
 
 

Delft University of Technology

Hydrogen-based integrated energy and mobility system for a real-life office environment

Safaei Farahani, Samira; Bleeker, Cliff; van Wijk, Ad; Lukszo, Zofia

DOI
10.1016/j.apenergy.2020.114695
Publication date
2020
Document Version
Final published version
Published in
Applied Energy

Citation (APA)
Safaei Farahani, S., Bleeker, C., van Wijk, A., & Lukszo, Z. (2020). Hydrogen-based integrated energy and
mobility system for a real-life office environment. Applied Energy, 264, Article 114695.
https://doi.org/10.1016/j.apenergy.2020.114695

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.apenergy.2020.114695
https://doi.org/10.1016/j.apenergy.2020.114695


Contents lists available at ScienceDirect

Applied Energy

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

Hydrogen-based integrated energy and mobility system for a real-life office
environment☆

Samira S. Farahania,⁎, Cliff Bleekerb, Ad van Wijkb, Zofia Lukszoa
a Department of Engineering, Systems and Services, Delft University of Technology, 2628 BX Delft, the Netherlands
bDepartment of Process and Energy, Delft University of Technology, 2628 CB Delft, the Netherlands

H I G H L I G H T S

• Lowest system costs of energy with both hydrogen and electricity as energy carriers.

• System with only a hydrogen grid is cheaper than one with only an electricity grid.

• Between 20% to 30% of the consumed energy comes from the storage.

• Fuel cell vehicles are more flexible and cheaper for backup power than battery ones.• Electric vehicles are feasible for balancing and backup power in an office building.

A R T I C L E I N F O
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A B S T R A C T

The current focus on the massive CO2 reduction highlights the need for the rapid development of technology for
the production, storage, transportation and distribution of renewable energy. In addition to electricity, we need
other forms of energy carriers that are more suitable for energy storage and transportation. Hydrogen is one of
the main candidates for this purpose, since it can be produced from solar or wind energy and then stored; once
needed, it can be converted back to electricity using fuel cells. Another important aspect of future energy systems
is sector coupling, where different sectors, e.g. mobility and energy, work together to provide better services. In
such an integrated system, electric vehicles – both battery and hydrogen-based fuel cell – can provide, when
parked, electricity services, such as backup power and balancing; when driving they produce no emissions. In
this paper we present the concept design and energy management of such an integrated energy and mobility
system in a real-life environment at the Shell Technology Centre in Amsterdam. Our results show that storage
using hydrogen and salt caverns is much cheaper than using large battery storage systems. We also show that the
integration of electric vehicles into the electricity network is technically and economically feasible and that they
can provide a flexible energy buffer. Ultimately, the results of this study show that using both electricity and
hydrogen as energy carriers can create a more flexible, reliable and cheaper energy system at an office building.

1. Introduction

In recent years, the European Union has set ambitious targets to-
wards a carbon-free energy transition. After the Paris Agreement of
2015 set a long-term goal of keeping the increase in global average
temperature below 2°C above preindustrial levels and aimed to limit the
increase to 1.5°C [1], many countries are now developing strict policies
to reduce CO2 and other greenhouse gas emissions significantly by
2050. Consequently, there is increasing interest worldwide in

renewable energy production – mainly from solar and wind. The main
challenges arising in this context are related to the intermittent nature
of these sources, as well as the mismatch between supply and demand.
For example, high wintertime heat demand in cold places, just when
solar production is low. Hence, there is a great need to find alternative
energy carriers alongside electricity. Hydrogen is one of the main
candidates for this purpose since it can be produced from – generally
cheap – solar and wind energy, it can be stored cheaply in salt caverns,
it can be transported via ships and existing gas pipelines to the
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consumption location and, finally, it can be converted back into elec-
tricity using fuel cells.

To achieve the goals set in the Paris Agreement, different sectors –
energy, mobility, industry and so on – need to work together to speed
up the required technological, societal and institutional changes. As
such, sector coupling is an important aspect in the upcoming energy
transition. This is when different sectors help each other to improve
their services and capabilities. In this paper, our focus is sector coupling
between energy and transport systems.

To integrate electricity and transport systems, we have developed a
novel concept known as Car as Power Plant (CaPP) [2] to utilise auto-
motive fuel cells as stationary power production units during non-
driving hours (typically at home, or in parking lots during office hours).
This involves using the car in what we refer to as the vehicle-to-grid
(V2G) mode [3,4]. When parked, its fuel cell unit can deliver power
back to the electricity grid to balance it, to offset peak demand or to
serve as a baseload power generator. Hydrogen is used as a storage
medium so as to decouple the supply of and demand for renewable
power in terms of time and distance. CaPP has the potential to replace
power plants worldwide, creating an integrated, efficient, reliable,
flexible, clean and smart energy and transport system [5].

Recent studies have shown that the integration of energy and
transport systems may create synergies in energy transition. As con-
cluded in [6], the high benefit of grid expansion becomes weaker with
tighter sector coupling. In [7], a commercial fuel cell electric vehicle
and a battery electric vehicle are connected to a zero-energy building
and their performance is compared. In [8], the integration of trans-
portation energy with a net zero-energy community utilising captured
waste hydrogen from chlor-alkali plants is examined. Integrating smart
electricity, smart thermal and smart gas grids to enable 100% renew-
able energy and transport solutions has been studied in [9]. Moreover,
an analysis of hydrogen-distributed energy systems with photovoltaics
for load levelling and vehicle refuelling has been reported by the Na-
tional Renewable Energy Laboratory of the US Department of Energy
[10]. The role of hydrogen in low-carbon future energy systems has
been studied by several researchers. For example, its crucial and com-
plementary role in the future sustainable energy economy has been
discussed in [11]. Hydrogen as an alternative energy carrier in a dec-
arbonized energy system has been studied by both [12,13]. They con-
clude that hydrogen is an efficient energy vector for the transport and
storage of renewable energy and is an enabler of sectoral integration
within a decarbonization pathway. Moreover, [14,15] discuss the effi-
cient storage of hydrogen in existing salt caverns. Finally, multi-carrier
energy systems have already been designed, with a focus on electricity
and natural gas or heat as their energy carriers [16,17].

In most of these studies, however, only battery-powered electric ve-
hicles are considered as a means of energy storage and to deliver elec-
tricity back to the grid. Moreover, energy system designs discussed cur-
rently in the literature are mostly not integrated with the transport system
as we are proposing here, with a significant role for fuel cell and battery
electric vehicles in powering the building. Also, whilst some researchers
have looked at multi-carrier energy systems, few so far have investigated
the combination of electricity and hydrogen as the main carriers.

Our line of research focuses on the system level, and lately we have
conducted several studies of the CaPP concept that include analyses of
its operation and control, policies and regulations and economic fea-
sibility. We have shown that reaching a fully renewable integrated
energy and mobility system is both achievable and viable [18,19]. We
have also studied the operational and control aspects of such a system
[20,21], as well as institutional aspects of CaPP taking into account the
behaviour of various actors in the energy system [22,23]. We have
further shown that investing in such energy systems can be profitable
for all parties involved [24].

To bridge the abovementioned gaps in the existing research, and as a
further step building on our previous publications, this paper focuses on
the concept design of the CaPP system in a real-life environment at the

Shell Technology Centre in Amsterdam (STCA), which is a combined
office and chemical laboratory building. Our work is diverse in its novelty:
(1) it presents a tailored design for a real-life environment as a step to-
wards wider implementation of such integrated systems in public places;
(2) it uses both hydrogen and electricity as energy carriers and both fuel
cell and battery electric vehicles for V2G purposes; (3) it provides a cost
analysis of a coupled energy system taking into account the entire supply
chain, including production, storage, transport and end users; and (4) it
provides an optimal scheduling for the energy management of such a
system, with the aim of minimising both production costs and – as an
incentive to vehicle owners – degradation of fuel cells and batteries.

The energy system designed for the STCA is based on 100% re-
newable energy sources (solar and wind) and two energy carriers
(electricity and hydrogen), together with electric vehicles (battery and
hydrogen-based fuel cell) to deliver electricity back to the building’s
grid during parking hours for balancing and backup purposes. One
important issue when dealing with renewable energy is its storage and
the higher dependency of supply on that factor. In the current fossil-
based energy system, 20% of all natural gas consumed each winter
comes from underground storage [25]. One of our goals in this study is
to show the extent to which the supply is dependent on storage in such
an integrated energy and mobility system. In addition, we provide
techno-economic analysis to evaluate the costs of such a system and
provide an optimal scheduling for its energy management and im-
provement of its operational performance.

The paper is organised as follows. Section 2 describes the research
methods used to design the energy system and to calculate its cost.
Section 3 describes the energy system at STCA. In Section 4 we describe
three possible scenarios and provide the results of our techno-economic
and sensitivity analyses for each of them. Section 5 presents the optimal
scheduling to minimise energy production costs as well as degradation
of the production units. Finally, Section 6 presents our conclusions.

2. Research method

2.1. Approach

The research was conducted in a series of steps, as follows.

1. Design and dimensioning of the integrated energy and mobility
system at the STCA, based on the requirements given in Section 2.2.

2. Analysing the annual energy demand of the office in two time
frames: Near Future (2025–2030) and Mid-Century (2040–2050);
see Section 3.

3. Defining different scenarios for each time frame, using different
energy carriers (electricity and hydrogen) and different production
and consumption units; see Section 4.

4. Calculating the annual energy balance for each scenario by
matching demand with solar and wind power production, energy
storage and different local production units; see Sections 2.3 and 4.

5. Determining the cost of energy for each scenario and for the two
time frames by calculating: a) the total system cost of energy; b) the
system levelized cost of energy; and c) the specific cost of energy for
the STCA; see Sections 2.4 and 4.

6. Analysing the sensitivity of the cost of energy in the Mid-Century
time frame in respect of the set of key assumptions and parameters
used; see Sections 4.

7. Optimal scheduling for a systematic use of different production units
in the system, with the aim of minimising the degradation costs of
the batteries and fuel cells as well as the cost of energy production at
the STCA; see Section 5.

2.2. Design requirements and dimensioning

The design of the energy system for the STCA fulfils the following
design requirements: (1) its energy and transport systems use only
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electricity and hydrogen as energy carriers; (2) the building uses both
electricity and hydrogen for seasonal energy storage; (3) the system can
be implemented in existing infrastructure and buildings; (4) it is de-
pendent on a local underground hydrogen pipeline distribution network
in the urban area; (5) it uses only renewable energy sources (local solar
and large-scale wind); and (6) it is independent of natural gas and
district heating grids or any expansion of these systems.

Section 3 describes the design and dimensioning of the energy
system at the STCA. The dimensioning includes a wide range of relevant
aspects such as the number of employees, the building’s floor, roof and
parking areas and the number of available vehicles.

2.3. Energy balance

Our analysis uses the STCA’s energy consumption data, covering
electricity per 15-min period and natural gas per hour. This data is
collected from different consumption units in the building, such as heat
pumps, the incinerator and lighting units, and we simulate the supply-
demand profile of the energy system based upon it. The key goal of the
design is to maintain the energy balance between supply and demand at
every 15-min time step.

The first local energy production source at the office is solar. The
maximum amount of solar power that can be generated is calculated
from the STCA’s available roof area, using the building plans. Due to
insufficient solar generation capability and a mismatch with the
building’s load profile (mainly due to lab activities), additional wind
power and energy storage are required. Moreover, we include local
production options such as a stationary fuel cell and electric vehicles
(EVs), both battery (BEVs) and fuel cell (FCEVs), delivering electricity
to the building during their parked hours. Henceforth, whenever we
refer to EVs delivering electricity to the grid we mean the building’s
local electricity grid.

A technology choice is made and then, for each scenario, an as-
sessment is conducted covering the efficiencies, sizes, cost and required
development time for all the components in the energy system.
Component sizes are determined based on average load patterns and
the energy balance is calculated taking into account the efficiencies of
the different conversion and storage technologies concerned.

2.4. Cost of energy

To calculate the cost of energy at the office, we consider three
components 1:

• Total System Cost of Energy, TSCoE [€/year].
• System Levelized Cost of Energy for electricity SLCoEe [€/kWh],
hydrogen SLCoEH2 [€/kg], and heat SLCoEh [€/kWh].
• Specific Cost of Energy for Building SCoEB [€/m2/year].

2.4.1. Total system cost of energy
The TSCoE in €/year is the sum of the Total annual capital and

operation and maintenance Costs TCi (€/year) of the n components at
the energy system:

=
=

TSCoE TC( /year) .
i

n

i
1 (1)

The TCi of an individual component is calculated with the annual
Capital Cost CCi (€/year) and the Operation and Maintenance Cost
OMCi (€/year):

= + = …TC year CC OMC i n( / ) , for 1, , .i i i (2)

The CCi (€/year) of a component is calculated with the annuity factor
AFi (%), installed component capacity Qi (component specific capacity),

and investment cost ICi (€per component specific capacity):

= × ×CC year AF Q IC( / ) ,i i i i (3)

where the annuity factor AFi is based on the weighted average cost of
capital WACC (%) and the economic lifetime of the component LTi
(years):

= × +
+
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i
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In this paper, the WACC of 3% is assumed2 [26].
The annual OMCi (€/year) is defined as an annual percentage OMi

(%) of Qi and ICi:

= × ×OMC year OM Q IC( / ) .i i i i (5)

2.4.2. System levelized cost of energy
The system levelized cost of energy for electricity SLCoEe (€/kWh),

hydrogen SLCoEH2 (€/kg), and heat SLCoEh (€/kWh) are calculated by
allocating a share of the TSCoESTCA related to electricity TSCoESTCA, e,
hydrogen TSCoESTCA, H2, or heat TSCoESTCA, h. These shares are then
divided by the annual electricity ECe(kWh/year), hydrogen ECH2 (kg/
year), or heat ECh (kWh/year) consumption, respectively, and yields

=SLCoE kWh
TSCoE

EC
( / ) STCA e

e
e

,

(6)

=SLCoE kg
TSCoE

EC
( / ) STCA H

H
H2

, 2

2 (7)

=SLCoE kWh
TSCoE

EC
( / ) .STCA h

h
h

,

(8)

Note that the difference between levelized cost of energy and system
levelized cost of energy is that in the latter, we include all transporta-
tion, storage, infrastructure, and distribution costs.

2.4.3. Specific cost of energy
The specific cost of energy is defined as the cost of energy per

physical unit [27]. For the building’s energy consumption, the SCoEB
(€/m2/year) is defined as the cost of the annual specific energy con-
sumption (SECB) (kWh/m2/year) by all the energy-consuming equip-
ment within that building per square meter:

= ×SCoE SLCoE SEC .e BB (9)

3. System description and design

The real-life environment chosen for the concept design of the CaPP
system is the Shell building in Amsterdam known as Shell Technology
Centre (STCA), which is a combination of office space and a chemical
laboratory. Located in the north of the city, it has a floor area of
76,136 m2 and is the workplace for about 1000 employees. Its current
energy system consists of three heat pumps with a total capacity of
3300 kWheat, rooftop solar panels with a capacity of 51 kWp and 1300
kVA diesel generators for emergency and backup power. It has an in-
cinerator for lab waste and two parking lots with a total of 454 spaces,
for both staff and visitors. The building is linked to the national elec-
tricity grid with a 10 MW-capacity connection.

The building’s current demand profile for four representative
months of the year (one in each season) is shown in the upper plot in
Fig. 1. The lower plot shows the frequency of certain load demands over
the course of one year. Due to its lab activities, this building has a
higher load profile than the average office block in the Netherlands

1 The rest of definitions are based on [19].

2 The 3% WACC is based on 80% loan with 1.5% interest rate, and 20% own
investment with 9% internal rate of return (IRR). This WACC falls within the
low risk category of real state [26].
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[28]. The distribution of energy demand between the office space and
the laboratory is presented in Table 1. From the load-profile data, we
have calculated that 74% of the load is related to lab activities, 16% to
office consumption (estimating 50,000 m2 allocated as office space,
with an annual demand of 60 kWh/m2) and 10% to the heat pumps.
Looking at natural gas consumption in the building, 42% is attributable
to lab activities (mainly in the incinerator) and the rest to the offices,
including kitchen use and the humidification system.

In designing the new energy system, we have taken the current one
as our base point and then expanded this using different technologies
for energy production.

We have created designs for two representative periods: a Near
Future (2025–2030) and a Mid-Century (2040–2050) time frame. As
shown in Fig. 2, for each of these periods we have then defined three
different scenarios for the design of the energy system: (1) Hydrogen-
Electric; (2) All-Electric; and (3) Combined. Our motivation for con-
sidering these particular scenarios comes from first comparing the cost
of energy in the two extreme cases, namely having a hydrogen grid
connection only as in scenario 1 and an electricity grid connection only
as in scenario 2. The third scenario, a combination of the first two and
with both hydrogen and electricity grid connections, is then designed
based on the resulting cost analyses.

In each of these scenarios, we use different production units de-
pending on whether electricity or hydrogen is the main energy carrier.
The sizes of the units are also different. Modelling is conducted from the
demand side of the energy system. So the size of each component is
obtained starting with electricity load, heat demand, etc. Our model

takes into account the building’s entire supply chain, including pro-
duction from wind and solar, storage necessities – both seasonal and
daily – transport infrastructure, thermal demand, electricity demand
and other end uses. For components outside of the physical location of
the building, such as the wind turbines and external storage, we model
and account for only precisely the capacity we need, obtained from a
larger national supply network. As such, the inputs into our model are
the demand profiles of different consumption units, solar and wind
profiles and physical constraints of the production units, whilst its
outputs are the size of each production unit, the supply profile and the
system cost of energy.

4. Scenario analysis and results

In this section we present three different scenarios for the design of
the STCA’s energy system. For each we simulate the system as follows:
(1) simulation of energy demand flows for one year, at 15-min intervals;
(2) dimensioning of the wind turbine according to the wind profile and
total energy requirements, after subtracting local solar production; (3)
establishment of a dispatch priority sequence for components based on
the requirements of each scenario (as mentioned under main assump-
tions in Section 4.1 and 4.2 and in the case descriptions in Section 4.3);
(4) for every 15-min time step, solving the energy equation by balan-
cing demand with the available generating components; (5) use of the
external storage component, if there is a wind surplus or a supply
deficit, to resolve the mismatch; and (6) calculation of the system costs,
followed by the sensitivity analysis.

4.1. Hydrogen-electric scenario

4.1.1. System description
In the first scenario, we design a system with hydrogen as the main

energy carrier.
As shown in Fig. 3, here the sole energy infrastructure is the hydrogen

grid. It is assumed that this is a converted or retrofitted natural gas grid.
Initial investigations indicate that it is indeed feasible to retrofit the ex-
isting natural gas infrastructure to create a hydrogen grid with minimal
extra costs [29,30]. Hydrogen production is assumed to be centralized
offshore, using the electricity from an offshore wind farm, and energy
storage is also assumed to be centralized, using salt caverns. At the
building, electricity is produced locally from solar panels on the roof and
from a stationary fuel cell (SFC), which we assume to be a stacked system
of cells of the kind also used in FCEVs. Heating is provided by a hy-
drogen-fuelled boiler, supplemented with heat extracted from the sta-
tionary fuel cell. Cooling is by an air-conditioning (AC) system. On the
mobility side, we assume that one third of vehicles parking at the site are
battery electric vehicles (BEVs) and two thirds are fuel cell electric ve-
hicles (FCEVs). Both types can be charged and refuelled at the office

Fig. 1. Hourly demand profile and load distribution of the Shell office for a
sample year.

Table 1
Share of energy between the office space and the chemical laboratory at the
Shell office.

Electricity Natural Gas

Office 26% 58%
(w/ heat pumps)
Laboratory 74% 42%

Total 19010 [MWh] 361329 [m3]

Fig. 2. Scenarios and representative years for our design analysis.

Fig. 3. Components of the energy system in Hydrogen-Electric scenario. The
orange links show the electricity flow, the green links show the hydrogen flow,
the purple link show the heat flow, and the blue link shows the cold flow.
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location. The vehicles are used during peak load periods and at times of
supply-demand mismatch when the solar panels and stationary fuel cell
cannot meet the load demand. Note that hydrogen is used for the all lab
and other activities where natural gas is currently used; for clarity, we do
not show these hydrogen links in the figure.

The main assumptions in this scenario can be summarised as follows.

• Both FCEVs and BEVs deliver constant power of 10 kW to the grid in
V2G mode, in order not to overheat the fuel cells and not to degrade
the batteries too much.
• In V2G mode, FCEVs are connected directly to the hydrogen grid
and so we do not use hydrogen from the tank for electricity pro-
duction. As such, we include neither the refuelling regimes of FCEVs
nor the installation costs of a hydrogen refuelling station in our cost
analysis. The cost of hydrogen used from the grid is based on the
cost calculation presented in Section 4.2.
• For BEVs, too, we do not take into account the charging pattern at
the building. We assume that they arrive with a random level of
charge between 50% and 100% and that we discharge them in V2G
mode to no less than 20% of battery capacity, which is enough to
drive about 100 km. The cost of the electricity used in V2G mode is
assumed to be 0.25 €/kWh in Near Future and 0.15 €/kWh in Mid-
Century (cf. Table A.10 in Appendix A).
• We do not consider the on-site production of hydrogen from excess
solar energy, using a local electrolyser. This is due to the fact that,
based on the size of the local solar generation system and the load
profile at the STCA, it is rarely the case that there will be excess solar
energy. So, any hydrogen produced in this way would be very ex-
pensive due to the low utilisation of the electrolyser.
• Electricity production is prioritised in the following order: solar,
stationary fuel cell, FCEVs and finally BEVs. Note that solar and
stationary fuel cell generation cover the base load, with electric
vehicles used only during peak hours and periods of supply-demand
mismatch.
• All current natural gas consumption is replaced by hydrogen.
Based on these assumptions, we have simulated the energy system

in the Near Future and Mid-Century time frames with the main goal
being to balance supply and demand at 15-min intervals. Figs. 4 and 5
show the annual energy balance for the two time frames, including the
energy flows to and from each component in the system. As can be seen,
in both cases about 32% of total energy comes from underground sto-
rage. Electricity generated from V2G-connected FCEVs is 2836 MWh/
year in Near Future and 1812 MWh/year in Mid-Century. BEVs are
rarely used, since we prioritize FCEVs. Fig. 6 shows the box plot for the
number of EVs used for energy production over the course of one year.
Frequently, up to 100 EVs are needed for balancing purposes in Near
Future, and 50 in Mid-Century. Moreover, they are needed mainly be-
tween 4:00 and 18:00, with 4:00–6:00 being primarily when the system
is starting up for the day and 7:00–18:00 being the office hours re-
sponsible for the bulk of energy consumption.

4.1.2. Techno-economic analysis
To obtain the system levelized cost of energy for the building, we first

need to calculate the total system cost of energy (TSCoE) (cf. Eqs. (1)–(5)).
As explained in Section 2.4, for TSCoE we need to calculate the total cost
of each component in the energy system (cf. Eq. (2)) from its investment,
operation and maintenance costs and its lifetime. In Appendix A, these
values are presented for each component, for both the Near Future and the
Mid-Century time frames, in Tables A.9 and A.10. Note that these tables
contain all the various components used in all three scenarios.

Using these component costs and Eqs. (3)–(5), the total cost of each
component – together with its size, capital cost and operation and
maintenance costs – is calculated and presented in Appendix B Table
B.11. The cost distribution bar plots for this scenario are presented in
Appendix F Fig. F.20. The size of each component is chosen based on

the building’s demand profile. As we can see in that table, the size of the
wind turbine is relatively large given the building’s overall energy de-
mand. This is due to all the energy losses involved in the conversions
from electricity to hydrogen and vice versa. For the turbine, a capacity
factor of 58.6% is obtained in the model. This is for the AC power
coming from the turbine itself, before any transmission or conversion
losses. The average efficiency of the electrolyser over a year using the
higher heating value (HHV) of hydrogen is 77% (51.1 kWh/kg) is Near
Future and 82% (47.9 kWh/kg) in Mid-Century. For simplicity, in the
Mid-Century period these technical parameters are kept the same and
future technological improvements are instead incorporated into cost
parameters. In specifying the size of storage in salt caverns, we only
take into account the quantity of hydrogen we need in the system.

Table 2 presents the (system) levelized cost of energy for each
production unit and for the building’s entire energy system using the
total cost of each unit and the total energy it produces. All the hy-
drogen-related costs are based on the HHV of hydrogen. SLCOEe refers
to the system levelized cost of electricity and SLCOEh the system le-
velized cost of heat for the entire energy system (given in €/kWh).
SLCOEH2 refers to the system levelized cost of hydrogen production
taking into account production, storage, infrastructure and transporta-
tion costs (given in €/kg). Finally, SLCOEOffice refers to the system le-
velized cost of energy (electricity, heat, gas) for the entire system and
SCOEB the specific cost of energy for the building. As this table shows,
the SLCoE for BEVs is one of the highest figures. This is due the high
cost of bidirectional chargers and their low utilisation in the system.
Since we use the same number of bidirectional chargers in both Near
Future and Mid-Century, and because the utilisation of BEVs is even
lower in the latter than in the former, the SLCoE of BEVs increases in
the Mid-Century time frame.

4.1.3. Sensitivity analysis
The parameters for the mid Mid-Century time frame contain a

higher level of uncertainty. For this period, therefore, a sensitivity
analysis has been conducted for those parameters with a major impact
on SLCoEOffice or containing a high degree of uncertainty, such as wind
turbine, cost of V2G infrastructure and WACC. Table 3 summarizes the
parameters used in this analysis and the range of the value change for
each of them. For most, we have added±25% to the original investment
cost or lifetime (cf. Table A.9 in Appendix A for nominal values). For
WACC we have chosen 1% and 5% to study the effect of different dis-
count rates on the SLCoE. The nominal value for WACC is 3%, as
mentioned in Section 2.4.

The results of the sensitivity analysis are presented in Fig. 7. The
vertical red line represents the original value. Percentages shown in the
graph are the relative changes to the total system costs in response to
the parameter deviations. Based on these results we can conclude that
WACC, wind-turbine and hydrogen production costs have the greatest
effect on the building’s SLCOE.

4.2. All-Electric scenario

4.2.1. System description
In the second scenario, we design a system with electricity as the

main energy carrier.
As shown in Fig. 8, here the sole energy infrastructure is the elec-

tricity grid, which is connected to an offshore wind farm. Further, we
investigate two different energy storage systems in this scenario: a local
one at the office area and a central one, as shown in Fig. 8, both using a
large stationary battery system. Due to lab activities and the need for
the incinerator at the STCA, in this case we still use hydrogen to cover
the gas demand for incineration. Once again, hydrogen production is
assumed to be centralized offshore, using the electricity from an off-
shore wind farm (for clarity, we do not show the hydrogen links in
Fig. 8). Electricity is also produced locally, from solar panels on the
roof. Heating and cooling are provided by a storage system using heat
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pumps. On the mobility side, we assume that two thirds of vehicles
parked at the site are BEVs, which can be charged at the office location,
and one third are FCEVs, which are refuelled elsewhere. As in the
previous scenario, both types of vehicles are used during peak load
periods and at times of supply-demand mismatch when the solar panels
and wind power cannot meet the load demand.

The main assumptions in this scenario can be summarised as follows.

• As in the previous scenario, both FCEVs and BEVs deliver constant
power of 10 kW to the grid in V2G mode.

• In V2G mode, FCEVs draw hydrogen directly from their tanks for
electricity production. We make sure that there is always 1 kg of
hydrogen left in the tank, which is enough to drive about 100 km. As
such, we include neither the refuelling regimes of FCEVs nor driving
patterns in our cost analysis. The cost of the hydrogen used from the
cars in V2G mode is assumed to be 6 €/kg in Near Future and 4 €/kg
in Mid-Century (cf. Table A.10 in Appendix A) and they refuel
outside of the office.
• BEVs are charged by excess wind energy from the electricity grid
and discharged in V2G mode to no less than 20% of battery capacity,

Fig. 4. Sankey diagram showing the annual energy balance for a fully renewable electricity, heating, and transport system at the office in near future for Hydrogen-
Electric scenario.

Fig. 5. Sankey diagram showing the annual energy balance for a fully renewable electricity, heating, and transport system at the office in mid-century for Hydrogen-
Electric scenario.
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which is enough to drive about 100 km. The use of an 80% range is
also intended to reduce battery degradation. The cost of the energy
used in V2G mode is based on the cost calculations for the electricity
grid in Section 5.2.
• Electricity production is prioritized in the following order: solar and
wind, BEVs, stationary battery system and finally FCEVs. Note that
solar and wind primarily cover the base load, with electric vehicles
and the stationary battery used only during peak hours and periods
of supply-demand mismatch.
• All current natural gas consumption by the lab is replaced with
hydrogen, and the rest (e.g. kitchen use) superseded by electric
options.

Based on these assumptions, we have simulated the energy system
with the main goal being to balance supply and demand at 15-min
intervals. Figs. 9 and 10 show the total energy produced over an entire
year with a central storage system in the Near Future and Mid-Century
time frames, respectively. As can be seen, in this scenario between 26%
and 31% of total energy comes from storage (both battery and salt

caverns). In Near Future, electricity generated from V2G-connected
BEVs is 1898 MWh/year and from FCEVs it is 1315 MWh/year. In the
Mid-Century time frame, those figures are 3511 MWh/year from BEVs
and 798 MWh/year from FCEVs. As we can see, BEVs are used more
frequently here than in the previous scenario as they are prioritized for
energy production in this case. Since there is a limit on the battery’s
state of charge, however, FCEVs are also used quite often.

Fig. 11 shows the box plot for the number of EVs used for energy
production over the course of one year. As we can see, the average number
needed for balancing purposes is below 50 in Near Future and below 70 in
Mid-Century. Due to the storage capacity limitations of the BEVs and the
stationary battery, however, in this scenario FCEVs are used more often
during peak hours and that results in more outliers both time frames.
Moreover, the cars are needed mainly between 7:00 and 19:00, i.e. during
the office hours responsible for the bulk of energy consumption.

Fig. 6. Number of vehicles required and used in V2G-mode for Hydrogen-Electric scenario in near future and mid-century. Central red mark indicates the median, the
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers go up to extreme data points not considered outliers. The red
markers are individual outliers.

Table 2
Cost analysis for Hydrogen-Electric scenarios in near future and mid-century.

(System) levelized Near Mid-
cost of energy Future Century

LCOESolar [€/kWh] 0.07 0.03
LCOEWind [€/kWh] 0.04 0.02
SLCOEH2 [€/kg] 3.12 1.90
SLCOEBEV [€/kWh] 1.14 5.36
SLCOEFCEV [€/kWh] 0.25 0.13
SLCOESFC [€/kWh] 0.14 0.08
LCOEe [€/kWh] 0.16 0.08
SLCOEh [€/kWh] 0.04 0.03
SLCOEOffice [€/kWh] 0.117 0.062
SCOEB [€/ m2/year] 30.31 14.73

Table 3
The input parameters altered for the sensitivity analysis per sensitivity parameter chosen. IC stands for Investment Costs and LT for lifetime.

Sensitivity Parameter Contents Values tested

SFC IC of SFC. ±25%
H2 production and storage Salt Cavern [€/kg H2 stored]. IC of: Electrolyzer, water purification and pure water tank. ±25%

FCEV IC of: FCEV and Discharge infrastructure. ±25%
BEV IC of: BEV and bi-directional chargers. ±25%

Stationary Battery IC of: BESS and External Storage. ±25%
Battery Lifetime LT of: BEV, BESS and External Storage. ±25%

Wind IC of wind turbine. ±25%
WACC WACC (= discount rate) {1%, 5%}

Fig. 7. Sensitivity analysis for Hydrogen-Electric scenario in mid-century.
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4.2.2. Techno-economic analysis
To obtain the system levelized cost of energy for the building in this

scenario, we follow similar steps as in the previous one to first calculate
the TSCoE. The investment, operation and maintenance costs and the
lifetime of each unit in the energy system are presented in Appendix A
Table A.9, whilst the cost distribution bar plots for this scenario are
presented in Appendix F Fig. F.21.

Using these component costs and Eqs. (3)–(5), we now calculate the
total cost of each component. In this scenario, to specify the size of
storage we consider two cases. In the first case, all the energy is stored
locally in a very large battery system. Despite its substantial capacity,
however, over the course of a year there will still be many hours during
which it is full, and we are therefore unable to store excess energy. In
such situations we would have dispose of that energy by, for example,
giving it to the neighbourhood. There are also many hours when the
battery is empty but there is no excess energy to charge it, and so we
have to assume that we will need to buy more expensive electricity
from an external source. In the second case we still have a local sta-
tionary battery with a capacity of 12 MWh to provide backup power,
but the bulk of storage occurs centrally in a large stationary battery at
the wind farm. As in the previous scenario with salt caverns, here also

we only consider the storage cost for the amount of energy we actually
draw from this central storage facility. We also use the same efficiency
data for the wind turbine and electrolyser as in the previous scenario.

The total cost of each component, together with its size, capital cost
and operation and maintenance costs, is presented in Appendix C Table
C.12 for external primary storage and in Table C.13 for storage in a
large local battery. As we can see, in this All-Electric scenario the size of
the wind turbine is much smaller than in the Hydrogen-Electric sce-
nario since here we do not have any energy conversion and so far less is
lost. Another important figure in this scenario is the cost of storage in
each of the two cases. Based on these, it is again more economical to
store energy centrally in the All-Electric scenario. Our calculation of the
system levelized cost of energy is therefore derived from that situation.

Table 4 presents the (system) levelized cost of energy for each
production unit and for the building’s entire energy system based on
external storage and using the total cost of and the total energy pro-
duced by each unit. Since BEVs are used more often in this scenario,
SLCOEBEV is much lower than in the previous one (cf. Table 2).

4.2.3. Sensitivity analysis
The results of the sensitivity analysis for the All-Electric scenario in

the Mid-Century time frame, based on the variation of the parameters in
Table 3, are shown in Fig. 12.

In this case, WACC and the cost of wind turbine have the greatest
effect on the system levelized cost of energy in Mid-Century; the other
parameters have more or less similar effects in changing the SLCoEOffice.

4.3. Combined scenario

4.3.1. System description
From the techno-economic analyses of scenarios 1 and 2, it is clear

that both are extreme situations with a number of advantages and
disadvantages. For our last scenario, therefore, we designed a combined
situation with both electricity and hydrogen grid connections. Our goal
is to compare its total system cost and the system levelized cost of
energy with scenarios 1 and 2. There are several possible design choices
in this case, depending on the purpose of the system; more local pro-
duction and less import from external grids, for instance, or lower

Fig. 8. Components of the energy system in All-Electric scenario. The orange
links show the electricity flow, the purple link show the heat flow, and the blue
link shows the cold flow.

Fig. 9. Sankey diagram showing the annual energy balance for a fully renewable electricity, heating, and transport system at the office in near future for All-Electric
scenario.
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energy costs. We can thus pick different components and different
priorities for the source of energy production. In the end, we selected
three cases for consideration in this scenario: Case (1) a combined si-
tuation with heat pumps; Case (2) a combined situation with a boiler;
and Case (3) a combined situation using fixed costs for both electricity
and hydrogen grids. Each of these cases is described below.

Case 1. The energy system for this combined situation is shown in
Fig. 13. As infrastructure, we have both the electricity grid and the
hydrogen grid. Both forms of energy are produced offshore by a wind
turbine, and for storage we use salt caverns. Electricity is also produced
locally from solar panels on the roof and from a stationary fuel cell. For
heating and cooling, we use heat pumps. On the mobility side, half of
the cars are BEVs and the other half are FCEVs, and as in the other
scenarios we do not take into account their refuelling or recharging
patterns. The FCEVs are connected to hydrogen grid in V2G mode and
so we use the cost of hydrogen bought from the grid. The cost of
electricity delivered to the grid by BEVs in V2G mode is taken from
Table A.10 in Appendix A. Note that hydrogen is used for the all lab and
other activities where natural gas is currently used; for clarity, we do

Fig. 10. Sankey diagram showing the annual energy balance for a fully renewable electricity, heating, and transport system at the office in mid-century for All-
Electric scenario.

Fig. 11. Number of vehicles required and used in V2G-mode for All-Electric scenario in near future and mid-century. Central red mark indicates the median, the
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers go up to extreme data points not considered outliers. The red
markers are individual outliers.

Table 4
Cost analysis for All-Electric scenarios with central main storage in near future
and mid-century.

(System) levelized Near Mid-
cost of energy Future Century

LCOESolar [€/kWh] 0.07 0.03
LCOEWind [€/kWh] 0.04 0.02
SLCOEWind [€/kWh] 0.07 0.05
SLCOEH2 [€/kg] 3.66 2.38
SLCOEBEV [€/kWh] 0.50 0.22
SLCOEFCEV [€/kWh] 0.40 0.26
SLCOEBESS [€/kWh] 0.61 0.35
SLCOEe [€/kWh] 0.15 0.1
SLCOEh [€/kWh] 0.06 0.05
SLCOEOffice [€/kWh] 0.123 0.080
SCOEB [€/ m2/year] 31.82 18.88
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not show these hydrogen links in the figure. The order of production in
this case is solar and wind first, then stationary fuel cell, then FCEVs
and finally BEVs.

Case 2. The energy system for this combined situation is shown in
Fig. 14. The system design and components in this case are the same as
in the previous one, except for heating and cooling. Instead of heat
pumps, here we use a hydrogen-fuelled boiler and the collected heat
from the stationary fuel cell to cover the demand for heat, whilst for
cooling we use an air-conditioning system. The order of electricity
production is the same as in Case 1.

Case 3. This has the same setup as Case 1, but we do not design the
wind turbine based on the demand profile or take into account storage.
Instead, we use fixed costs for both energy carriers. For electricity, the
cost is chosen based on the SLCoEWind obtained from the techno-eco-
nomic analysis in Section 4.2, i.e. 0.068/kWh in the Near Future time
frame and 0.047 €/kWh in Mid-Century. For hydrogen it is chosen
based on the SLCoEH2 obtained from the techno-economic analysis in
Section 4.1, i.e. 3117 €/kg in Near Future and 1901 €/kg in Mid-Cen-
tury. The order of energy production is similar to that in Case 1, except
that here we use the solar and wind power to cover two thirds of the
base load and the stationary fuel cell to cover the other one third.
Moreover, we collect and use the heat from the stationary fuel cell. The
rest of the demand for heat is met by the heat pumps.

As the results obtained in all three cases are similar, for brevity here
we present only those from Case 1. The annual energy distribution for
the building in this case is shown in Appendix E Figs. E.18 and E.19. In
all three cases in the Combined scenario, about 24% of total energy
used comes from storage. Moreover, since we use both electricity and

hydrogen grids, the use of electric vehicles differs quite substantially
from that in either the Hydrogen-Electric or the All-Electric scenario. As
shown in Fig. 15, here we use both types of EVs much less frequently.
The reason for this is that they are needed much less, due to the
availability of power from both the electricity grid and the stationary
fuel cell. As this pattern is very similar in all three cases in the Com-
bined scenario, we present only the results of Case 1.

4.3.2. Techno-economic analysis
The total costs of components for each of the three cases are pre-

sented in Appendix D, in Tables D.14–D.16. The cost distribution bar
plots for Case 1 are shown in Appendix F Fig. F.22; we omit the other
two for brevity, as their results are similar. Since we here use both grids
and include both electricity and hydrogen-based units, the capacity and
hence the cost of each unit is different from those reported in the Hy-
drogen-Electric and All-Electric scenarios.

The results of the techno-economic analyses of these three cases are
presented in the tables below. As we can see in Tables 5 and 6, using the
heat pumps or the boiler does not change the SLCoESTCA much. Table 7
shows that using the fixed-grid cost also results in similar system le-
velized costs of energy as in the other two combined cases.

The sensitivity analyses for the different cases in the Combined
scenario shows that the effect of cost variations of different components
on the system levelized cost of energy is similar to those in scenarios 1
and 2. Consequently, those results are not presented in this section.

4.4. Summary of the results

Table 8 summarises main results obtained from analysing the three
scenarios. The first important result is the significant role of storage in
this energy system, since it accounts for between 20% and 30% of the
supplied energy. Our results also show that using salt caverns and hy-
drogen for energy storage is much cheaper than using large battery
storage systems. Hence, despite using the external storage option in the
All-Electric scenario, its SLCoEOffice is still higher than in the Hydrogen-
Electric scenario due to higher storage costs. Note that the wind turbine
capacity factor is a crucial determinant of the economic results and a
lower capacity factor is linked to a higher levelized cost of wind energy.
However, this research compares costs between different scenarios,
focusing on balancing and storage using various alternatives. Note that
the wind energy costs are equal across the scenarios and the size of the
wind turbine is the only changing factor depending on the energy de-
mand in each scenario. Thus, while these costs are a significant factor in
the total SLCoEOffice, they have a marginal effect on the relative eva-
luation of SLCoEOffice of each scenario and do not impact the conclu-
sions of the research, which is aiming to compare energy carrier al-
ternatives and energy storage options.

Fig. 12. Sensitivity analysis for All-Electric scenario in mid-century.

Fig. 13. Components of the energy system in Combined scenario Case 1 using
heat pumps. The orange links show the electricity flow, the green links show the
hydrogen flow, the purple link show the heat flow, and the blue link shows the
cold flow.

Fig. 14. Components of the energy system in Combined scenario Case 2 using a
boiler. The orange links show the electricity flow, the green links show the
hydrogen flow, the purple links show the heat flow, and the blue link shows the
cold flow.
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The other interesting aspect is the system’s utilisation of EVs, espe-
cially the fact that, in the Hydrogen-Electric scenario, fewer are used in
the Mid-Century time frame than in Near Future. And that the reverse is
the case in the All-Electric scenario. This is, of course, the result of the
system configuration and the order in which the production units are
used. The decrease in the utilisation of EVs in the Hydrogen-Electric
scenario can be explained by decreasing demand for electricity in Mid-
Century, whilst the solar and stationary fuel-cell components have by then
become more efficient. The increase in the use of EVs in the All-Electric
scenario in Mid-Century may appear counterintuitive at first sight, but can
be explained as follows: as solar and wind are intermittent sources of
energy, BEVs are employed more often as a back-up; and since BEV
parameters such as battery capacity and conversion efficiency are

improved in Mid-Century, greater use of EVs is facilitated. Moreover, the
sparse utilisation of BEVs in the Hydrogen-Electric scenario means that
almost all the stored energy comes from salt caverns. In the All-Electric
scenario, since more BEVs are used in Mid-Century their share of storage is
higher than in the Near Future period.

Finally, the results from the Combined scenario confirm our hypoth-
esis that, if we use both electricity and hydrogen in the building’s energy
system, and different production units and storage options, our energy
system is not only more flexible but also more economic. We also see that
in all these cases the number of cars operating in V2G mode is quite small
by comparison with the total parking capacity of the building. This shows
the feasibility of V2G application at such office blocks.

5. Optimal scheduling

The operational management of an energy system is an important
aspect of its performance and so needs to be considered alongside its
design. In this section, therefore, we focus on the operational level and
provide an optimal scheduling for the deployment of production units in
the energy system, with the view to using them – and especially EVs – in a
more systematic and efficient way and to minimising production costs.

5.1. System model and constraints

The setup of the energy system considered for this aspect of our
study is equivalent to the one in Case 1 of the Combined scenario and is
presented in Fig. 13. Electricity can either be produced using local units
such as solar panels and stationary fuel cells or be drawn from the
external electricity grid, which is connected to an offshore wind farm.
Moreover, both BEVs and FCEVs are used for load balancing during

Fig. 15. Number of vehicles required and used in V2G-mode for Combined scenario Case 1 in near future and mid-century. Central red mark indicates the median, the
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers go up to extreme data points not considered outliers. The red
markers are individual outliers.

Table 5
System Levelized Cost end results for Combined scenario Case 1 in Near-Future
and Mid-Century.

(System) levelized cost of energy Near Future Mid-Century

LCOESolar [€/kWh] 0.07 0.03
LCOEWind [€/kWh] 0.04 0.02
SLCOEWind [€/kWh] 0.06 0.04
SLCOEH2 [€/kg] 4.34 2.58
SLCOEBEV [€/kWh] 1.4 1.27
SLCOEFCEV [€/kWh] 0.35 0.19
SLCOESFC [€/kWh] 0.22 0.11
SLCOEe [€/kWh] 0.11 0.07
SLCOEh [€/kWh] 0.04 0.03
SLCOEOffice [€/kWh] 0.086 0.054
SCOEB [€/m2/year] 22.4 12.7

Table 6
System Levelized Cost end results for Combined scenario Case 2 in Near-Future
and Mid-Century.

(System) levelized cost of energy Near Future Mid-Century

LCOESolar [€/kWh] 0.07 0.03
LCOEWind [€/kWh] 0.04 0.02
SLCOEWind [€/kWh] 0.06 0.04
SLCOEH2 [€/kg] 4.00 2.45
SLCOEBEV [€/kWh] 1.37 1.02
SLCOEFCEV [€/kWh] 0.35 0.18
SLCOESFC [€/kWh] 0.21 0.11
SLCOEe [€/kWh] 0.10 0.06
SLCOEh [€/kWh] 0.07 0.04
SLCOEOffice [€/kWh] 0.087 0.056
SCOEB [€/ m2/year] 22.6 13.2

Table 7
System Levelized Cost end results for Combined scenario Case 3 in Near-Future
and Mid-Centuryẋmllabelt0035

(System) levelized cost of energy Near Future Mid-Century

LCOESolar [€/kWh] 0.07 0.03
SLCOEWind [€/kWh] 0.07 0.05
SLCOEH2 [€/kg] 3.12 1.90
SLCOEBEV [€/kWh] 1.26 1.06
SLCOEFCEV [€/kWh] 0.29 0.15
SLCOESFC [€/kWh] 0.14 0.08
SLCOEe [€/kWh] 0.13 0.07
SLCOEh [€/kWh] 0.02 0.01
SLCOEOffice [€/kWh] 0.08 0.042
SCOEB [€/m2/year] 27.3 13.8
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peak hours and periods of mismatch between supply and demand.
Heating is provided by heat from the stationary fuel cell and by heat
pumps. Cooling, too, is provided by the heat pumps. We also have the
hydrogen grid, which delivers hydrogen to both the stationary fuel cell
and FCEVs. The objective of the system is to use production units more
systematically and to minimise the cost of energy production based on
the cost of fuel and operation and maintenance costs for each of the
controllable production units, i.e. stationary fuel cells and EVs. More-
over, we endeavour to minimise degradation of the stationary fuel cell
and of BEVs and FCEVs in V2G mode.

Here, the states of the system are the operating state of the sta-
tionary fuel cell, operating states of FCEVs and BEVs and the state of
charge of BEVs. We model the system in discrete time and the state
equations can be defined as

= +k k k k( ) ( 1) ( ) ( )SFC SFC SFC SFC
start stop (10)

= +k k k k( ) ( 1) ( ) ( )f i f i f i f i, , ,
start

,
stop

(11)

= +k k k k( ) ( 1) ( ) ( )b j b j b j b j, , ,
start

,
stop

(12)

=k k u k t( ) ( 1) ( )SoC j SoC j b j dis, , , (13)

where {0, 1}SFC is the operating state of the stationary fuel cell at
time step k, = …i n{0, 1}, 1, ,f i f, is the operating state of the i-th
FCEV at time step k, = …j n{0, 1}, 1, ,b j b, is the operating state of the
j-th BEV at time step k, and SoC j, is the state of charge of the
battery of the j-th BEV at time step k. In the state equations, we also
have the control variables to turn the units on and off, defined as

=k( ) 1pu
start if production unit pu (stationary fuel cell, FCEV, or BEV) is
started for power production at time step k and =k( ) 0pu

start otherwise.
Similarly, =k( ) 1pu

stop if production unit pu (stationary fuel cell, FCEV,
or BEV) is shut down at time step k and =k( ) 0pu

start otherwise.
Moreover, u k( )b j, controls the amount of power produced by the j-th
BEV at time step k t, is the size of the time step, and dis is the dis-
charge efficiency of a BEV in the V2G mode. Note that the production
units FCEV and BEV have nf and nb components, respectively. As well as
the abovementioned control variables, we also control the amount of
power bought from the electricity grid, Pe grid, , the amount of power
produced by the stationary fuel cell, uSFC and the amount of power
produced by FCEVs, uf i, .

In this model, we also include different operational constraints. One
of these is related to the production capacity of each production unit pu
(stationary fuel cell, FCEV or BEV) and its components at each time step
k, which can be written as

k u k kU ( ) ( ) Ū ( ),pu pu pu pu pu (14)

taking into account the operating state of each unit at time state k
defined in (11)–(10). Here Upu indicates the possible minimum power
production of each unit and Ūpu the possible maximum power. More-
over, there is an upper threshold for the power we can buy from the
electricity grid, Ūe grid, , which is equal to the wind power generated at

time step k. This constraint is defined as

P Ū .e grid e grid, , (15)

In order to make sure that no component of a production unit is swit-
ched on and off at the same time, the following constraint is used,

+k k( ) ( ) 1.pu pu
start stop (16)

As mentioned before, keeping the balance between supply and demand
at each time step k is one of the main goals in the system. To satisfy this
balance, we include the following constraint at each time step k,

= + + + +
= =

P k P k P k u k u u( ) ( ) ( ) ( ) ,D solar e grid SFC
i

n

f i
j

n

b i,
1

,
1

,

f b

(17)

where = +P k P k P k( ) ( ) ( )D load HP is the power demand of the office at
time step k including the load Pload and heat pumps demand PHP,
P k( )solar is the power production of the solar panels system at time step
k n, f indicates the number of FCEVs and nb indicates the number of
BEVs present at the energy system.

In addition to these constraints, we have included two others related
to the fair use of electric vehicles. Using EVs in the V2G mode increases
degradation of the battery and fuel cell. To be fair on their owners,
therefore, we only use each EV in V2G mode for few hours at a time and
we make sure that it is not used again for a certain period thereafter.
These values can be defined based on the system requirements and the
availability of cars. For the first constraint, we make sure that FCEVs
are switched off after being used for T hours,

+
= +

k T t k(1 ( )) ( ) ( ) .f i
stop

t k T

k

f i f i,
1

1

, ,
(18)

The same constraint holds for BEVs. For the second constraint, we keep
the vehicle off for the next T hours once it has been used in the V2G
mode; i.e. at each time step k, the following must hold for each FCEV,

+
= +

t k k( ) ( ) 1 ( ),
t k T

k

f i
stop

f i
stop

f i
1

1

, , ,
(19)

and the same constraint holds for BEVs.
Finally, to minimise electricity consumption by heat pumps, we first

use the heat extracted from the stationary fuel cell. The remainder of
the demand for heat is then covered by the heat pumps; i.e.

=H k H k H k H k H k( ) ( ) ( ) if ( ) ( )
0 otherwise.HP

D SFC D SFC
(20)

Here, H k( )D is the demand for heat at time step k and
=H k u k( ) ( )· /SFC SFC H e is the extracted heat from the stationary fuel

cell at time step k, with H the efficiency of the fuel cell based on the
HHV for the heat production and e its efficiency for electricity pro-
duction. As mentioned before, the demand for heat includes the elec-
tricity demanded by the heat pumps for heating and cooling. The
electricity demand of the heat pumps at time step k can be written as

Table 8
Summary of the results for the scenario analysis.

Hydrogen-Electric All-Electric Combined- Case 1

Item Near Future Mid-Century Near Future Mid-Century Near Future Mid-Century

Total Energy Supply [MWh/year] 32,770 28,029 23,610 20,217 26,093 22,529
Total Storage (%) 32 32 26 31 24 24
– Hydrogen (%) 32 32 7 6 24 24
– Electricity (%) 0 0 19 25 0 0
Average # of EVs 100 50 50 70 10–20 10–20
Energy production BEV [MWh/year] 38 4 1898 3511 61 31
Energy production FCEV [MWh/year] 2836 1812 1315 798 827 613
SLCOEOffice [€/kWh] 0.117 0.062 0.123 0.080 0.086 0.054
SCOEB [€/ m2/year] 30.31 14.73 31.82 18.88 22.4 12.7
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= +P k H k
COP

C k
COP

( ) ( )· 1 ( )· 1 ,HP HP
month

HP
month (21)

where COPmonth is the coefficient of performance of the heat pump for
each month of the year and CHP is the cooling production of the heat
pump. Using Eqs. (20) and (21), the power demand in Eq. (17) can be
adjusted.

In order to obtain a linear system with continuous and binary
variables, we apply the mixed logical dynamical (MLD) formalism,
which allows the transformation of logical statements involving con-
tinuous variables into mixed-integer linear inequalities. We apply the
following equivalences [31] to transform the nonlinear constraints into
linear ones:

=
+

=

f x k k
f x k M k
f x k m k

z k k f x k

z k M k
z k m k
z k f x k m k
z k f x k M k

[ ( ( )) 0] [ ( ) 1] iff
( ( )) (1 ( ))
( ( )) ( ) ( )

( ) ( ) ( ( )) iff

( ) ( )
( ) ( )
( ) ( ( )) (1 ( ))
( ) ( ( )) (1 ( )) (22)

where M m, are the upper and lower bounds on the linear function
f x k( ( )) and is the machine precision.

Based on the equivalence relations (22), the MLD model of (18) and
(20) can be obtained by defining the following auxiliary variables:

• =z k k k( ) ( ) ( )i f i
stop

f i, , for = …i n1, , f ,

• =z k k k( ) ( ) ( )j b j
stop

b j, , for = …j n1, , b,

• =k H k H k[ ( ) 1] [ ( ) ( )]HP D SFC , and =z k k u k( ) ( ) ( )HP HP SFC

The inequality constraints corresponding to the above auxiliary
variables and logical statements can be obtained according to (22). In
this way, the system dynamics and the constraints are formulated as
mixed-integer linear equations.

5.2. Model predictive control

To provide the optimal scheduling, we apply model predictive control
(MPC) [32,33]. MPC is an online control technique that relies on a dy-
namic model of the process, is aimed at optimising a criterion and is
capable of handling constraints on inputs or outputs in a systematic way.
In MPC, at each iteration the optimal control sequence is computed over a
finite horizon, i.e. a finite period of time. MPC uses the receding horizon
principle, which means that, after computation of the optimal control
sequence, only the first sample is implemented in the next iteration.
Subsequently, the horizon is shifted forward one sample and the opti-
misation restarts with new information on the measurements.

As mentioned before, the objective is to minimise the cost of energy
production and degradation of the battery and fuel cell. Hence, the
objective function for the optimisation problem can be defined as

= +J k J k J k( ) ( ) ( )deg1 prod 2 , where 1 and 2 are weighting factors. The
production cost is defined as

=

+ +

+ +

+ +
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(23)

where Pre grid, is the price of electricity bought from the grid,
=HHV 39.41H2 [kWh/kg] is the higher heating value of hydrogen, PrH2

is the price of hydrogen bought from the grid, Cpu is the operation and
maintenance cost of each production unit (stationary fuel cell, FCEV, or
BEV), and ch is the charging efficiency of BEVs.

The cost function for degradation of battery and fuel cell is defined
as

=

+

+

=
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(24)

where pu is the degradation cost of each production unit (stationary
fuel cell, FCEV, or BEV).

Having defined the objective function and the constraints, the MPC
optimisation problem with prediction horizon Np at each time step k is
defined as

+
=

J k jmin ( )
u k j

N

( ) 0

1p

(25)

+C k k D k u k g ksubjectto ( ) ( 1) ( ) ( ) ( ) (26)

where J k( ) is the weighted sum of (23) and (24),
= + … +u k u k u k u k N( ) [ ( ), ( 1), , ( 1)]T T T

p
T is the stacked vector of

control variables (both continuous and binary),C k D k( ), ( ) and g k( ) are
constraint matrices and the constant vector, respectively, defined based
on constraint Eqs. (14)–(20) and the MLD constraints obtained from
(22). The optimisation problem (25) and (26) is a mixed-integer linear
programming (MILP) problem, which can be solved using the available
MILP solvers [34,35].

5.3. Results of optimal scheduling

The optimisation problems were solved using the MILP solver from
Gurobi in Matlab R2018b on a 3.1 GHz Intel Core i5 processor. We
produced the optimal schedule for 48 h based on the building’s load
profile data from two days in February 2017. The time step t is one
hour and for every time step we assumed that all the EVs were avail-
able, using the building’s entire parking capacity, which is 454 cars.

Remark. The optimisation model can be adjusted to limit the number of
cars available at every time step or to take into account more details about
their driving patterns.

We assumed the following power capacity limits for each produc-
tion unit: u u u0 1400, 3 20, 3.5 10.4SFC f i b j, , for

= …i n1, , f and = …j n1, , b. Moreover, we assumed that the battery of a
BEV has a capacity of 60 kWh and that the state of charge of each car at
the beginning of each day (00:00 h) was 80%, i.e. 48 kWh. Also, BEVs
were not allowed to remain in V2G mode once their state of charge had
fallen to 20%. The tank-to-wheel efficiency of the fuel cell for electricity
production was 60% in our model, and for heat production it was 24%.
We also assumed that the discharge efficiency of a BEV battery is 80.8%
and its charging efficiency is 90.7% [36,37]. The weighting factors in
the objective function were set at = = 11 2 and the degradation costs
at = = 0.1f b €and = 0.05SFC €. The price of electricity bought from
the grid was set at 0.042 €/kWh and that of hydrogen at 2.54 €/kg.
These choices were based on the cost calculations in the previous sec-
tions, and also to ensure that the controller would use both types of EVs.
We have observed that if the price of hydrogen and electricity are very
close, the controller will not use BEVs as they result in higher pro-
duction costs. For illustration purposes, we therefore did not use the
exact values obtained for electricity and hydrogen in Section 4.2,
Table 4 and Section 4.1, Table 2.

Fig. 16 shows the optimisation results for a 48-h period. In it we see
the demand for power and the power generated by each of the pro-
duction sources. The solid-cross line shows local solar power generation
at the building. The solid line shows power demand after subtracting
local solar power generation and the dashed line shows total power
generation; since this supply matches the building’s demand, these two
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lines are coincident in the figure. The solid-circle line shows the amount
of power bought from the electricity grid, based on the wind profile and
grid availability. The wind profile over these two days is a good in-
dicator of one relatively calm day (the first) and one windier one (the
second). As mentioned before, since the production capacity of the solar
panels is much lower than the building’s demand, due to its lab activ-
ities, solar is never enough by itself to satisfy that demand. As shown in
this figure, on the first day and most of the second, wind production is
also way below the building’s demand (even after including solar power
generation) and so other energy sources are needed.

Based on the system objectives of minimising both energy costs and
the degradation of batteries and fuel cells (cf. Eqs. (23)), the controller
first buys power from the grid (solid-circle line), then uses the sta-
tionary fuel cell (dash-dot line). As can be seen on the first day with less
wind, even though the stationary fuel cell is used at maximum capacity
for most of the day, the sum of the power it generates and that bought
from the grid (dash-star line) does not satisfy total demand. This is also
the case for few hours on the second day. These periods are when we
either have peak load or a supply-demand mismatch due to limited
production capacity and the intermittent renewable sources. At these
times, both BEVs and FCEVs are used for balancing purposes (dotted
line), i.e. match supply with demand.

Based on this control strategy, the total cost of the energy produc-
tion on these two days is 9045 €. Without optimal scheduling and
considering only the system constraints in the production planning, the
total generation cost would have been 9308 €. Although the saving
derived from optimal scheduling does not seem significant over two
days, it would be if it were applied for the entire year.

Fig. 17 shows the number of cars used during the peak hours and the
hours of mismatch between supply and demand.

As can be seen here, based on the electricity price and the hydrogen
price obtained in our model, the controller first mostly uses BEVs and
then FCEVs. Note that since we only use BEVs down to 20% of their
state of charge, after a few hours they are no longer available. FCEVs,
however, since we assume that in V2G mode they are connected di-
rectly to the hydrogen grid and we do not use the tank, are always
available unless and until our fair-use constraints (cf. (18) and (19))
preclude further utilisation. In this optimisation model, we assume that
each EV can be used for four hours at a time, i.e., =T 4 in (18), and that
once used in V2G mode it becomes unavailable for the next 12 h, i.e.

=T 12 in (19). These values have been chosen considering the actual
availability of vehicles at the location. The advantage of optimal
scheduling is thus its more systematic and fair usage of the EVs (com-
pare Fig. 17 with Fig. 15) and hence its ability to provide greater in-
centives for car owners to participate in the V2G plan.

Note that we include only energy production costs in our optimi-
sation model, not investment costs. That is why BEVs are used more
than FCEVs at the times when they are both available. In practice,
however, given the investment costs for the V2G infrastructure and for
bidirectional chargers for FCEVs and BEVs, respectively (cf. Table A.9),
there are likely to be more V2G points for FCEVs than for BEVs. And
this will change the choices made by the controller. Another important
observation regarding this model is that even during peak hours we
need fewer than 160 cars. That represents less than half of this build-
ing’s parking capacity. Our results thus indicate that including cars for
balancing and back-up power in the energy system of an office block,
and of other buildings in general, is a viable solution and adds both
flexibility and reliability to its power supply.

6. Conclusions and discussions

In this paper we have presented the concept design and energy
management of a 100% renewable energy system for a real-life en-
vironment: the Shell Technology Centre in Amsterdam. The result is an
integrated energy and mobility system in which we use both electricity

Fig. 16. Power demand and power production profile at the office during 48 h.

Fig. 17. Number of EVs used for balancing the supply and demand at the office
during 48 h.
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and hydrogen as energy carriers and both battery and hydrogen-based
fuel cell electric vehicles to deliver electricity to the office grid at times
when they are parked there. In this design, we investigate the feasibility
of such an integrated system at a real-life environment. We have con-
sidered two different time periods – Near Future (2025–2030) and Mid-
Century (2040–2050) – and three different scenarios: 1) Hydrogen-
Electric; 2) All-Electric; and 3) Combined.

For each of these periods and scenarios, we have conducted a
techno-economic analysis to compare the system levelized cost of en-
ergy for the building’s entire energy system. Furthermore, in order to
make systematic and fair use of EVs in V2G mode and to improve the
operational performance of the energy system, we have devised an
optimal scheduling using model predictive control. Our objective was to
minimise degradation of the cars’ batteries and fuel cells as well as to
minimise the system’s energy production costs.

From the results obtained in respect of the three scenarios we in-
vestigated, we conclude that the Combined one results in the lowest
system levelized cost of energy at the STCA. Furthermore, as in the
current energy system, we have observed that, in one system based on
100% renewable sources, between 20 and 30% of the energy supplied
comes from storage. This emphasises the important role of storage and
its cost in such a system design. As we have seen in our study, storage
using hydrogen and salt caverns is much cheaper than using electricity
and large batteries. Based on our simulation results, we also conclude
that not that many cars are needed for load balancing during peak
hours and at times of mismatch between supply and demand. The
economic figures show that creating such a system at an office building
is both economically and technically feasible, and that including elec-
tric vehicles in it provides a flexible energy buffer. Moreover, the results
of the optimal scheduling shows that it can improve the efficiency and
decrease cost of production even further. Ultimately, the results of this
study bring us to conclusion that using both electricity and hydrogen as
energy carriers leads to a more flexible, more reliable and cheaper
energy system at an office building.

The next step is to provide the necessary infrastructure and in-
centives for the implementation of such an integrated energy and

mobility system, especially for buildings with large parking areas such
as office blocks, hospitals and airports. In this paper we have taken the
first step towards shaping a fair use of electric vehicles in vehicle-to-
grid mode. Further investigation in this area is required in order to
provide effective economic incentives for vehicle owners. One option is
to give them a discount on the cost of their fuel based on the kWh they
deliver to the electricity grid. Another is that building owners or energy
companies own the vehicles and lease them to public users.
Furthermore, the infrastructure for vehicle-to-grid solutions and hy-
drogen refuelling stations needs to be in place in order to be able to
implement such integrated systems. Other options, such as heat storage
in tanks or underground aquifers, could be also included in the design
as alternatives or to complement heat pumps and boilers.
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Appendix A. Component parameters

In Table A.9 the investment cost, operation and maintenance cost, and life time of each unit used in the energy system of the Shell office is
presented. In Table A.10 the fixed cost of storage, infrastructure and external EV charging and refueling are presented.

Table A.9
Component Parameters for model analysis; all efficiencies are calculated using HHV ( : efficiency; cf: capacity factor; IC: installed investment cost; O&M: operation
and maintenance; LT: economic lifetime).

Components Near Future Mid-Century

or cf IC O&M LT or cf IC O&M LT
[%, –] [ kW/ ] [%/y] [y or h] [%, –] [ kW/ ] [%/y] [y or h]

Electricity production
PV System [38–41] 0.10 cf 725 2.8 25 0.12 440 2.3 30
Wind turbine [42–44] 0.59 1728 3.7 20 0.59 1390 3.7 30
Hydrogen production and transport
Electrolyzer [45–48] 77% 480 2 20 82% 200 2 30
Compressor [49,50] 1.5 kWh/kg H2 8060 4 15 1 kWh/kg H2 3440 2 15
Hydrogen consumption
Stationary fuel cells [51–53] 60% e/20% q 512 2.5 60000 h 65% e/15% q 200 2.5 90000 h
Heating and Cooling Components
Hydrogen boilers (kW heat) [54] 97% 100 1.3 35 97% 100 1.3 35
Air-conditioning system (kW heat) [55] 4.13 COP 240 4.3 20 4.43 COP 240 4.3 20
Heat pump (kW heat) [54,56] 4.1 COPavg 700 0.7 20 4.2 COPavg 490 0.7 20
Electric components
Lithium-ion Batteries (BEVs) for V2G only [57–60] 73% total 96 1 8 95% total 70 1 15
Stationary Batteries Systems (BESS) [57–59,61,62] 87% total 300 1 10 95% total 210 1 15
Vehicle-to-grid components
FCEV stack Replacement Costs [63,19,51] 60% e 40 1 4100 h 65% e 26.5 1 8000 h
FCEV discharge infrastructure [39] – 6400 5 15 – 3200 5 15
BEV chargers (bi-direct) 2-point [64,65] – 9500 5 15 – 5000 5 15
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Appendix B. Cost of components in Scenario 1

The total cost of each component used in Hydrogen-Electric scenario together with their size, capital cost, and operation and maintenance cost
are presented in Table B.11.

Appendix C. Cost of components in Scenario 2

The total cost of each component used in All-Electric scenario together with their size, capital cost, and operation and maintenance cost are
presented in Table C.12 using external battery storage and in Table C.13 using a large local battery storage.

Table A.10
Fixed cost parameters for energy services used in the model.

Component Unit Near Future [€] Mid-Century [€]

Salt Cavern Storage kg−1 H2 1.79 1.57
External Grid Battery kW h−1 0.155 0.09
H2 grid infrastructure 160 kg/h 19.8 k (HE) 19.8 k (HE)
E-grid infrastructure 10 MW 216 k (AE) 216 k (AE)
External charged BEVs [65] kWh−1 0.25 0.15
Externally fueled FCEVs [65] kg−1 H2 6 4

Table B.11
Cost tables of Hydrogen-Electric System Design for near-future and mid-century scenarios (Q: installed component capacity; CC: annual capital cost; OMC: annual
operation and maintenance cost; TC: total annual capital and operation and maintenance costs)

Near Future Mid-Century

Type Unit Q CC OMC TC Q CC OMC TC
[–] [k€/y] [k€/y] [k€/y] [k /y] [k /y] [k /y]

Solar kW 1176 49 23.9 72.8 1176 26.4 11.9 38.3
Wind kW 7868 914 503.1 1417.0 6225 441.5 320.2 761.6
Electrolyser kW 8800 283.9 84.5 368.4 6600 67.3 13.2 80.5
Compressor, water treatment kg H2/hr 149 102.4 49.3 151.8 124 37.1 9.6 46.7
Salt Cavern tonnes H2 Capacity 3733 0 450.9 450.9 3733 0 320 320
H-Grid Nm3/h Gas Grid Type 400 0 16.2 16.2 400 0 14.7 14.7
E-Grid MW Connection Capacity 0 0 0 0 0 0 0 0
Stationary Fuel Cell kW 1650 138.3 21.1 159.4 1596 36.6 8 44.5
FCEV kW of systems 15600 293.2 6.2 299.4 12700 66.9 3.4 70.2
BEV kWh of batteries 2040 6.7 2 8.6 3400 7.1 2.4 9.5
Bi-Directional Chargers # of 2-point chargers 17 13.5 8.1 21.6 17 7.1 4.3 11.4
FCEV Discharge Infrastructure # of 4-point connectors 39 20.9 12.5 33.4 32 8.6 5.1 13.7
Airco kW 1900 30.6 13.7 43.3 1900 30.7 13.7 44.3
H2 Boilers kW 1286 6 1.7 7.7 1285 6 1.7 7.7
External Charging costs BEVs kWh 51761 0 12.9 12.9 4226.3 0 0.6 0.6

Total Costs 1858.5 1206.1 3064.5 735.2 728.6 1463.8

Table C.12
Cost tables of All-Electric System Design with external main storage for near-future and mid-century scenarios (Q: installed component capacity; CC: annual capital
cost; OMC: annual operation and maintenance cost; TC: total annual capital and operation and maintenance costs).

Near Future Mid-Century

Type Unit Q CC OMC TC Q CC OMC TC
[–] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y]

Solar kW 1176 49 23.9 72.8 1176 26.4 11.9 38.3
Wind kW 3990 463.5 255.1 718.6 3027 214.7 155.7 370.3
Electrolyser kW 200 6.5 1.9 8.4 200 2 0.4 2.4
Compression, water treatment kg/h 2.9315 2 1 3 2.6656 0.8 0.2 1
Salt Cavern kg H2 Capacity 3733 0 12.4 12.4 1000 0 9.9 9.9
H-Grid Nm3/h NG grid type 40 0 2.4 2.4 40 0 2.4 2.4
E-Grid MW Connection Capacity 10 0 216.2 216.2 10 0 216.2 216.2
Stationary Battery (BESS) kWh 12000 422 36 458 9000 158.3 18.9 177.2
FCEV kW of systems 15400 123.7 6.2 129.9 12600 27.4 3.3 30.7
BEV kWh of batteries 17820 155 17.1 172.1 28500 123.2 20 143.2
Bi-Directional Chargers 2-point chargers 149 118.6 70.8 189.3 143 59.9 35.8 95.6
FCEV Discharge Infrastructure 4-point connectors 39 20.9 12.5 33.4 32 17.2 10.2 27.4
Heat Pump kW 3300 155.3 16.2 171.4 2970 139.7 14.6 154.3
External Grid Storage MWh 2190 0 229.1 229.1 1243 0 67.1 67.1
External Fuelling Costs FCEV tons 49 0 292.1 292.1 27 0 108.1 108.1
External Charging Costs BEVs MWh 1973 0 493.3 493.3 3035 0 455.4 455.4

Total Costs 1516.5 1686.1 3202.6 769.6 1129.9 1899.5
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Appendix D. Cost of components in Scenario 3

The total cost of each component used in combined scenario together with their size, capital cost, and operation and maintenance cost are
presented in Tables D.14, D.15 and D.16 for each of the Cases 1–3, respectively.

Table C.13
Cost tables of All-Electric System Design with big battery for near-future and mid-century scenarios (Q: installed component capacity; CC: annual capital cost; OMC:
annual operation and maintenance cost; TC: total annual capital and operation and maintenance costs).

Type Unit Near Future Mid-Century

[–] Q CC [k€] OMC [k€] TC [k€] Q CC [k€] OMC [k€] TC [k€]

Solar kW 1176 49 23.9 72.8 1176 26.4 11.9 38.3
Wind kW 3990 463.5 255.1 718.6 3027 214.7 155.7 370.3
Electrolyser kW 200 6.5 1.9 8.4 200 2 0.4 2.4
Compression, water treatment kg/h 2.9315 2 1 3 2.6656 0.8 0.2 1
Salt Cavern tons H2 Capacity 3733 0 12.4 12.4 1000 0 9.9 9.9
H-Grid Nm3/h NG equivalent 40 0 2.4 2.4 40 0 2.4 2.4
E-Grid MW Connection Capacity 10 0 216.2 216.2 10 0 216.2 216.2
Stationary Battery (BESS) kWh 200000 9378.4 480 9858.4 200000 5026 360 5386
FCEV kW of systems 15400 123.7 6.2 129.9 12600 27.4 3.3 30.7
BEV kWh of batteries 17820 155 17.1 172.1 28500 123.2 20 143.2
Bi-Directional Chargers 2-point chargers 149 118.6 70.8 189.3 143 59.9 35.8 95.6
FCEV Discharge Infrastructure 4-point connectors 39 20.9 12.5 33.4 32 17.2 10.2 27.4
Heat Pump kW 3300 155.3 16.2 171.4 2970 139.7 14.6 154.3
Electricity Market (bought) MWh 1374 0 252 252 829 0 165.9 165.9
Electricity Market (Sold) MWh 909 0 0 0 598 0 0 0
External Fuelling Costs FCEV tons 28 0 167.9 167.9 16 0 95.6 95.6
External Charging CostS BEV MWh 2495 0 104.6 104.6 3629 0 142.4 142.4

Total Costs 10472.9 1640.2 12113.1 5637.3 1244.5 6881.8

Table D.14
Cost tables of Combined System Design for near-future and mid-century scenarios with use of heat pump (Q: installed component capacity; CC: annual capital cost;
OMC: annual operation and maintenance cost; TC: total annual capital and operation and maintenance costs).

Near Future Mid-Century

Type Unit Q CC OMC TC Q CC OMC TC
[–] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y]

Solar kW 1176 49 23.9 72.8 1176 26.4 11.9 38.3
Wind kW 5800 673.7 370.8 1044.5 4800 340.4 246.9 587.3
Electrolyser kW 6600 212.9 63.4 276.3 4400 44.9 8.8 53.7
Compression, water treatment kg/h 94 64.3 30.9 95.2 84.638 24.9 6.2 31.1
Salt Cavern tonnes H2 Capacity 3733 0 343.3 343.3 3733000 0 258.2 258.2
H-Grid Nm3/h NG 400 0 15 15 400 0 13.6 13.6
E-Grid MW Connection Capacity 10 0 216.2 216.2 10 0 216.2 216.2
Stationary Fuel Cell kW 1450 121.5 18.6 140.1 1400 32.1 7 39.1
FCEV kW of systems 17800 93.7 7.1 100.8 15700 27.7 4.2 31.9
BEV kWh of batteries 4440 13.6 4.3 17.8 5600 11.8 3.9 15.7
Bi-Directional Chargers # of 2-point chargers 37 29.4 17.6 47 28 11.7 7 18.7
FCEV Discharge Infrastructure # of 4-point connectors 45 24.1 14.4 38.5 40 10.7 6.4 17.1
Heat Pumps kW 3300 108.7 11.3 120 2970 97.8 10.2 108
External Charging costs BEVs MWh 84 0 20.9 20.9 32.3643 0 4.9 4.9

Total Costs 1391 836.6 2227.6 628.4 648.9 1277.3
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Appendix E. Yearly energy distribution in Case 1 of Combined scenario

Figs. E.18 and E.19 show the Sankey diagrams for the annual energy balance at the office in Case 1 of Combined scenario in near future and mid-
century, respectively, and the energy flows to and from each component in the energy. system.

Table D.15
Cost tables of Combined System Design for near-future and mid-century scenarios with use of boilers and SFC (Q: installed component capacity; CC: annual capital
cost; OMC: annual operation and maintenance cost; TC: total annual capital and operation and maintenance costs).

Near Future Mid-Century

Type Unit Q CC OMC TC Q CC OMC TC
[–] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y]

Solar kW 1176 49 23.9 72.8 1176 26.4 11.9 38.3
Wind kW 6000 696.9 383.6 1080.5 5100 361.7 262.3 624
Electrolyser kW 6600 212.9 63.4 276.3 6600 67.3 13.2 80.5
Water Purification m3/day 9 0.6 0.5 1.1 8.016 0.6 0.5 1
Pure Water Tank m3 18 0.1 0 0.1 16.032 0.1 0 0.1
Salt Cavern tonnes H2 Capacity 3733 0 307.1 307.1 3733 0 249.9 249.9
H-Grid Nm3/h NG Equivalent 400 0 15.2 15.2 400 0 14 14
E-Grid MW Connection Capacity 10 0 216.2 216.2 10 0 216.2 216.2
Stationary Fuel Cell kW 1400 117.3 17.9 135.2 1250 28.6 6.3 34.9
FCEV kW of systems 17800 85.9 7.1 93 16100 29.3 4.3 33.6
BEV kWh of batteries 3660 11.3 3.5 14.8 5000 10.5 3.5 14
Bi-Directional Chargers # of 2-point chargers 31 24.7 14.7 39.4 25 10.5 6.3 16.7
FCEV Discharge Infrastructure # of 4-point connectors 45 24.1 14.4 38.5 41 11 6.6 17.6
H2 boilers kW 1748 8.1 2.3 10.4 1573.4068 7.3 2 9.4
Airco kW 1900 30.7 13.7 44.3 1900 30.7 13.7 44.3
External Charging costs BEVs MWh 71 0 17.9 17.9 37 0 5.6 5.6

Total Costs 0 1261.6 1101.3 2362.9 0 583.9 816.2 1400.1

Table D.16
Cost tables of Combined System Design for near-future and mid-century scenarios with fixed electricity and hydrogen grid costs (Q: installed component capacity; CC:
annual capital cost; OMC: annual operation and maintenance cost; TC: total annual capital and operation and maintenance costs).

Near Future Mid-Century

Type Unit Q CC OMC TC Q CC OMC TC
[–] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y] [k€/y]

Solar kW 1176 49 23.9 72.8 1176 26.4 11.9 38.3
Stationary Fuel Cell kW 1400 117.3 17.9 135.2 1250 28.6 6.3 34.9
FCEV kW of systems 15400 95.8 6.2 102 13700 29.6 3.6 33.3
BEV kWh of batteries 3960 12.5 3.8 16.3 6000 12.6 4.2 16.8
Bi-Directional Chargers # of 2-point chargers 33 26.3 15.7 41.9 30 12.6 7.5 20.1
FCEV Discharge Infrastructure # of 4-point connectors 39 20.9 12.5 33.4 35 9.4 5.6 15
Heat Pumps kW 3300 108.7 11.3 120 2970 97.8 10.2 108
External Charging costs BEVs MWh 86 0 21.5 21.5 429 0 6.4 6.4
Bought H2 from grid tonnes 584 0 1821.2 1821.2 483 0 918.4 918.4
Bought E from grid MWh 426 0 289.9 289.9 3656 0 171.9 171.9
Total Costs 430.4 2223.8 2654.3 217.1 1146 1363.1

Fig. E.18. Sankey diagram showing the annual energy balance for a fully renewable electricity, heating, and transport system at the office in near future for Case 1 of
Combined scenario.
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Appendix F. Cost distribution of investment costs and operational & maintenance costs

Figs. F.20–F.22 illustrate the cost distribution of investment costs and operational & maintenance costs for each of the three scenarios.

Fig. E.19. Sankey diagram showing the annual energy balance for a fully renewable electricity, heating, and transport system at the office in mid-century for Case 1
of Combined scenario.

Fig. F.20. Cost distribution of Investment Costs and Operational & Maintenance costs for the Hydrogen-Electric scenario. Percentages in chart are shown compared to
Total System Cost (TSC) presented in Table B.11.
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