) and high
(SOCfESS > 80%) SoCs, charging and discharging processes slow down
within these SoC ranges [85]. Therefore, it may be desirable to avoid low
and high SoC, thus limiting the allowed range of operation between the
minimal SoC (SOCZ:*) and the maximal SoC (SOChe’) as stated in
constraint (12).

SOCEES < SOCPFS < SOCEESS vreT (12)

If BESS operation in low and high SoC ranges is applied, the rated
charging (PP™5%") and discharging power (P/™*%) of the BESS must be
limited [29]. In equation (13), the charging power is derated in high SoC
ranges (SOCffss “®), and in (14), the discharging power is derated in low
SoC ranges (SOCS>'®).

BESS
PBI' SS.ch < rated

1— SOCBI;.SS \1ap

ch

((SOCP*S —1) vieT 13)

BESS
PBESS Jdis < rated

; W (SOCP*S) wreT 14)

Optimisation models require predefined starting conditions. We
specify an initial value SOCE55°C for the SoC of the BESS in period t =
0, which corresponds to the permissible range described in equation
(12). This SoC level must recover in the last period T to avoid any
distortion due to the used amount of energy.

SOCBFSS SOCBFSS SOCBFSS (15)

ini

During EL operation, the binary decision variable sets to y?* = 1 and
hydrogen is produced within the permitted power range as stated in
equation (17). The amount of produced hydrogen VE**? depends on the
power P-4 used to operate the EL. In (16), we assume a proportional
relationship between the hydrogen output and electricity input of the EL
PEL, Since the efficiency of the EL decreases in low power ranges [86],
this proportional relation does not hold for the entire operating range of
the EL. Therefore, we limit the performance range between the minimal
hourly hydrogen output VE and the maximal hourly hydrogen output

min

VEL ~as modelled in (17).

ELd

m VteT (16)

EL,prod
v PEL

VEL yELgp < VERrrod < VEL yELm Wi e T a7

min

Similar to the EL, we assume a proportional relationship between the
hydrogen input V/°? and electrical power output Pf* of the FC, when
the FC is in operation and the binary decision variable is set to y'® = 1.
(cf. equation (18)). Analogous to the electrolysis, we limit the operating
power range of the FC, due to technical design constraints of the FC and

varying efficiencies in low, below PI¢ , and high power ranges, above

PFC¢ , [87] (cf. equation (19)).

) VFC,d
P’F(,.m«z — VFIC.m Vt c T (18)
Pyl € S PO < PLCy[C VieT 19

Through the addition of a hydrogen storage tank, hydrogen
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production VZ*#™® and consumption is time-decoupled, which gives the
system increased flexibility. The storage level of the hydrogen storage
tank V5T at any period is defined by the level of the previous period and
the current hydrogen inflows and outflows (20).

VrHST — Vfl-iSiT + V{EL.,pmd _ VIHST.FCEV _ V,Fad vt > 0 (20)

The size, the working pressure and the temperature limit the capacity
of the HST. For operation, the level of the storage tank must be within
the minimum (V#57) and maximum capacity (V:I), represented by
equation (21). Similar to the BESS, an initial HST level VE$T must be
defined, which must be reached again in the last period T (cf. equation

(22)).
VHST < yHST < yIST e T (21

min

VHAT VH.ST VH_ST (22)

ini

As we analyse the case of a charging and refuelling station near
motorways, we assume customers primarily request immediate
charging, thus we exclude controlled and bidirectional charging strate-
gies. Accordingly, we assume that each BEV starts charging in the period
it arrives at the station and ends charging as soon its demand is satisfied.
Therefore, the provided charging power PPV must be equal to the
aggregated BEV charging demand PP£" (cf. equation (23)). In addition,
we assume that the number of charging points is sufficient to serve all
arriving BEVs. Consistent with the chosen BEV charging strategy and the
assumptions made, immediate FCEV refuelling is applied. Furthermore,
the FCEV cannot be refuelled with more hydrogen than demanded

(VfCEV'd) (cf. equation (24)).

PBEVA _pBEVeh () e T (23)

FCEV.d
Vr

—VHSTFCEY 0 reT (24)

3.3. Microgrid configuration and scenario analysis

The configuration and operational strategies of hybrid charging and
hydrogen refuelling microgrids may vary in real-world applications.
These design aspects impact total energy costs and decarbonisation
potential. Therefore, our study includes a microgrid configuration and
operational scenario analysis. To study the influences of design,
dimensioning and operation strategies of the microgrid, we propose an
optimisation study in which we vary the power and capacity of the BESS
and HSS configurations as well as the operating strategy of power pur-
chase and feed-in from and to the public grid. We define scenarios that
cover different operational strategies and different time horizons. For
example, we consider different years with individual data to analyse
different charging demands. Operational strategies cover various forms
of electricity procurement and feed-in.

We illustrate the relationship between individual optimisations of
different BESS and HSS configurations with respect to the scenario
analysis in Fig. 2. The BESS configurations {0,1,---,m} include rated
charging power and the total BESS energy capacity, the HSS configu-
rations {0,1,---,n} include rated power for the EL and FC as well as
storage capacity for the HST. We number the configurations according
to the increasing power and storage capacity of the BESS and the HSS.
Thereby, we find the highest energy storage potential in the combina-
tion of HSS configuration n and BESS configuration m. Besides the
configurational design, we define scenarios {1,2,--,s} representing
different operation strategies regarding power purchase and feed-in
opportunity to the public grid. We vary electricity prices, feed-in tar-
iffs, the electricity generation from the on-site PV plant, and overall
customer demand for charging and hydrogen refuelling. We conduct a
complete enumeration of n HSS configurations, m BESS configurations
and s scenarios resulting in (n-m-s) single optimisation instances. This
procedure allows us to understand the influence of design and operation
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One optimization instance
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Fig. 2. Illustration of the relationship between individual optimisations of different BESS and HSS configurations and the scenario analysis. A set of different
configurations are defined for both BESS and HSS, where configuration “0” represents no implementation of BESS and the lowest possible sizing of the HSS. Each
combination of different BESS and HSS configurations is optimised individually. This procedure is repeated for a set of different scenarios.

on economic performance and decarbonisation potential.
3.4. Evaluation of decarbonisation potential

We determine relative and absolute indicators for GHG emissions
and the decarbonisation potential dcp of BEV charging and FCEV
hydrogen refuelling operation. All data and results on GHG emissions
are given in COz-equivalents. To promote the decarbonisation potential
of road transportation, hydrogen production and BESS charging should
operate powerful during periods of high PV generation and during pe-
riods with a high share of RES in the electricity mix and a low emission
factor. In contrast, high loads on the EL and high BESS charging, and
thus the procurement of electricity, should be avoided if electricity from
fossil sources such as coal with a high emission factor must be drawn
from the grid. To evaluate the GHG impact on charging services and
hydrogen refuelling provided in the microgrid, we determine the asso-
ciated GHG share of purchased grid electricity éf'id for each time step t.
Grid electricity emissions E‘f’id are based on the hourly feed-in capacities
P;efd’i” [MW] of different types of energy sources p € P in the power
system and the emission factors e,[gCO, —eq/kWh| for each energy
resource type [88]. Thus, for each kilowatt-hour drawn from the public
grid, a corresponding relative GHG content Ef'id[gcoz —eq/kWh] is allo-
cated (cf. equation (25)). Based on this relative emission factor, the total
emissions associated with the consumption of grid electricity can be
quantified. We calculate the average microgrid emission factor ¢
based on the emissions from grid-related energy together with PV
system-related energy (cf. equation (26)). We then use the average
emission factor to determine the GHG impact of produced hydrogen and
provided charging services and thus, the decarbonisation potential for
BEV and FCEV.

i
Forid _ _ZﬁePPﬁj e

— VteT (25)
' ZpePPL-,Yd

T ridin Zgrid | pPV._ PV
MG _ Zr:l (Pf e+ P e )

— 26
Z,TZI (Pfrld.m + va) ( )

We assume a shift from ICE to BEVs in private transport and FCEVs in
long-range heavy-duty trucks as a baseline. For each vehicle type, we
consider the well-to-wheel GHG emissions in CO; equivalents per 100
km and include all GHG emissions released during supply and conver-
sion of energy sources into electricity and fuels. BEV emissions include
the average microgrid emission factor used for charging and the elec-
tricity consumption per 100 km EPFV:" (cf. equation (27)). FCEV emis-
sions also include the average microgrid emission factor, the relative
energy consumption of the EL P to produce hydrogen and the hydrogen
consumption per 100 km V7V (cf. equation (28)).

MG EBEV.ch
depP® =1-4 2 @7)

¢ICE car

—MG _ pEL \JFCEV if
FCEV __ e’”.pev ’
dep =1- EICE truck (28)
As we analyse different microgrid configurations and operational
strategy scenarios in the optimisation study, the decarbonisation po-
tential is determined for all combinations of BESS and HSS configura-
tions and scenarios.

4. Case study
4.1. Real-world mobility hub

We apply our methodological research design in a case study using
real-world data. Therefore, an existing fast charging hub near the highly
frequented highway A8 in southern Germany is a representative loca-
tion. Due to its affiliation to the Ten-T core network [89], this location
meets the requirements proposed in the Fit-for-55 package and thus
ensures replicability due to the expansion of the European charging and
hydrogen refuelling network. In addition to individual electrified pas-
senger transportation, hydrogen-powered heavy-duty road trans-
portation can also be expected at the location in the future due to the
highly frequented highway and neighbouring industrial facilities.
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Table 2
Overview of the optimisation scenarios used in the optimisation study.

Scenario Year Operational strategy
Scenario 2019  Market participation with Day-Ahead electricity procurement
1 and feed-in prices.
Scenario 2019  Restricted market participation with Day-Ahead electricity
2 procurement only, no feed-in to the public grid to optimise
self-consumption.
Scenario 2020  Market participation with Day-Ahead electricity procurement
3 and feed-in prices.
Scenario 2020  Restricted market participation with Day-Ahead electricity
4 procurement only, no feed-in to the public grid to optimise
self-consumption.
Scenario 2021  Market participation with Day-Ahead electricity procurement
5 and feed-in prices.
Scenario 2021  Restricted market participation with Day-Ahead electricity
6 procurement only, no feed-in to the public grid to optimise

self-consumption.

4.2. Scenario analysis

We analyse the influence of two different operational strategies -
Day-Ahead market participation and self-consumption optimisation
without feed-in to the public grid - in three consecutive years — 2019,
2020 and 2021. This results in six scenarios listed in Table 2. We choose
these years because we can observe varying traffic volumes and there-
fore charging and hydrogen refuelling demand due to the COVID-19
shutdowns in Germany. Beside the demand, the input data for elec-
tricity prices and feed-in profiles of the PV system, also differ between
2019, 2020 and 2021.

Based on real-world traffic flows, we model the charging and
hydrogen refuelling demand for 365 days using quarter-hourly data
from a highway traffic counting station near the designated location of
the mobility hub in Zusmarshausen in southern Germany [90]. First, we
extract the absolute number of hourly counted passenger cars and trucks
from the BASt dataset. To determine the share of BEV and FCEV in the
total traffic volume we use the BEV market penetration rate in Germany
of 0.2 % for 2019 [91], 0.3 % for 2020 [92] and 0.6 % for 2021 [93] and
assume that 0.1 % of all heavy-duty vehicles are FCEV in the scenarios.
Finally, we assume a 70% charging/refuelling probability due to limited
charging/hydrogen refuelling alternatives at this highway section. In
Fig. 3, we illustrate the number of arriving BEV and FCEV for all years on
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the y-axis, whereby we separate the year on monthly basis on the x-axis.
Based on the number of incoming vehicles, we assume that each arriving
BEV charges for 30 min with a constant charging power of 150 kW and
each FCEV heavy-duty truck refuels 180 Nm® hydrogen.

In addition, each scenario contains annual data on the electricity
generated by the on-site PV system within the microgrid. Therefore, we
use a PV module with 3,031 modules generating 330 W each [94],
resulting in a total generation capacity of 1 MWp. As the PV systerns
power output is weather dependent, we use quarter-hourly irradiation
and ambient temperature data from [95] to calculate the PV power
output for all quarter-hours in 2019, 2020 and 2021.

In the scenarios with Day-Ahead market participation, additional
feed-in revenues are generated through price-controlled use of the en-
ergy storage systems. In the scenarios with restricted market participa-
tion with Day-Ahead electricity procurement only, the optimisation
aims to maximise self-consumption via the PV system. We list the data
for economic parameters and their use in the respective scenarios in
Table 3. Combining all six scenarios with each of the eleven BESS and
HSS configurations results in 726 different optimisation instances which
we implemented and solved with IBM ILOG CPLEX Optimisation Studio.

To determine the decarbonisation potential for passenger cars and
heavy-duty trucks, we use the average well-to-wheel GHG emissions of
passenger cars and trucks with ICE in Germany as a baseline. BEV
electricity consumption per 100 km is based on the analysis of real-
world energy consumption for 179 BEVs. The data and references for
ICE vehicle emissions and electricity and hydrogen consumption are
listed in Table 4.

4.3. Configurations and parameterisation

The parametrisation of the BESS contains the capacity and rated
charging and discharging power for the technical configurations of the
BESS unit. We model eleven BESS configurations, whereas configuration
#0 corresponds to no installation of a BESS and configurations #1 to
#10 cover a tenfold increase in capacity from 200 kWh to 2000 kWh, as
listed in Table 5. For BESS’s power to energy ratio, we adopt a conser-
vative estimate of 0.5 in line with Hesse et al. [105].

We consider equal charging and discharging efficiencies, operating
ranges, and initial states of charge for all BESS configurations. We limit
the operation of the BESS between an SoC of 0.15 and 0.95, analogous to
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Fig. 3. Visualisation of incoming BEVs and FCEV volume derived from real-world traffic volumes during the years 2019, 2020 and 2021 registered at the counting

station 9013 Zusmarshausen. Data: [90].
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Table 3
Model parameters included in scenario data sets, including Day-Ahead prices, demand charge rates, feed-in tariffs and GHG emissions associated with grid electricity.
Parameter Value Description Unit Application Reference
in scenario
Ep{n2019 pout:2019 Day-Ahead Day-Ahead electricity market price time-series for 2019 [EUR/kWh] Scenario 1, 2 %6
time-series Scenario 1 [o6]
[Epder2019 95.17 Demand charge rate 2019 [EUR/kWp.a] Scenario 1, 2 [97]
gf"'dz‘ng Grid-emissions time-series GHG emission content associated with grid electricity 2019 (8CO2 — eq/kWh] Scenario 1, 2 [88,98]
Ep{2020 pout.2020 Day-Ahead Day-Ahead electricity market price time-series for 2020 [EUR/kWh] Scenario 3, 4 %6
time-series Scenario 3 [o6]
[pder2020 98.57 Demand charge rate 2020 [EUR/kWp.a.] Scenario 3, 4 [99]
@E"'MOZO Grid-emissions time-series GHG emission content associated with grid electricity 2020 [8CO2 — eq/kWh] Scenario 3, 4 [88,98]
Ep{n2021 pout2021 Day-Ahead Day-Ahead electricity market price time-series for 2021 [EUR/kWh] Scenario 5, 6 %6
time-series Scenario 5 [o6]
[Epder2021 106.03 Demand charge rate 2021 [EUR/kWp.a.] Scenario 5, 6 [100]
g’imﬂ Grid-emissions time-series GHG emission content associated with grid electricity 2021 [8CO2 — eq/kWh] Scenario 5, 6 [88,98]
Table 4 Table 6
Data used to determine the decarbonisation potential of BEV and FCEV. Technical General parameters which are all applied for the 11 BESS
Parameter Value Unit Reference configurations.
lCEcar 15,300 g CO5 — eq/100 km] o) BESS-Parameter Value Reference
SOCBESS 0.15
elCEruck 226,000 g CO2 — eg/100 km] . min [106]
[102]
SOCHESS 0.95
EBEVch 18.4 [kWh/100 km] [103] max [106]
FCEV 1 89.0 [Nm? /100 km] ) o ™ ovn ssumpron
VEERD N m m ESS. tap
H 0.80
[104] 50C; [107]
ESS tap .2
S0C3 0-20 [107]
Wang et al. [106]. For the initial value for the BESS SoC, we assume the yEESS BESS 0.935 o8]

minimal possible SoC (SOCZESS) of 0.15. The general technical param-

eters for all BESS configurations are listed in Table 6.

The parametrisation of the HSS covers all parameters that charac-
terise EL and FC operation, the electricity output, as well as the HST.
Similar to the BESS, we model eleven HSS configurations with
increasing power and storage capacities. We limit the minimum
hydrogen output of the EL to 20 % of the maximum hydrogen output to
maintain a linear energy consumption per Nm® of hydrogen produced as
stated in the parameter PEL. Similarly, we limit the minimum operation
of the FC to 20 % of the maximum output power of the FC. We increase
the HST storage volume accordingly with increasing EL and FC capacity.
Table 7 lists all values for all HSS configurations.

The efficiencies of the EL — 74 % - and the FC - 56 % - are represented
in the variables PP and V¢ [109,110]. For every electricity unit (kWh)
provided to the EL, 0.2083 Nm® hydrogen is produced. In the recon-
version process via FC 1 Nm® leads to an electricity generation of
approximately 2 kWh. Hence, using electricity to produce hydrogen and
to reconvert it into electricity again results in an overall efficiency of
41.44 %, irrespective of the specific configuration. The electricity con-
sumption to achieve demanded hydrogen pressure levels by the HoPC is
included in the efficiencies of the EL and the FC. In the scope of this
paper, we consider constant ambient temperature. Consequently, the
electricity consumption of the HoPC in order to adjust hydrogen pressure
to the fluctuating ambient temperature is not considered further. We
assume that the HST is empty before the optimisation time horizon.

Therefore, we set the minimum storage volume to VZ5T = 0 Nm®.

Table 8 lists the values applied for the EL, FC and HST parameters for all
eleven configurations.

5. Results
5.1. Validation of optimisation results

In the first phase of our analysis, we validate our optimisation results
using exemplary real-world data along with our optimisation output. We
implemented and solved the 726 instances of the optimisation study
using IBM ILOG CPLEX Optimisation Studio on a system with 12 CPU
cores with a clock speed up to 4.7 GHz and a 64 GB RAM. An exemplary
period of three days for both summer and winter in 2019 is illustrated in
Fig. 4 with the respective PV output power, BESS SoC and HST filling
level. The charging and discharging behaviour of the BESS is influenced
by the PV output power. In summer, we note that BESS is charged in
periods with significant solar power output and discharged in periods
with reduced PV power output. We also observe a higher HST filling
level in summer for both operating strategies, which can be expected as
the EL can utilise more PV power. In winter, the HST filling level tends to
be considerably lower, regardless of the operating strategy as the PV
power output is diminished. These observations confirm the economic

Table 5

Technical parameters including energy storage capacity and rated power for the 11 BESS configurations. Data based on own selection.
BESS configuration # 0 1 2 3 4 5 6 7 8 9 10
Pfffs [kWh] 0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
PBESS W] 0 100 200 300 400 500 600 700 800 900 1,000

rated
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Table 7
Technical parameters of the 11 different HSS configurations with increasing rated power of the EL and FC and increasing storage capacity of the HST.
HSS configuration # 0 1 2 3 4 5 6 7 8 9 10
VEL [Nm® /h] 12 14 16 18 20 22 24 26 28 30 32
Vﬁ;’;x [Nm3 /h} 60 70 80 90 100 110 120 130 140 150 160
Prialkw] 6 7 8 9 10 1 12 13 14 15 16
PIC (kW] 30 35 40 45 50 55 60 65 70 75 80
VST [Nmﬂ 30,000 35,000 40,000 45,000 50,000 55,000 60,000 65,000 70,000 75,000 80,000
ble 8 with increasing BESS and HSS system power, converging to no further
Table

HSS-Parameters applied throughout different optimisation instances.

Parameter Value Unit Reference
L 4.80 3
P [kWh/Nm®] [110]
c 0.50 3
Ve [Nm® /kwn] [109]
VHST 0.00 [Nmﬂ assumption
VHST 0.00 [Nm?] assumption

logic to reduce total energy costs on which we based the optimisation
objective, as the energy storage systems of both BESS and HSS are
exploited to draw as much power as available from the on-site PV system
within the microgrid.

5.2. The economics of operating strategies and system configurations

We first analyse the economics of each operating strategy and
microgrid system configurations within the predefined scenarios, illus-
trated in a 6-by-4 matrix in Fig. 5. Each column depicts one scenario. The
rows represent the total energy costs and their components per year, i.e.,
grid demand charges, volume-based electricity costs, and feed-in reve-
nues. Each diagram plots the optimisation results for all BESS and HSS
combinations, with the HSS configurations depicted on the x-axis and
eleven line plots, each representing one BESS configuration.

We find that in all scenarios the annual total energy costs decrease
with increasing BESS and HSS capacity and performance. Further, we
observe that the annual total energy costs converge with increasing
BESS and HSS rating and capacity. That means, at some point additional
capacity results in no further significant cost savings. In both 2019
scenarios, the potential to reduce marginal total energy costs decreases

significant cost reduction at approximately 139,000 EUR. We observe
the same trend of converging total energy costs in both 2020 and 2021
scenarios as BESS capacity increases. In contrast, there is no strong
convergence of the total energy costs due to an expanding HSS system.
While we see no significant differences in total energy costs between the
Day-Ahead market participation and self-consumption optimisation in
2019, we find the contrary effect in 2020. By comparing all individual
system combinations of BESS and HSS for both operating strategies in
2020, we determine an annual average decrease in total energy costs of
4,370 EUR, when participating in Day-Ahead marketing in contrast to
optimising towards self-consumption. In 2021 this trend is even higher
due to the more volatile Day-Ahead prices, and we identify an annual
average decrease in total energy costs of 6,695 EUR.

Next, we analyse the load peak related annual demand charges. At
first glance, there are no differences between the operating strategies in
each year. Across all scenarios, the BESS contribute to lower grid de-
mand charges by buffering and reducing peak loads. This effect on the
demand charges converges with increasing BESS capacity in all four
scenarios because, at some point, the BESS capacity exceeds the peak
loads. In 2019, the 2,000 kWh BESS reduces the demand charges to
roughly 40,000 EUR. Despite a slightly higher demand charge rate
imposed by the grid operator in 2020, the BESS can contribute to cut
demand charges to less than 35,000 EUR in both 2020 scenarios. With an
even higher demand charge rate in both 2021 scenarios, BESS effectively
reduces the annual demand charges to less than 40.000 EUR.

Following, we focus on the volume-based electricity costs. At first
notice, the volume-based electricity costs are significantly lower in 2020
than in 2019 and significantly higher in 2021. The annual volume-based
electricity costs range from 103,000 EUR to 113,000 EUR in 2019,
43,000 EUR to 68,000 EUR in 2020 and 124,000 EUR to 202,000 EUR in
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Fig. 4. Exemplary operational analysis of the proposed scheduling model considering PV power, BESS SoC and HST level for an exemplary time-period of three days
for both summer and winter in 2019 applying BESS configuration #5 and HSS configuration #5.
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Fig. 5. Optimisation results for different BESS and HSS configurations and operational scenarios. The total costs are split up into the different cost components of the

objective function.

2021 across both operational strategies. Unlike the total energy costs
and the demand charges, the annual volume-based electricity costs in-
crease through Day-Ahead market participation in all years with
increasing BESS power and capacity. In the self-consumption scenarios
without feed-in, we find that with the expansion of BESS and HSS, the
annual volume-based electricity costs are significantly lower than in
Day-Ahead market participation scenarios. However, applying the self-
consumption optimisation in 2019 and 2020, increasing BESS capacity
does not lead to further changes in the volume-based electricity costs.
Through an expansion of the HSS, the volume-based electricity costs
converge at approximately 100,000 EUR in 2019, while they continue to
decrease in 2020 and 2021.

We further evaluate the realised feed-in revenues in the Day-Ahead
market participation scenarios, where revenues are generated through
electricity feed-in. Note that grid feed-in is avoided in the self-
consumption scenarios and thus no revenue is generated. We observe
that increasing BESS capacity and performance can generate more rev-
enue through stronger electricity trading. Thereby, due to the symmetric
price design between the electricity procurement price and feed-in
compensation at the Day-Ahead market, the marginal benefit of BESS
in the MG is highly evident. In 2019, feed-in revenues can reach up to
15,000 EUR, up to 22,000 EUR in 2020 and even 80,000 EUR in 2021.
As the power of the EL, the FC, and the HST capacity increase, we see
that no additional revenues are generated from the reconversion of
hydrogen via the FC in 2019. In 2020 we can even observe that the feed-
in revenues for large BESS decrease by scaling up the HSS. For example,
the feed-in revenue is reduced by approximately 7,000 EUR from the

smallest to the largest HSS using a 2000 kWh BESS. In contrast, in 2021,
increasing HSS capacity initially yields higher feed-in revenues followed
by no further growth with moderately sized HSS configurations.

5.3. Decarbonisation potential of road transportation

To analyse the decarbonisation potential of our MG, we illustrate the
average GHG emission factors per kWh and the associated total GHG
emissions for grid electricity procurement for all scenarios in Fig. 5. The
structure is analogous to Fig. 6, except for the rows that now illustrate
the average emission factor and total emissions associated with grid
electricity procurement.

In the Day-Ahead market participation scenarios, additional BESS
capacities increase the average emission factor within most instances. In
addition, we observe overall higher average emission factors in 2019
than in 2020 and 2021. If we examine the largest HSS configuration for
all years, the relative emission improvement in 2019 reaches only 10
gCO, —eq/kWh, while it rises to 18 gCO, —eq/kWh in 2020 and 20
gCO5 —eq/kWh in 2021. Furthermore, in 2019 we observe that the
average emission factor for growing HSS configurations remains fairly
constant, e.g., at about 270 gCO, —eq/kWh in the largest BESS config-
uration. In 2020, the average emission factor for larger HSS configura-
tions continues to decrease, while in 2021, the reduction for moderate
HSS configurations stagnates.

The results for the self-consumption operational strategy without
feed-in opportunity differ. In 2019, 2020 and 2021 the average emission
factor decreases with the expansion of the BESS considering the smallest
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Fig. 6. Illustration of the average emission factors and the total associated GHG emissions for all microgrid configurations and operational strategies.

HSS configuration but increases when the HSS grows. In 2020, the
average emission factor ranges from 191 gCO, —eq/kWh in the best case
to 226 gCO, —eq/kWh in the worst case. Further, we note that while in
2020 an increase in HSS power and capacity leads to a significant
reduction in average emission factors, in 2019 the marginal reduction of
the emission factor converges to zero. In 2021 the total spread of average
emission factors is higher than in previous years. For instance, for the
largest HSS configuration, the spread between no BESS and the 2000
kWh BESS configuration is approximately 11 gCO, —eq/kWh, comparing
to 5 gCO, —eq/kWh in 2019 and 8 gCO, —eq/kWh in 2020.

Next, we analyse the annual total emissions associated with the
procurement of grid electricity. Total emissions increase significantly
with expanding the BESS capacity in all years within the Day-Ahead
market participation strategy. In 2019 and 2021 we find that the total
emissions converge with the enlargement of the HSS system, while in
2020, a further decrease in total emissions is achieved with the same
operating strategy. In 2019, the annual total emissions range between
1,005 and 1,115 tons, in 2020 between 566 and 655 tons and in 2021
between 706 and 853 tons with Day-Ahead market participation oper-
ation. We also observe a total emission reduction potential in 2020 along
with the HSS expansion. We observe a similar trend in 2021 for the
initial expansion steps of the HSS. The results of the self-consumption

operational strategy demonstrate that the total emissions associated
with grid procurement do not differ significantly regarding changes of
the BESS configurations. In this case, annual total emissions range from
959 to 1026 tons in 2019, from 497 to 602 tons in 2020 and from 604 to
686 tons in 2021.

Last, we focus on the decarbonisation potential of BEV charging and
FCEV hydrogen refuelling at the microgrid in comparison to passenger
cars and heavy-duty trucks with fossil fuel powered ICE. The average
emission factor depends on the microgrid configuration and the oper-
ating strategy, which leads to different GHG emissions implied by
charging services and hydrogen production. As a result, the decarbon-
isation potential of BEV and FCEV is significantly influenced. We depict
the decarbonisation potential of both BEV and FCEV across all scenarios
in Fig. 7. Once more, HSS configurations are depicted on the x-axis,
while the y-axis from top to bottom gives the decarbonisation potential
for BEV and FCEV. The columns address the years and the strategy
scenarios, and each graph consists of eleven line plots representing one
BESS configuration.

First, we observe that the decarbonisation potential is significantly
smaller for FCEVs than for BEVs. While the decarbonisation potential for
BEVs amounts 67.12 % in the minimum case and 75.63 % in the
maximum case, the decarbonisation potential for FCEVs ranges between
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Fig. 7. Illustration of the decarbonisation potential of BEV and FCEV in comparison to passenger cars and heavy-duty trucks with fossil fuel powered ICE.
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48.32 % and 61.69 %. In all three consecutive years, we find a clear
reduction in the decarbonisation potential with expanding BESS ca-
pacities considering Day-Ahead market participation. In contrast, in the
self-consumption scenarios we see an initial reversed effect for the HSS
configurations #0 and #1 in 2019 and 2020 and for the HSS configu-
rations #0, #1 and #2 in 2021 where the decarbonisation potential
increases as the storage capacity of the BESS increases. Like the average
emission factor and the total emissions, the decarbonisation potential for
BEVs and FCEVs in 2019 converges through the Day-Ahead market
participation. Yet, with the same operating strategy in 2020, we observe
a continuous increase in the decarbonisation potential for both vehicle
types. In 2021, the increase of the decarbonisation potential for both
vehicle types concludes halfway through the analysed HSS configuration
stages.

Comparing the decarbonisation potential in 2019 (Scenario 1 & 2)
and 2020 (Scenario 3 & 4), we observe a significant increase for both
vehicle types, BEVs and FCEVs. However, in 2021 (Scenario 5 and 6), the
decarbonisation potential is reduced compared to 2020, but still reaches
an increased level compared to 2019. The BEV decarbonisation potential
ranges from 67.12 % to 69.25 % in 2019, from 71.28 % to 75.63 % in
2020 and from 68.77 % to 73.53 % in 2021, while the FCEV decar-
bonisation potential ranges from 48.32 % to 51.67 % in 2019, from
54.86 % to 61.69 % in 2020 and from 50.91 % to 58.39 % in 2021.
Furthermore, we find that the decarbonisation potential is higher for the
same BESS and HSS configuration in the scenarios with optimisation
towards self-consumption.

6. Discussion

Our results show that BESS’s application in a hybrid charging and
hydrogen refuelling station microgrid reduces demand charges and
overall energy costs. Therefore, the BESS reduces peak loads by flat-
tening the electricity demand from the grid over the year. The BESS
stores surplus electricity from the PV system and charges during low
electricity prices. Without electricity feed-in, the BESS is solely dedi-
cated to optimise self-consumption, whereas, through Day-Ahead mar-
ket participation, additional revenues are generated through electricity
trading. Consequently, total energy costs are lower in both years.
However, the differences in 2019 with higher BEV charging demand are
rather marginal between the operating strategies, why microgrid oper-
ators may be indifferent when deciding on the operating strategy for
economic reasons. In 2020 and 2021 the results indicate that electricity
marketing will be more attractive. However, since the operational
strategy of Day-Ahead market participation does not perform worse in
either scenario, it is preferable from an economic perspective to switch
to this operational strategy.

The results demonstrate that the total annual energy costs decrease,
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and the decarbonisation potential increases when the performance and
capacity of the HSS system grows. The EL is the major electricity con-
sumer within the microgrid, and at higher production capacities, more
hydrogen can be produced during periods with high local renewable
energy production through PV or when Day-Ahead electricity prices are
low. Especially through the increase of the storage capacity, a contin-
uous production of hydrogen is not necessary to maintain sufficient
levels of hydrogen in the HST to cover the minimum hydrogen demand.
Non-continuous production reduces the percentage utilisation of the EL
over the year. Since high power microgrid components imply increasing
initial investments, investors and microgrid operators may generally
share a high economic interest in high capacity utilisation of EL and FC
[111]. Further analysis reveals that the annual utilisation of the EL (solid
line) decreases with higher capacity while FC utilisation (dashed line)
remains rather low in all cases (cf. Fig. 8). We note no significant de-
viations in EL utilisation and only a minor influence on the FC, as the
charging and hydrogen demand remains constant among the various
BESS configurations and operational strategies. While low utilisation
may be less profitable from the microgrid investor’s perspective, oper-
ating HSS with high production capacities can still lead to further total
energy cost reductions in microgrid operation. In this case, the EL can
exploit seasonal effects resulting from RES power generation, like high
surplus energy output of the PV system, especially in times with lower
charging demand.

Aiming to operate the EL more constantly and thus increasing the
annual utilisation causes an increase in the associated emissions. It may
be environmentally preferable to increase the flexibility of operation by
deploying high power EL and thus utilise the availability of local RES,
especially in times of low electricity prices. In this context, microgrid
operators need to take the maximum supply power via the GCP into
account, which represents a potential bottleneck in the case of very
powerful ELs. However, the high investment costs combined with the
low utilisation of the high-capacity ELs may discourage potential in-
vestors. While FC utilisation is rather low in most scenarios, we observe
an increase in FC utilisation in the self-consumption strategy in 2020
using small HSS configurations. Due to lower demand in this scenario,
abundant surplus electricity output from the PV system is available for
hydrogen production, which makes it reasonable to convert excess
hydrogen into electricity to power charging services in periods with less
available renewable energy. Apart from scenarios like these, the oper-
ation of the FC is rather uneconomical due to high efficiency losses in the
process chain from the generation to the reconversion of hydrogen into
electricity [112]. From this, we deduce that FC power should not be
oversized when integrating FC into hybrid charging and hydrogen
refuelling stations.

Our decarbonisation analysis reveals that a higher decarbonisation
potential can be realised through self-consumption optimisation
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compared to participation in the Day-Ahead market. The main differ-
ence between the operating strategies is the higher electricity volume
procurement due to the marketing potential within the Day-Ahead
market participation strategy. The higher volume of electricity pur-
chased from the grid increases the average emission factor, as grid
electricity has a significantly higher average associated emission factor
than on-site PV electricity. In 2020, the decarbonisation potential is
significantly larger than in 2019. In 2020, the total energy demand is
considerably lower due to the reduced traffic volume and thus lower
demand for charging services. In this case, less electricity must be drawn
from the grid, and proportionally more electricity is used from the PV
system. This has a beneficial influence on total energy costs and total
emissions, which is also reflected in a lower emission factor in both
scenarios for 2020. In 2021, the total electricity charging demand is
considerably higher than in the previous year, yet the decarbonisation
potential of both BEVs and FCEVs increased compared to 2020.

Our results reveal that the cost-effectiveness of designing and oper-
ating microgrids for hybrid charging and hydrogen refuelling stations is
not aligned with further progress on decarbonisation. We wouldnt
anticipate this effect, as feed-in from RES in Germany is prioritised over
fossil power plants by the merit order model [113]. Accordingly, we
expect that in both self-consumption scenarios with high energy storage
capacities, more low-cost electricity from RES is procured and thus total
costs and emissions can be reduced simultaneously. For example, the
BESS can compensate peak loads and balance electricity demand from
the public grid throughout the year. Feed-in revenues are generated by
exploiting price fluctuations when participating in the Day-Ahead
market. In this context, electricity associated with higher emission fac-
tors is procured and reduces the decarbonisation potential. Throughout
all scenarios, we find a reduction in decarbonisation potential with an
increase in BESS capacity while total annual costs can be reduced. To
analyse this economic and ecologic mismatch, we further investigate the
relation between costs for the microgrid operator and the emissions
associated with grid electricity.

We plot the Day-Ahead electricity prices and the emission factors for
2019, 2020 and 2021 in Fig. 9 and provide statistical descriptors for
average values, deviation and correlation in Table 9. A correlation be-
tween Day-Ahead Spot prices and the emission factor is strongly evident
with a slightly higher correlation in 2020 than 2019. Day-Ahead elec-
tricity prices are on average 7.20 EUR/MWh lower in 2020 than in 2019.
In 2021, the average Day-Ahead Price reached approximately-three
times the level of the previous year. The deviation of prices grew
throughout the years analysed, with a deviation nearly-five times higher
in 2021 than was observed in 2019. Furthermore, the average emission
factor for grid electricity procurement is approximately 46
8gCO, —eq/kWh lower in 2020 than in the year before, but roughly 8
8CO, —eq/kWh higher in 2021. We observe a positive correlation
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~
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between Day-Ahead electricity prices and associated emission factors in
2019, 2020 and 2021. This correlation is even higher in 2020 with a
value of 0.7605 than in 2019 with 0.7184. However, the correlation of
the previous years is reduced in 2021 with a value of 0.5323.

The positive correlation implies that it is favourable to align elec-
tricity purchases with low prices and low GHG emissions from an eco-
nomic and decarbonisation perspective. Therefore, with the correlation
of prices and emissions, a low cost and low GHG operation of hybrid
charging and hydrogen refuelling microgrids could be achieved simul-
taneously without trade-offs. An increase in COs pricing is likely to lead
to a higher correlation between electricity prices and emission factors in
the future. However, the reduction of the peak load and thus grid de-
mand charges bear a significant economic benefit. An increase in the
annual peak load is only economically viable, if each kW of additional
peak load is accompanied by a total energy cost reduction that is higher
than the amount of the demand charge rate imposed by the grid oper-
ator, which in our study is 95.17 EUR/kWp.a. in 2019, 98.57 EUR /kWp.
a.in 2020 and 106.03 EUR/kWp.a. in 2021. Yet, our results reveal that it
pays off from an economic perspective to reduce the load peaks and thus
to choose a steady electricity inflow from the grid rather than the
increasing peak load to benefit from high volume electricity procure-
ment in low-price periods. Consequently, the effect of the positive cor-
relation of electricity prices and emission factors in the Day-Ahead
market is not realised for hybrid charging and hydrogen refuelling
microgrid operation. As a result, the achieved decarbonisation potential
decreases in both scenarios without feed-in. Nevertheless, minor im-
provements at an individual hybrid charging and hydrogen refuelling
station result in major GHG emission savings at scale.

7. Conclusion

In this article, we investigated the sustainable design and operation
of grid-connected hybrid hydrogen refuelling and electric vehicle
charging microgrids in Germany for decarbonising road transportation.
We conducted an optimisation study to analyse the influences of varying
microgrid configurations and different operating strategies on the
operational costs and decarbonisation potential. Our results reveal that
the choice of microgrid configuration design, sizing and operational
strategy strongly influences total energy costs and the decarbonisation
potential of BEV charging and FCEV refuelling. Results indicate a
decarbonisation potential of 67.12 % in the minimum case and 75.32 %
in the maximum case for BEV charging and likewise 48.32 % and 61.69
% for FCEV refuelling in comparison to refuel passenger cars and heavy-
duty vehicles with ICE. While high BESS capacity can significantly
reduce total energy costs, GHG emissions increase. High performance
power of EL, FC as well as HST storage capacity results in a reduction of
the total energy costs and an improvement of the realised
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Table 9

Statistical data on Day-Ahead prices for the German bidding zone and emission factors associated with electricity procurement in Germany.
Statistical descriptor 2019 2020 2021 Unit Reference
Average Day Ahead Price 37.67 30.47 96.85 [€/MWh] [96]
Standard deviation Day Ahead Price 15.52 17.50 73.68 [€/MWh] [96]
Average emission factor 360.72 314.24 368.73 [8CO; — eq/kWh] [88.98]
Standard deviation emission factor 104.71 112.95 106.45 [8CO2 — eq/kWh] [88.98]
Correlation Day-Ahead prices 0.7184 0.7605 0.5323 [—] [88,96,98]

and emission factors

decarbonisation of BEV and FCEV, but at the same time, the total annual
utilisation rate of the HSS decreases. Further, we deduced that the
simultaneous maximisation of cost efficiency and high decarbonisation
of hybrid charging and hydrogen refuelling stations is discouraged by
current grid demand charge regulation.

The findings of this study lead to several implications for policy,
practice, and research. First, we identified grid demand charges as a
major factor preventing the benefits of the positive correlation of Day-
Ahead electricity prices and emission factors for simultaneous eco-
nomic and ecological operation in our case study. While high energy
storage capacities are mostly associated with decreasing GHG emissions,
significantly high grid demand charges hinder simultaneous economic
and ecologic operation in a Day-Ahead marketing scenario. Therefore,
we argue for regulatory reform of grid charges. We propose that the
assessment basis for demand charges should be changed to shorter time
intervals. Here, we suggest a weekly or daily assessment of the load
peaks for grid demand charges to benefit from economic and decar-
bonisation potentials within low electricity prices and emission factors
of grid electricity procurement. This modification can enable decen-
tralised electrolysis systems to benefit from a higher load peak during
RES oversupply periods in the public grid. Thus, procuring higher
electricity volumes when prices and associated GHG emissions are low
to produce large quantities of hydrogen. Consequently, the microgrid
operator can reduce hydrogen production in times of high electricity
prices with a comparatively high share of emissions.

Second, our results provide guidance for policymakers on infra-
structure development and thus subsidising similar charging and
hydrogen refuelling microgrids in the future. As the Fit-for-55 regulatory
proposal aims to establish infrastructure for decarbonised mobility,
policymakers should promote economically and ecologically viable
microgrids. Besides subsidising infrastructure, tax incentives during
operation may accelerate deployment of charging and hydrogen refu-
elling microgrids at scale and promote market ramp up of BEV and FCEV
to achieve decarbonisation in road transportation.

Third, decarbonisation of electricity supply by expanding RES gen-
eration capabilities will be a key driver of BEV and FCEV decarbon-
isation potential when charging, and hydrogen generation are powered
by electricity drawn from the grid. As grid electricity is coupled to lower
GHG emissions per kWh, the benefits of electricity and hydrogen as
fossil fuel substitutes increase. Therefore, installing power plants with
low GHG impacts such as PV arrays and wind turbines should not only
be a main target of policymakers because of economic considerations
but should also be integrated cross-sectoral with transportation electri-
fication. As motorways often neighbour large open spaces, there are
significant synergies to install high-RES generation capacities at hybrid
charging and hydrogen refuelling stations. Further, our results reveal
design and operational guidance for microgrid operators. Microgrid
investors and operators should exploit the high cost reduction potential
of higher BESS capacity to improve economic viability. In addition, the
operating strategy of participating in the Day-Ahead market offers an
economic advantage for large corporations with access to the Day-Ahead
market. In contrast, operators of charging and hydrogen refuelling sta-
tions without access to the Day-Ahead market may adopt the operating
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strategy of self-consumption optimisation. This strategy may prove
beneficial if the company’s core activity does not involve electricity
marketing or if company resources cannot be dedicated to this purpose.

Fourth, we focused on the variable electricity market prices of the
German day-ahead bidding zone and German regulation. Future studies
could examine the impact of participation in other or multiple markets,
such as intraday or ancillary services markets, on microgrid design and
operation. Also, transferring our study design to other regions with
different regulatory or market characteristics, analysing external effects
of different shares of the electricity mix or EV / FCEV penetration rates,
or considering long-term electricity price or mobility forecasts could
provide valuable insights for researchers, practitioners, or policymakers.

Naturally, this study is subject to some limitations as any research
endeavour. However, these limitations give rise to future research. First,
assuming complete information on electricity prices, charging and
hydrogen demand, and actual PV generation capacity, we could deter-
mine the optimal scheduling for the microgrid configurations with both
operational strategies presented, which may not be possible under un-
certain conditions. Microgrid operators require high-quality data fore-
casts on RES availability and charging/hydrogen demand to operate
hybrid charging and hydrogen refuelling stations profitable under un-
certainty. In this context, data-driven AI methods showing high pre-
dictive performance in other domains could be suitable and addressed in
further studies. Second, we have not considered capital expenditure in
our economic analysis as investment incentives are already considered
in current hydrogen strategies. However, combining an operational and
investment perspective may be of interest for further research. Against
the backdrop of limited financial resources, policymakers may leverage
further potential of a holistic subsidy strategy.
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