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Summary 
Introduction 

This thesis presents the design and analysis of future 100% renewable 
integrated transport and energy systems based on electricity and hydrogen as 
energy carriers. In which Fuel Cell Electric Vehicles (FCEVs) are used for transport, 
distributing energy and balancing electricity demand. Passenger cars in Europe are 
parked on average 97% of the time. They are used for driving only 3% of the time 
(<300 hours per year). So passenger car FCEVs can be used for energy balancing and 
electricity generation when parked and connected to the electricity grid, in the so-
called Vehicle-to-Grid (V2G) mode. In Europe around 15.3 million passenger vehicles 
were sold in 2019 [1]. Using the “Our Car as Power Plant” analogy of Van Wijk et al. 
[2], multiplying each vehicle by 100 kW of future installed electric power in it, this 
would equal to 1,530 GW of annual sold power capacity in passenger vehicles. This 
is more than the existing 950 GW installed power generation capacity in Europe in 
2019 [3]. The theoretical potential to use passenger FCEVs for power production, 
with the present low usage for driving, seems to be large.  

Commercially available FCEVs use proton exchange membrane fuel cells 
systems to generate electricity from oxygen from the air and the hydrogen stored 
in on-board tanks at 700 bar. In parallel to the fuel cell, a small high voltage (HV) 
battery pack is connected. The HV battery is used for regenerative braking and 
provides additional power for acceleration. This combination of fuel cell and HV 
battery can deliver almost every kind of electrical energy service, from balancing 
intermittent renewables to emergency power back-up. By using both the HV battery 
and fuel cell of a few up to tens of thousands of aggregated FCEVs in combination 
with large-scale hydrogen storage, kW to GW-scale power generation and energy 
storage from seconds to seasons can be achieved.  

 
Method & Outline 

The goal of this research is to explore the techno-economic potential of 
hydrogen, FCEVs and V2G in achieving affordable, reliable, scalable and 100% 
renewable integrated transport and energy systems. The main research question is: 
“How can we design and analyze future 100% renewable integrated transport and 
energy systems, based on electricity and hydrogen as energy carriers, using fuel cell 
electric vehicles for transport, distributing and generating electricity?” In this thesis 
an experimental, proof of principle approach, is presented to understand and to 
analyze the current available FCEV and V2G technologies and their limitations. Next, 
for three different aggregation levels from 500 up to more than 20 million FCEVs, 
100% renewable integrated transport and energy systems are designed, including a 
hospital, a smart city and 5 countries. The system designs are focused on European 
regions. Abundant, low cost and widely available energy sources such as solar PV 
and wind form the basis to design the 100% renewable, integrated energy and 
transport systems.  

In this research, integrated energy and transport systems are designed for 
exploring the maximum technical potential of individual technologies. There is a 
trade-off between the number of balancing and storage options considered, and the 



 

v 

 

ability to isolate and to explore the maximum technical potential of a specific 
technology within large, complex and integrated future energy systems. For that 
purpose, the research presented in this thesis is limited to the following balancing 
options:  using FCEVs to convert stored hydrogen into electricity and using 
electrolyzers to convert electricity into hydrogen. The energy storage is in the form 
of compressed gaseous hydrogen. Here, only technologies that have a Technology 
Readiness Levels (TRL) of at least 7 in 2015, or preferably higher are considered. 
Also, cost projections based on future economies of scale are more readily available 
for technologies at TRL 7 and higher. 

 
Proof of principle approach, current available FCEV and V2G technologies and 
limitations 

In Chapter 2, titled “Fuel Cell Electric Vehicle-to-Grid: Experimental Feasibility 
and Operational Performance as a Balancing Power Plant”, presents the results of 
an experimental, proof of principle approach. A commercially available hydrogen 
FCEV, a Hyundai ix35, was modified for Vehicle-to-Grid (V2G) purposes to be able to 
deliver a maximum of 10 kW direct current (DC) power. Electricity was supplied to 
the Dutch national electricity grid via an external inverter. The 10 kW DC V2G power 
was inverted to 9.5 kW three-phase alternating current (AC), constituting a partial 
load of 11-15% of the maximum fuel cell DC power of 100 kW. The experimental 
verification of this set-up shows that FCEVs can be used for mobility as well as for 
generating power when parked. Virtual power plants composed of multiple grid-
connected FCEVs could perform with a higher part-load efficiency, faster power 
gradients and shorter cold start-up times than the existing fast-reacting thermal 
power plants, such as open cycle gas turbines or gas engines. At 10 kW V2G DC 
power, the measured maximum downward and upward power gradients of the fuel 
cell system were –47 kW/s (–470 %/s relative to 10 kW max. power) and +73 kW/s 
(+730 %/s), for the high voltage battery –76 kW/s (–760 %/s) and +43 kW/s (+430 
%/s). In other words, within less than ¼ of second, both battery and fuel cell system 
can ramp up or down 10 kW. In the V2G tests, fast cold start-up times of less than 5 
s at ambient temperatures were measured. Hydrogen consumption in 9.5 kW AC 
grid-connected mode was 0.55 kg/h, resulting in a Tank-To-Grid-AC efficiency of 
43% on a Higher Heating Value basis (51% on a Lower Heating Value basis). Direct 
current to alternating current efficiency was 95%.  

Chapter 3 presents the usage parameters related to driving and V2G services, 
which could be used to best predict the average fuel cell stack voltage degradation. 
The voltage degradation negatively impacts the fuel cell system efficiency and 
economic lifetime and so, increasing the cost of produced electricity. Measurements 
were conducted for four Hyundai ix35 FCEVs, where only one FCEV was used for 
both driving and V2G services. The FCEVs drove between 7,917 and 27,459 km in 
531 up to 1,167 trips (one trip defined as a fuel cell system start-up and shut-down 
cycle). The fuel cell systems operated up to 872 hours and produced up to 5,610 
kWh of electricity. During the period investigated, for the four FCEVs, the mean fuel 
cell stack voltage degradation relative to the beginning of measurements based on 
operating time was between 1.4-2.3% and based on total produced electricity it was 
between 1.4-2.4%. The type of usage before conducting measurements could have 
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had an impact on the degradation during the measurements. No consistent 
correlation was observed between the usage parameters of fuel cell operating time, 
distance driven, fuel cell stack produced electricity and the mean fuel cell stack 
voltage degradation. Using a durability indicator expressed solely in operating 
hours, or distance driven or produced energy is not relevant for an FCEV used for 
both driving and V2G services due to the potential large variation of usage. The 
operating and ‘idling’ hours, produced energy, driven distance, number of start-ups 
and shutdowns measured in this experiment, could be part of a multi-metric 
indicator for predicting fuel cell durability, since a single metric indicator does not 
adequately describe the combined driving and V2G operation.  

 
System designs and techno-economic scenario analyses 

In Chapter 4 to 7, three integrated, 100% renewable transport and energy 
system designs at increasing FCEV aggregation levels are presented: 

1. a hospital, 
2. an urban area, 
3. an entire country. 

The selection of a hospital and urban areas resulted after applying four design 
criteria, the designed integrated systems should be: 

1. at locations where cars are naturally parked and in the proximity of 
demand centers, 

2. scalable in number of FCEVs, i.e. not having any upper limit, 
3. applicable in all European countries, i.e. not serving niche markets, 
4. highly replicable in Europe, i.e., the system designs should be replicable at 

least 1,000 times.  
All designed 100% renewable energy systems show that FCEVs can be integrated 
into current energy systems for driving and providing dispatchable balancing power. 
If scheduled smartly, providing dispatchable balancing power does not significantly 
limit the use of the FCEVs for driving. The integration of the hospital or urban area 
can be done on a piecemeal basis, partially, distributed and scaled over time.  

Chapter 4 presents the results of a 100% renewable integrated transport and 
energy system for a 526-bed hospital, using only local energy sources; rooftop solar, 
wind energy as well as biogas. The electricity consumption profile of the hospital is 
based on the consumption data obtained from the all-electric Reinier de Graaf 
hospital in Delft. A heuristic approach is applied to the modeling and system design 
for a Mid Century energy scenario (approximately around 2050). The system is 
always balanced by electrolysis and converting hydrogen back into electricity by less 
than 250 grid connected FCEVs (2.5 MW total, 10 kW V2G power each).  
Current hospitals have two emergency power systems. Here, the uninterruptable 
power supply system could be replaced by approximately 95 grid connected FCEVs. 
The emergency diesel generator system has an autonomy of six days. It could be 
replaced by the high-pressure hydrogen storage at the hospital hydrogen fueling 
station, providing 1 day autonomy and the power of 250 grid connected FCEVs. The 
on-board hydrogen in the tanks of the FCEVs could provide another day of 
autonomy. If required, an additional 4 days of autonomy can be guaranteed by 
trucking in 5-6 hydrogen tube trailers, carrying each up to 1,350 kg of hydrogen. In 
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this way the hospital’s high requirements of reliability of energy supply in 
emergency situations are met. The designed integrated transport and energy 
system for the hospital is fully self-sufficient and 100% renewable with local energy 
sources only.  

Chapter 5 presents a conceptual design framework for an integrated 
transport and energy system for an urban area based on average European statistics 
in a moderate climate, i.e. an average solar radiation, mild winter and moderate 
summer temperatures. The area is based on a European statistic average of 
residential and services sector buildings and considers all road transport vehicles are 
hydrogen fuel cell powered. 2,000 households with 4,700 inhabitants are an 
appropriate size for dimensioning the smart city area, as statistically there is one 
petrol station and one food-retail shop for this number of households. An annual 
energy balance and cost analysis are performed for a Near Future (towards 2025) 
and Mid Century (around 2050) technology cost development scenarios. For the 
smart city an integrated energy system, for power, heat, and transport is developed 
consisting of solar and wind electricity, hydrogen as energy storage and transport 
fuel and where FCEVs provide electricity generation, energy distribution and 
mobility. The smart city area energy supply is independent of other energy systems 
and networks. With 2,300 passenger cars FCEVs in the smart city area, each 
providing 10 kW power per car, this would translate into a fleet average capacity 
factor 13% and 4.7% in respectively the Near Future and Mid Century scenario.  
Using FCEVs for driving and balancing power, integrated into renewable energy 
based smart city areas, can provide cost-effective energy and mobility. In the Near 
Future scenario, system levelized cost of hydrogen for transportation is 7.6 €/kg, 
system levelized cost of electricity is 0.41 €/kWh and the specific cost of hydrogen 
for passenger cars is 0.08 €/km. In the Mid Century scenario however, these costs 
are much lower resulting in2.4 €/kg, 0.09 €/kWh and 0.02 €/km, respectively.   
 In Chapter 6, and in contrast with Chapter 5 which uses European average 
statistics, treats two climatically different locations in Europe, being Hamburg in 
Germany and Murcia in Spain. Murcia has a high annual solar insolation, mild 
winters and one of the highest summer temperatures in Europe. In contrast, 
Hamburg has a low annual solar insolation, relatively cold winters and lower 
summer temperatures compared to Murcia. In Chapter 6 the model from Chapter 5 
is expanded with underground large-scale hydrogen storage in salt caverns to 
overcome the seasonal differences in energy demand. The simulation is performed 
with an hourly time step, based on five consecutive years of climate and renewable 
energy data. Multi-annual and hourly modelling provide deeper insights about when 
FCEVs need to provide balance power. Based on national statistics, the 2,000 
households in Hamburg and Murcia have respectively 2,360 and 1,850 passenger 
cars. Here it is assumed all these cars are FCEVs. 
In Murcia there is a better match in time (daily and seasonal) between solar 
electricity production and building electricity consumption (dominated by space 
cooling in summer while having a high solar electricity production) than in Hamburg 
(dominated by space heating in winter while having low solar electricity production). 
This results in the need for a 40% smaller seasonal hydrogen storage and FCEV V2G 
(FCEV2G) balancing requirements in Murcia than in Hamburg, in all scenarios. In 
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Murcia, year-round, virtually no FCEV2G requirement occur during daylight hours. 
In Hamburg, this is only the case in the summer period in the Mid Century scenario, 
but not in the Near Future scenario.  
In Murcia, the average annual cost (without taxes and levies) for power, heat and 
mobility in the Near Future is approximately 1,930 €/year per household and 520 
€/year per household in the Mid Century scenario. In today’s fossil-based energy 
systems this is on average 1,470 €/year per household in Murcia. In Hamburg, the 
average annual cost (without taxes and levies) for power, heat and mobility in the 
Near Future is approximately 2,610 €/year per household and 770 €/year per 
household in the Mid Century scenario. In today’s fossil-based energy systems this 
is on average 1,510 €/year per household in Hamburg. This indicates that with the 
renewable based energy and transport systems have the potential to be lower in 
cost than today’s fossil-based energy system. The reason for the lower average cost 
of energy for households (without taxes and levies) for Murcia compared to 
Hamburg, are the lower system levelized costs for hydrogen and electricity but also 
the lower energy consumption in Murcia per household. The system levelized 
energy costs in the Mid Century scenario are 71 and 104 €/MWh for electricity and 
2.6 and 3.0 €/kg for hydrogen, for respectively Murcia and Hamburg. 
 In Chapter 7, future 100% renewable national electricity, heating and road 
transport energy systems of Denmark, Germany, France, Great Britain and Spain in 
2050 are illustrated and analyzed. The total passenger car fleets range between 2.3 
and 44 million, of which 50% are considered to be FCEVs and the other 50% being 
Battery Electric Vehicles (BEVs). BEVs are not used for V2G electricity production, 
they are only used for mobility. 0.5 to 8 million parked and grid connected, V2G, 
hydrogen fueled FCEV passenger cars have the potential to fully balance (5-80 GW 
power at 10 kW each) these integrated and 100% renewable national energy 
systems. Together with hydrogen production via electrolyzers (11-154 GW) and 
large-scale hydrogen storage (6.2-105 TWhH2 HHV, 160-2,700 million kg H2), energy 
supply is always guaranteed.  
At all times, there is sufficient FCEV2G power capacity available, the peak 
requirement never exceeds 43% of the capacity of the FCEV2G fleet and the usage, 
the capacity factor, is low (<6%). Therefore, the combined electric power capacity 
in FCEV passenger cars could be a reliable and full replacement for large scale 
stationary balancing plants.  
The balancing power requirements and seasonal energy storage capacities in this 
study are of similar magnitude compared to other studies. The large range in the 
values found in other studies is the result of a multitude of different modeling 
inputs, percentage of intermittent renewables versus the percentage of fossil fueled 
electricity generation and the number and type of balancing and storage 
technologies used. 
 
Comparison of aggregation levels and conclusions 

Relatively larger systems with a more mixed type of electricity 
consumption (residential and commercial) face less peaks in power consumption 
(relative to the average power consumption), and so indirectly also less peaks in the 
required FCEV2G balancing power. Depending on the definition of the FCEV2G fleet 
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size and the technology development year modelled (2015, towards 2025 or around 
2050), the FCEV2G capacity factors mostly range from 2% to 11% in the developed 
energy and transport systems. Here, the hospital case study presented in Chapter 4, 
represents the outliers of 0.15-15% and could also be considered as part of the 
smart city area. When comparing only the outcomes of systems modeled on an 
hourly basis and representing a technology development scenario of the year 2050, 
the FCEV2G annual utilization rate, called the capacity factor, ranges between 2.1-
5.5%. This is in the same order of magnitude of the driving utilization rate or capacity 
factor of approximately 3%. A European passenger car drives on average 12,000 km 
per year at a speed of 45 km/h, resulting in a capacity factor of 3%. 

Regions facing stronger seasonal effects in energy consumption and (solar) 
energy production will always need long-term, seasonal, energy storage. Systems 
having a larger share of solar energy compared to wind energy and having lower 
seasonal space heating requirements, require mostly FCEV2G balancing power 
during the night or early mornings and evenings. Aforementioned type of systems 
face lower FCEV2G capacity factors. For example, 2.1% and 3.7% in the national 
energy system of sunny Spain and smart city area in Murcia. This in comparison to 
5.5% and 5.0% in the colder and windier national energy system of Denmark and 
smart city area in Hamburg, respectively. Simply said, the energy production and 
consumption match better in Murcia than in Hamburg. So, less FCEV2G balancing, 
seasonal hydrogen storage, hydrogen production, distribution and fueling station 
capacities are needed. A higher need of FCEV2G balancing during the night, in 
systems with higher shares of solar energy production, would also better match the 
regular driving usage of passenger cars.  

As indicated, in this thesis the focus was predominantly on a limited set of 
balancing and storage technologies based on hydrogen. This gives the opportunity 
to explore the maximum potential of electrolyzers, underground hydrogen storage 
and grid-connected FCEVs within larger, complex and integrated energy and 
transport systems. The results show that these technologies have a large technical 
and economic potential for balancing energy consumption and production on a 
large scale within complex and integrated energy and transport systems. 
Nevertheless, future energy systems will use a variety of balancing and storage 
technologies and therefore total system cost optimizations should consider all 
relevant technologies available.  

In conclusion, fully renewable integrated transport and energy systems based 
on hydrogen and fuel cell electric vehicles, where FCEVs can be used for both driving 
and V2G energy balancing, have a great potential to be highly reliable and to achieve 
similar or lower cost as today’s, fossil fuel-based energy systems. This potential 
comes without much compromise on the vehicle’s availability for driving, also there 
is a large overcapacity in passenger vehicles available and most balancing happens 
when vehicles are parked during the night.   
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Samenvatting 
Introductie 

Dit proefschrift behandelt het ontwerp en de analyse van toekomstige 
100% hernieuwbare geïntegreerde transport- en energiesystemen met elektriciteit 
en waterstof als energiedragers. Waarin brandstofcel-elektrische voertuigen, ook 
wel Fuel Cell Electric Vehicles (FCEV's), worden ingezet voor transport, 
energiedistributie en het balanceren van de elektriciteitsvraag.  
Personenauto's in Europa staan gemiddeld 97% van de tijd stil, slechts 3% van de 
tijd worden deze gebruikt (<300 uur per jaar). FCEV personenauto’s kunnen dus 
gebruikt worden voor het balanceren van de elektriciteitsvraag en aanbod wanneer 
ze geparkeerd staan en aangesloten zijn op het elektriciteitsnet, in de zogenaamde 
Vehicle-to-Grid (V2G) modus. In 2019 werden in Europa ongeveer 15,3 miljoen 
personenauto's verkocht [1]. Analoog aan het concept "Our Car as Power Plant" van 
Van Wijk et al. [2], vermenigvuldigt men elk verkochte personenauto  met 100 kW 
aan toekomstig geïnstalleerd elektrisch vermogen, zou dit gezamenlijk 1530 GW aan 
jaarlijks verkocht vermogen opleveren. Dit is meer dan de bestaande 950 GW totaal 
geïnstalleerde elecktriciteitsproductiecapaciteit in Europa in 2019 [3]. Uit 
theoretisch oogpunt lijkt er dan ook genoeg potentie om FCEV personenauto’s te 
gebruiken voor elektriciteitsproductie. 
Commercieel verkrijgbare FCEV's gebruiken brandstofcelsystemen met een 
protonenuitwisselingsmembraan om elektriciteit op te wekken, dit door middel van 
zuurstof uit de lucht en waterstof. Waterstof komt uit de in het voertuig aanwezige 
tanks met een opslagdruk van 700 bar. Parallel aan de brandstofcel is een kleine 
hoogspannings (HV) batterij aangesloten. De HV-batterij wordt gebruikt voor het 
regeneratief remmen en levert extra vermogen bij het accelereren. Deze combinatie 
van de brandstofcel en HV-batterij kan vrijwel alle soorten elektrische energie 
diensten leveren, uiteenlopend van het balanceren van variabele duurzame 
energiebronnen tot noodstroom. Door zowel de HV-batterij als de brandstofcel van 
enkele tot tienduizenden geaggregeerde FCEV's te gebruiken in combinatie met 
grootschalige waterstofopslag, kan elektriciteitsproductie van kW tot GW-schaal 
worden bereikt in combinatie met energieopslag van seconden tot aan seizoenen. 
 
Methode & Overzicht 

Het doel van dit onderzoek is om het techno-economische potentieel van 
waterstof, FCEV's en V2G te verkennen voor het realiseren van betaalbare, 
betrouwbare, schaalbare en 100% hernieuwbare geïntegreerde transport- en 
energiesystemen. De centrale onderzoeksvraag is: "Hoe kunnen we toekomstige 
100% hernieuwbare geïntegreerde transport- en energiesystemen ontwerpen en 
analyseren, met elektriciteit en waterstof als energiedragers, met behulp van 
brandstofcel-elektrische voertuigen (FCEVs) voor transport, distributie en 
opwekking van elektriciteit?" In dit proefschrift wordt een experimentele, 'proof of 
principle'-methode toegepast om de huidige beschikbare FCEV- en V2G-
technologieën te begrijpen en te analyseren. Daarbij worden ook de beperkingen 
van de technologieën inzichtelijk gemaakt. Vervolgens worden voor drie 
verschillende aggregatieniveaus van 500 tot meer dan 20 miljoen FCEV's, 100% 
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hernieuwbare geïntegreerde transport- en energiesystemen ontworpen. 
Waaronder een ziekenhuis, een slimme stad en vijf landen. De systeemontwerpen 
zijn gericht op Europese regio's. Goedkope en voldoende beschikbare 
energiebronnen zoals zon-PV en wind vormen de basis van de 100% hernieuwbare, 
geïntegreerde energie- en transport systeemontwerpen. 

In dit onderzoek worden geïntegreerde energie- en transportsystemen 
ontworpen om het maximale technische potentieel van balancerings- en 
opslagtechnologieën op basis van waterstof in kaart te brengen. Het is moeilijk het 
maximale technische potentieel van  deze balancerings- en opslagtechnologieën te 
verkennen binnen grote, complexe en geïntegreerde toekomstige energiesystemen 
als men gelijktijdig een groot aantal verschillende balancerings- en 
opslagtechnieken toepast. Daarom beperkt dit onderzoek zich tot het gebruik van 
de volgende balanceringstechnologieën: FCEV’s voor zowel mobiliteit als 
elektriciteitsproductie en elektrolysers voor de waterstofproductie. Alle 
energieopslag is in de vorm van gecomprimeerde gasvormige waterstof. In dit 
onderzoek worden alleen technologieën overwogen die in 2015 een Technology 
Readiness Levels (TRL) van minimaal 7 hadden en bij voorkeur hoger. Voor 
technieken met een TRL 7 of hoger zijn er meer en betrouwbaardere 
kostenprognoses op basis van toekomstige schaalvoordelen beschikbaar. 
 
Bewijs van principe-aanpak, huidige beschikbare FCEV- en V2G-technologieën en 
beperkingen 

In hoofdstuk 2, getiteld "Fuel Cell Electric Vehicle-to-Grid: experimentele 
haalbaarheid en operationele prestaties als een balancerende energiecentrale", 
worden de resultaten gepresenteerd van een experimentele, 'proof of principle'-
methode. Een commercieel verkrijgbare waterstof-FCEV, een Hyundai ix35, is 
aangepast voor Vehicle-to-Grid (V2G) doeleinden om maximaal 10 kW gelijkstroom 
(DC) te kunnen leveren. Zo kan elektriciteit via een externe omvormer aan het 
Nederlandse elektriciteitsnet worden geleverd. Het 10 kW DC V2G-vermogen is 
omgevormd naar 9,5 kW driefase wisselstroom (AC), dit staat gelijk aan 11-15% van 
het maximale gelijkstroomvermogen (100kW) van het brandstofcelsysteem. Door 
middel van een experimentele verificatie, laat de opstelling zien dat tijdens het 
parkeren FCEV’s voor zowel mobiliteit als voor elektriciteitsproductie kunnen 
worden gebruikt. Virtuele energiecentrales bestaande uit meerdere aan het 
elektriciteitsnet gekoppelde FCEV’s zouden een hoger deellastrendement, snellere 
vermogenswisselingen en een kortere koude start hebben dan de bestaande snel 
reagerende thermische energiecentrales, zoals open-cyclus gasturbines of 
gasmotoren. Bij 10 kW V2G DC-vermogen waren de gemeten maximale neerwaartse 
en opwaartse vermogenswisselingen van het brandstofcelsysteem –47 kW/s (–470 
%/s ten opzichte van 10 kW max. vermogen) en +73 kW/s (+730 % /s), voor de HV 
batterij –76 kW/s (–760 %/s) en +43 kW/s (+430 %/s). Met andere woorden, binnen 
een kwart seconde kunnen zowel de HV-batterij als het brandstofcelsysteem 10 kW 
op- of af worden geregeld. In de V2G-tests werden snelle koude starttijden van 
minder dan 5 s gemeten bij omgevingstemperaturen. Het waterstofverbruik in de 
9,5 kW AC-netgekoppelde modus was 0,55 kg/uur, wat resulteerde in een Tank-to-
Grid-AC-efficiëntie van 43% op basis van de bovenste verbrandingswaarde (51% op 
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basis van de onderste verbrandingswaarde). De gemeten omvormerefficientië, van 
gelijkstroom naar wisselstroom, was 95%. 

Hoofdstuk 3 presenteert de gebruiksparameters die het beste gebruikt 
zouden kunnen worden om de gemiddelde degradatie van het brandstofcelsysteem 
te voorspellen met betrekking tot rijden en V2G-diensten. De spanningsdegradatie 
heeft een negatieve invloed op de efficiëntie van het brandstofcelsysteem en zo dus 
ook op de economische levensduur, waardoor de kosten van de geproduceerde 
elektriciteit indirect kunnen stijgen. Metingen werden uitgevoerd bij vier Hyundai 
ix35 FCEV's, één FCEV werd gebruikt voor zowel rijden als V2G-diensten. De FCEV's 
reden tussen de 7.917 en 27.459 km in 531 tot 1.167 ritten (één rit gedefinieerd als 
een opstart- en uitschakelcyclus van het brandstofcelsysteem). Tijdens 
voorgenoemde inzet hebben de brandstofcelsystemen maximaal 872 uur 
aangestaan en produceerden tot 5.610 kWh aan elektriciteit.  
Tijdens de onderzochte periode lag voor de vier FCEV's de gemiddelde degradatie 
van de brandstofcelstack ten opzichte van het begin van de metingen, op basis van 
bedrijfsuren en op basis van de totale geproduceerde elektriciteit respectievelijk 
tussen 1,4-2,3% en 1,4-2,4%. Het type gebruik voorafgaand aan het uitvoeren van 
metingen kan een impact hebben gehad op de degradatie tijdens de metingen. Er 
werd geen consistente correlatie waargenomen tussen de gebruiksparameters van 
de bedrijfstijd van de brandstofcel, de afgelegde afstand, de door de 
brandstofcelstack geproduceerde elektriciteit en de gemiddelde degradatie van de 
brandstofcelstack. Het gebruik van een degradatie indicator die uitsluitend wordt 
uitgedrukt in bedrijfstijd, afgelegde afstand of geproduceerde energie is niet 
relevant voor een FCEV die wordt gebruikt voor zowel rijden als V2G-diensten 
vanwege de mogelijk grote variatie in gebruik. De bedrijfs- en 'stationair'-uren, 
geproduceerde energie, gereden afstand, aantal starts en stops gemeten in dit 
experiment, zouden deel kunnen uitmaken van een samengestelde indicator voor 
het voorspellen van de levensduur van brandstofcellen, aangezien een enkelvoudige 
indicator de gecombineerde rij- en V2G-operatie onvoldoende beschrijft. 
 
Systeemontwerpen en technisch-economische scenarioanalyses 

In Hoofdstuk 4 tot 7 worden drie geïntegreerde, 100% hernieuwbare transport- 
en energiesysteemontwerpen in volgorde van toenemende FCEV-aggregatieniveaus 
gepresenteerd: 

1. een ziekenhuis, 
2. een stedelijk gebied, 
3. een heel land. 

De selectie van een ziekenhuis en het stedelijke gebied was het resultaat van vier 
ontwerpcriteria: 

1. locaties waar auto’s vaak geparkeerd staan, in de nabijheid van 
energiegebruikers 

2. schaalbaar in aantal FCEV's, d.w.z. zonder bovengrens, 
3. toepasbaar in alle Europese landen, d.w.z. geen nichemarkten , 
4. repliceerbaar in Europa, d.w.z. de systeemontwerpen moeten minstens 

1.000 keer repliceerbaar zijn. 
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Alle ontworpen 100% hernieuwbare energiesystemen laten zien dat FCEV's kunnen 
worden geïntegreerd in de huidige energiesystemen, voor zowel mobiliteit als het 
leveren van regelbaar balanceringsvermogen. Indien optimaal gepland, is er door 
het leveren van regelbaar balanceringsvermogen een minimale beperking in het 
gebruik van FCEV's voor mobiliteit. De integratie van het ziekenhuis of stedelijk 
gebied kan stukje bij beetje, gedeeltelijk, gedistribueerd en geschaald in de tijd 
gebeuren. 

Hoofdstuk 4 presenteert de resultaten van een 100% hernieuwbaar 
geïntegreerd transport- en energiesysteem voor een ziekenhuis met 526 bedden, 
waarbij alleen lokale energiebronnen worden gebruikt; zonne-energie op het dak, 
windenergie en biogas. Het elektriciteitsverbruiksprofiel van het ziekenhuis is 
gebaseerd op de verbruiksgegevens van het volledig elektrische Reinier de Graaf 
ziekenhuis in Delft. Een heuristische benadering wordt toegepast op de modellering 
en systeemontwerp voor een Mid Century energiescenario (rond 2050). De vraag 
en het gebruik van energie wordt altijd in balans gehouden door middel van 
elektrolyse en het omzetten van waterstof in elektriciteit door minder dan 250 op 
het elektriciteitsnet aangesloten FCEV's (2,5 MW in totaal, 10 kW V2G-vermogen 
elk). 
De huidige ziekenhuizen hebben twee verschillende noodstroomvoorzieningen. 
Hier zouden de zogenaamde ‘Uninterruptable Power Supply (UPS)’ systemen 
kunnen worden vervangen door ongeveer 95 netgekoppelde FCEV's. De 
noodstroomaggregaten hebben een autonomie van zes dagen. Deze zouden deels 
kunnen worden vervangen door het elektrisch vermogen van 250 op het net 
aangesloten FCEV’s en de hogedruk waterstofopslag  bij het waterstoftankstation 
van het ziekenhuis, dit zorgt voor een autonomie van 1 dag . De waterstof in de 
tanks van de FCEV's zou voor nog één dag autonomie kunnen zorgen. Indien nodig 
kan 4 dagen extra autonomie worden gegarandeerd door 5-6 waterstoftank 
opleggers, die elk tot 1.350 kg waterstof kunnen vervoeren. Er wordt hiermee 
voldaan aan de hoge eisen die het ziekenhuis stelt aan de betrouwbaarheid van de 
energievoorziening in noodsituaties. Het ontworpen geïntegreerde transport- en 
energiesysteem voor het ziekenhuis is volledig zelfvoorzienend en 100% 
hernieuwbaar met alleen lokale energiebronnen.  

Hoofdstuk 5 presenteert een conceptueel ontwerpkader voor een 
geïntegreerd transport- en energiesysteem voor een stedelijk gebied op basis van 
gemiddelde Europese statistieken in een gematigd klimaat, d.w.z. een gemiddelde 
zonnestraling, milde winters en gematigde zomertemperaturen. Het stedelijk 
gebied is gebaseerd op een Europees statistisch gemiddelde van gebouwen in de 
woon- en dienstensector en veronderstelt dat alle wegvoertuigen worden 
aangedreven door brandstofcellen op waterstof. 2.000 huishoudens met 4.700 
inwoners zijn een geschikte grootte voor het dimensioneren van een slim stedelijk 
gebied. Statistisch gezien is er namelijk één tankstation en één supermarkt voor dit 
aantal huishoudens. Een jaarlijkse energiebalans en kostenanalyse worden 
uitgevoerd voor een scenario op basis van de geschatte technologieontwikkeling en 
technologie kosten in de nabije toekomst, een ‘Near Future scenario’ (tegen 2025) 
en halverwege de 21ste eeuw, een ‘Mid Century scenario’ (rond 2050). Voor een slim 
stedelijke gebied is een geïntegreerd energiesysteem voor elektriciteit, warmte en 
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mobiliteit ontworpen op basis van zonne- en windelektriciteit, samen met waterstof 
voor energieopslag en transport brandstof waarbij FCEV’s zorgen voor 
elektriciteitsproductie, energiedistributie en mobiliteit. De energievoorziening van 
een slim stedelijke gebied is onafhankelijk van andere energiesystemen en 
netwerken. Met 2.300 FCEV's voor personenauto's in het slimme stadsgebied, die 
elk 10 kW vermogen per auto kunnen leveren, zou de vlootgemiddelde 
capaciteitsfactor 13% en 4,7% worden in respectievelijk het Near Future en het Mid 
Century-scenario. 
Het gebruik van FCEV’s voor mobiliteit en regelbaar balanceringsvermogen, 
geïntegreerd in door hernieuwbare energie voorziene slimme stedelijke gebieden, 
kunnen een kosteneffectieve energie- en mobiliteitsvoorziening bieden. In het Near 
Future scenario bedragen de werkelijke systeemkosten van waterstof voor 
transport 7,6 €/kg, de werkelijke systeemkosten van elektriciteit 0,41 €/kWh en de 
specifieke kosten van waterstof voor personenauto's 0,08 €/km. In het Mid Century 
scenario zijn deze kosten echter veel lager, resulterend in respectievelijk 2,4 €/kg, 
0,09 €/kWh en 0,02 €/km. 

In hoofdstuk 6, in tegenstelling tot hoofdstuk 5 dat gebruikmaakt van 
Europese gemiddelde statistieken, worden twee klimatologisch verschillende 
locaties in Europa behandeld, Hamburg in Duitsland en Murcia in Spanje. Murcia 
heeft een hoge jaarlijkse zonnestraling, milde winters en een van de hoogste 
zomertemperaturen in Europa. Hamburg heeft daarentegen een lage jaarlijkse 
zonnestraling, relatief koude winters en lagere zomertemperaturen in vergelijking 
met Murcia. In hoofdstuk 6 is het model uit hoofdstuk 5 uitgebreid met een 
ondergrondse grootschalige opslag van waterstof in zoutkoepels om de 
seizoensverschillen in de energievraag te overbruggen. De simulatie wordt 
uitgevoerd met een tijdstap van één uur, gebaseerd op vijf opeenvolgende jaren aan 
klimaat- en hernieuwbare energiegegevens. Meerjarige en uurlijkse modellering 
verschaffen beter inzicht in wanneer van FCEV’s balanceringvermogen gevraagd 
wordt. Op basis van nationale statistieken hebben de 2.000 huishoudens in 
Hamburg en Murcia respectievelijk 2.360 en 1.850 personenauto's. Er wordt 
aangenomen dat al deze auto's FCEV's zijn. 
In Murcia is er een betere afstemming op zowel dag- als seizoensbasis, tussen de 
productie van zonne-elektriciteit en het elektriciteitsverbruik van gebouwen 
(gedomineerd door gebouwkoeling in de zomer ten tijde van een hoge opwekking 
van zonne-elektriciteit) dan in Hamburg (gedomineerd door gebouwverwarming in 
de winter ten tijde van een lage opwekking van zonne-elektriciteit). In alle scenario's 
resulteert dit in een 40% kleinere seizoensgebonden waterstofopslag en FCEV V2G 
(FCEV2G) balanceringsvereisten in Murcia dan in Hamburg. In Murcia is overdag 
vrijwel geen FCEV2G balancering nodig. In Hamburg is dit alleen in de zomerperiode 
van het Mid Century scenario het geval, maar niet in het Near Future scenario. 
In Murcia bedragen de gemiddelde jaarlijkse kosten (zonder belastingen en 
heffingen) voor elektriciteit, warmte en mobiliteit in het Near Future scenario 
ongeveer 1.930 €/jaar per huishouden en in het Mid Century scenario 520 €/jaar 
per huishouden. In het huidige fossiele energiesysteem is dit gemiddeld 1.470 €/jaar 
per huishouden in Murcia. In Hamburg bedragen de gemiddelde jaarlijkse kosten 
(zonder belastingen en heffingen) voor elektriciteit, warmte en mobiliteit in het 
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Near Future scenaro ongeveer 2.610 €/jaar per huishouden en in het Mid Century 
scenario 770 €/jaar per huishouden. In het huidige fossiele energiesysteem is dit 
gemiddeld 1.510 €/jaar per huishouden in Hamburg. Dit laat zien dat hernieuwbare 
energie- en transportsystemen in de toekomst goedkoper kunnen zijn dan de 
huidige fossiele energie- en transportsystemen. De reden voor de lagere 
gemiddelde energiekosten voor huishoudens (zonder belastingen en heffingen) in 
Murcia in vergelijking met Hamburg, zijn de lagere werkelijke systeemkosten voor 
waterstof en elektriciteit, maar ook het lagere energieverbruik in Murcia per 
huishouden. De werkelijke systeemkosten voor energie in het Mid Century scenario 
zijn 71 en 104 €/MWh voor elektriciteit en 2,6 en 3,0 €/kg voor waterstof, voor 
respectievelijk Murcia en Hamburg. 

In hoofdstuk 7 worden toekomstige 100% hernieuwbare nationale 
elektriciteits-, verwarmings- en wegtransport energiesystemen van Denemarken, 
Duitsland, Frankrijk, Groot-Brittannië en Spanje voor het jaar 2050 geïllustreerd en 
geanalyseerd. Het totale wagenpark  varieert van 2,3 tot 44 miljoen personenauto's. 
Hiervan wordt aangenomen dat 50% FCEV's en de andere 50% batterij elektrische 
voertuigen, Battery Electric Vehicles (BEV's), zijn. BEV's worden niet gebruikt voor 
V2G elektriciteitsproductie, maar enkel voor mobiliteit. Gezamenlijk hebben 0,5 tot 
8 miljoen geparkeerde en door V2G op het elektriciteitsnet aangesloten FCEV-
personenauto's (5-80 GW vermogen, bij 10 kW per FCEV), het potentieel om de 
geïntegreerde en 100% hernieuwbare nationale energiesystemen volledig te 
balanceren. Samen met waterstofproductie via elektrolyzers (11-154 GW) en 
grootschalige waterstofopslag (6,2-105 TWhH2 HHV, 160-2.700 miljoen kg H2) is de 
energievoorziening altijd gegarandeerd.  
Ten alle tijde is er voldoende FCEV2G-capaciteit beschikbaar, de piekbehoefte is 
nooit hoger dan 43% van de capaciteit van het FCEV2G wagenpark en is de 
bezettingsgraad, de zogenaamde capaciteitsfactor, laag (<6%). Daarom zou het 
gecombineerde elektrisch vermogen van de  FCEV-personenauto’s een 
betrouwbare en complete vervanging kunnen zijn van grootschalige stationaire 
balancerings elektriciteitscentrales. 
De benodigde balanceringsvermogens en seizoensgebonden 
energieopslagcapaciteiten in dit onderzoek zijn vergelijkbaar met andere 
onderzoeken. De grote variatie in balanceringsvermogens en energie 
opslagcapaciteiten gevonden in andere onderzoeken is het resultaat van een 
veelheid aan verschillende invoergegevens voor de modellen. Bijvoorbeeld het 
percentage variabele hernieuwbare elektriciteitsproductie in verhouding tot het 
percentage fossiele elektriciteitsporductie of het aantal en type toegepaste 
balancerings en opslagtechnologieën. 
 
Vergelijking van aggregatieniveaus en conclusies 

Grotere systemen met een gevarieerder elektriciteitsverbruik (residentiële 
en diensten sector) hebben te maken met minder pieken in het elektriciteitsverbruik 
(ten opzichte van het gemiddelde elektriciteitsverbruik). Indirect hebben deze 
systemen ook minder pieken in het benodigde FCEV2G-balanceringsvermogen. 
Afhankelijk van de grootte van het FCEV2G wagenpark en het gemodelleerde 
technologie ontwikkelingsscenario (2015, tegen 2025 of rond 2050), variëren de 
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FCEV2G capaciteitsfactoren meestal van 2% tot 11% in de ontwikkelde energie- en 
transportsystemen. Uitschieters van 0,15-15% komen voor bij het energie en 
transportsysteem van het ziekenhuis in hoofdstuk 4.  Daarentegen zou dit systeem 
ook kunnen worden beschouwd als een onderdeel van een slim stadsgebied. Als 
alleen de resultaten van systemen worden vergeleken die op uurbasis zijn 
gemodelleerd in een techniek ontwikkelingsscenario rond 2050, dan varieert de 
jaarlijkse capaciteitsfactor van het FCEV2G wagenpark,  tussen de 2,1-5,5%. Dit ligt 
in dezelfde orde van grootte als de capaciteitsfactor voor mobiliteitsgebruik van 
circa 3%. Een Europese personenauto rijdt gemiddeld 12.000 km per jaar met een 
snelheid van 45 km/u, wat resulteert in een capaciteitsfactor van 3%. 

Regio's die sterkere seizoenseffecten in het energieverbruik en 
(zonne)energieproductie ondervinden, zullen in de toekomst altijd behoeftehebben 
aan langdurige, seizoensgebonden, energieopslag. Systemen met een groter 
aandeel zonne-energie dan windenergie en met een lagere seizoensgebonden 
behoefte aan gebouwverwarming, vereisen meestal alleen FCEV2G 
balanceringsvermogen tijdens de nacht of vroege ochtenden en avonden. Dit sluit 
ook beter aan bij het reguliere mobiliteitsgebruik van personenauto's. De hiervoor 
genoemde type systemen hebben te maken met lagere FCEV2G capaciteitsfactoren. 
Bijvoorbeeld 2,1% en 3,7% in het zonnige nationale systeem van Spanje en het 
stadsgebied in Murcia. Tegenover 5,5% en 5,0% in het respectievelijk koudere en 
winderigere nationale systeem van Denemarken en het stadsgebied in Hamburg. 
Kortgezegd, de energieproductie en het energieverbruik komen beter overeen in 
Murcia dan in Hamburg. Daardoor is er dus minder FCEV2G balancering, 
seizoensgebonden waterstofopslag, waterstof productie, distributie en tankstation 
capaciteit nodig. 

De focus van dit proefschrift is gericht op een beperkte set van 
balancerings- en opslagtechnologieën op basis van waterstof. Dit biedt de 
mogelijkheid om het maximale potentieel van elektrolysers, ondergrondse 
waterstofopslag en netgekoppelde FCEV's binnen grotere, complexe en 
geïntegreerde energie- en transportsystemen te verkennen. De resultaten tonen 
aan dat deze technologieën een groot technisch en economisch potentieel hebben 
voor het op grote schaal balanceren van energieproductie en consumptie binnen 
complexe en geïntegreerde energie- en transportsystemen. Desalniettemin zullen 
toekomstige energiesystemen een verscheidenheid aan balancerings- en 
opslagtechnologieën gebruiken en daarom moet bij de optimalisatie van de totale 
systeemkosten rekening worden gehouden met alle relevante beschikbare 
technologieën. 

Kortom, volledig hernieuwbare geïntegreerde transport- en 
energiesystemen op basis van waterstof en elektrische brandstofcelvoertuigen,  
hebben het potentieel om zeer betrouwbaar te zijn met vergelijkbare of lagere 
kosten als de huidige, op fossiele brandstoffen gebaseerde energiesystemen. De 
potentie om FCEV’s te gebruiken voor zowel mobiliteit als energiebalancering is 
groot. De beschikbaarheid van het voertuig voor mobiliteitsgebruik wordt vrijwel 
niet beperkt door het V2G gebruik. Daarbovenop komt dat er een grote 
overcapaciteit is in het vermogen van de aanwezige personenauto's en de meeste 
balancering nodig is wanneer het voertuig 's nachts geparkeerd staat. 
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1 Introduction and background 

 Research motivation and background 

1.1.1 Climate goals, clean air, energy consumption 
The urgency to significantly reduce the impacts of climate change is felt around the 
globe. The ‘Paris Agreement’ was adopted by virtually all of the 195 countries of the 
United Nations on December 12, 2015 [4]. 195 governments agreed on a long-term 
goal of keeping the increase in global average temperature to well below 2°C above 
pre-industrial levels and aim to limit the increase to 1.5°C [4]. Air pollution, climate 
change, human health and the environment are intertwined [5]. Climate change and 
air pollution are two major global challenges, the causes and solutions of which are 
closely linked. Europe’s air is getting cleaner but persistent pollution, especially in 
cities, still damages people’s health and the economy [6,7]. As greenhouse gases 
and air pollutants share the same emission sources, benefits can arise from limiting 
emissions of one or the other [6].  
At the same time, there have been some positive developments over the past 
decade. Many countries have enacted climate policies; currently 121 countries and 
454 cities have committed to achieve net zero CO2 emissions by 2050 [8]. Europe 
aims to become the world’s first climate-neutral continent by 2050. To achieve this, 
the European Commission presented the European Green Deal. This new growth 
strategy aims to transform the EU into a fair and prosperous society, with a modern, 
resource-efficient and competitive economy where there are no net emissions of 
greenhouse gases in 2050 and where economic growth is decoupled from resource 
use [9]. 
Currently in the European Union (EU) the sectors contributing more than half of the 
anthropogenic greenhouse gas emissions are the residential and commercial (13%), 
energy supply (28%) and transport (20%, excluding international shipping and 
aviation) sectors [10]. Gross inland energy consumption in the EU-28 in 2017 was 1 
675 Mtoe (19480 TWh, 70.13 EJ) [11], where 14% was provided by renewables. The 
biggest share of the gross inland energy consumption was used in energy conversion 
(25.8%), for example refining crude oil into fuels for transport or coal and natural 
gas into electricity and heat. Final energy consumption in EU-28 in 2017 was 1 060 
Mtoe (12328 TWh, 44.38 EJ), the majority consumed by the transport (31%), 
households (27%) and services (15%) sectors [11]. Most used energy carriers for 
final energy are electricity (22.7 %) and fossil fuels (60%), primarily oil, petroleum 
products and natural gas [11]. Approximately 80% of all oil and petroleum products 
are consumed by the transport sector [12] and transport activity is still expected to 
grow [13]. Estimates indicate passenger transport will increase by 42% by 2050 and 
freight transport by 60% [13]. If no significant change happens, this will result into 
additional pressure on the environment. 
In view of climate change and air pollution, both transport and energy systems need 
to change rapidly into zero emission systems. These systems need to become clean 
while remaining reliable and affordable. This will require major technological, 
organizational and social changes in the energy and the transport system. Major 
transitions in and integration of both systems via direct electrification [14] and as a 
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 second step indirect [15,16] electrification (i.e. electricity to hydrogen, heat), are 
foreseen according to the hydrogen and energy system integration strategies 
[17,18] of the European Union. Hydrogen is regarded to play a major role among 
the indirect electrification strategies and energy carriers [17,19]. 
 

1.1.2 Global sustainable energy system based on low-cost 

renewable electricity, need of storage and transportation of 

energy via hydrogen 
A global sustainable energy system can address aforementioned global challenges. 
Such a system can be constructed by using low-cost renewable electricity combined 
with low-cost storage and transportation of energy via hydrogen or other hydrogen 
carrier. Where useful and cost effective, the electricity produced is directly 
consumed. However, lowest cost electricity is often not sufficiently and not year-
round available in the vicinity of demand centers. The lowest cost electricity can also 
be produced far away from the demand, converted into to hydrogen via water 
electrolysis for low-cost transport and storage of electricity. Electricity 
transportation via hydrogen could be applied on an inter-regional, -national and 
intercontinental scale. Hydrogen can be used directly as a feedstock or fuel but also 
converted back into electricity and heat via a fuel cell, hydrogen gas turbine or boiler 
and so close the ‘hydrogen cycle’ [20,21], see Figure 1-1.  
 

 
Figure 1-1 The hydrogen cycle, lowest cost electricity can be produced far away from the 
demand, converted into to hydrogen via water electrolysis for low cost transport of electricity 
on an inter-regional, -national and intercontinental scale [20,21]. 



 

   3 
  

 

C
h

ap
ter 1

 

The lower electricity production cost can compensate for the introduced storage, 
transport and energy conversion losses (e.g. fuel cell or hydrogen gas turbine) and 
investments compared to local solar electricity production and consumption in 
regions with less strong solar irradiation [20]. Above all, this would make renewable 
electricity available on demand, day and night, summer and winter. 
 
Low-cost renewable electricity 
In many parts of the world including Europe, the cheapest source of new bulk 
electricity generation on an LCOE (Levelized Cost Of Electricity) basis is onshore wind 
and utility scale solar PV, without subsidies [22–25].  Auctions worldwide including 
Europe have reached LCOEs below 20€/MWh for solar [26,27] and below 50€/MWh 
for off-shore wind [28,29]. Especially in sunny regions, solar PV in combination with 
short term 4-hour battery electric storage start even to outperform gas peaker 
plants[30–32], as the cost of battery storage systems have fallen significantly [33–
36]. The availability of large scale and low cost renewable electricity together with 
direct and indirect electrification technologies such as hydrogen for storage and 
transport of energy [14,37–41], make it possible to decarbonize the largest energy 
consuming sectors (power, transport, heating and cooling). The decarbonization will 
cause the electricity generation and consumption to more than double by 2050 
according to the European Commission [42]. Electrification of the energy generation 
also reduces the use of biomass and biofuels to sustainable levels [43–47].  
 
Storage of electricity via hydrogen 
The share of renewable energy sources (RES) in the total energy supply will have to 
increase to more than 80% by 2050. RES have a volatile production profile. Hence, 
a massive increase in flexibility measures in all energy consuming sectors are needed 
for a secure energy system [42,48]. Demand response side management can 
increase flexibility significantly but has its limitations too [49–52]. Matching demand 
and supply for all sectors, therefore, requires versatile, affordable, scalable (from 
distributed to large-scale), reliable and sustainable energy storage. A broad range of 
thermal, mechanical, chemical, electrical and electrochemical storage technologies 
covering all characteristics regarding power, capacity, duration and response is 
available, and several of them will be needed to have a reliable energy system [53–
56]. There will not only be a need for short-term storage of seconds, minutes, hours 
or days, but also large-scale seasonal storage over months up to years [14], similar 
as with today’s natural gas storage [57,58]. In particular decarbonizing the space 
heating demand with primarily wind and solar energy will require large amounts of 
long-term energy storage, as Europe’s annual solar generation profile is close to 
opposite to the space heating demand profile [59–61]. On top of that in the winter 
season so-called ‘dark doldrums’ [62–65] might occur, combined low solar and wind 
production for several weeks. 
Electrical and electrochemical energy storage technologies such as batteries 
(lithium, redox-flow) are more suitable for short term (microseconds to weeks) and 
high cyclic (e.g. once per day or more) energy storage [66]. Although they remain 
relatively expensive for large scale and long-term energy storage [67]. Mechanical 
storage technologies such as flywheels, pumped hydro and compressed air energy 



 

4    
 
 

C
h

ap
te

r 
1

 storage [68] or thermal energy storage have a low storage density. Next to that, 
pumped hydro energy storage is geographically limited [69,70]. These aspects 
remain a drawback to large-scale implementation, especially for seasonal storage 
[68]. In the case of thermal energy storage, the heat loss at higher temperatures 
remains a barrier [69] for seasonal energy storage.  Whereas combining thermal and 
chemical energy storage with Power-to-Heat and Power-to-Hydrogen (ammonia or 
other e-gases and e-liquids) technologies are promising for long-term and large-
scale energy storage and connecting the electricity, heat transport and chemical 
sectors [71,72]. 
 
Transportation of electricity via hydrogen 
As it is the case today for oil, natural gas and biofuels, hydrogen and e-fuels could 
actually become globally traded commodities and imported from regions with 
comparatively cheaper, abundant renewables [17,73–75], often called the ‘new oil 
or LNG’ [76,77]. Imports could help reduce the cost of the transition [20,78] as well 
as possible pressure on domestic resources (land and sea) linked to large-scale 
deployment of renewables [79,80].  When determining the overall economics of 
future energy infrastructure, transportation costs of energy are important [81]. 
Currently, most of the long-distance energy transport occurs via merchant ships and 
pipelines carrying oil or natural gas. Transporting renewable electricity via hydrogen 
gas in pipelines can be several times more cost-effective than via electricity and 
cables [82–85]. Moreover, the existing natural gas transport and distribution 
infrastructure, connecting the majority of homes in Europe, can be reused for 
hydrogen gas transport [86]. Concluding, low-cost renewable electricity in the form 
of hydrogen, can be cost effectively stored and transported on a regional, national 
and intercontinental scale. 
 

1.1.3 Transport sector 
The transport sector in 2017 in Europe was responsible for 31% of the final energy 
consumption, 326 Mtoe (3797 TWh, 13.67 EJ). The energy consumption in transport 
remains dominated by oil products as only 8.9% renewable energy is used for 
transport in 2019 [87]. It will require significant efforts to decarbonize the transport 
sector. 24% of the total EU-28 GHG and 21% of the CO2 emissions, can be attributed 
to the transport sector [10,88]. Here 72% of the total transport CO2 emissions 
originate from road transport [89], of which passenger cars account for 61%.  
About a decade ago, biofuels were generally seen as the only feasible route for near-
term decarbonization of ground transport. However, in the wake of cheap 
renewables, electric powertrains [90–92], lower battery costs [93], “Dieselgate” 
[94], technical maturity and foreseen cost reductions of hydrogen tanks and fuel 
cells (via economies of scale and platinum content reduction) [95–102], 
decarbonization in the entire transport sector is shifting towards direct 
electrification and indirect electrification [103] via so-called ‘e-fuels’, of which the 
main focus is on hydrogen [17], where the Total Cost of Ownership (TCO) is quickly 
reaching break-even with Battery Electric Vehicles (BEVs) and Internal Combustion 
Engine Vehicles (ICEVS) [104]. Biofuel combustion still emits other unwanted 
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emissions, e.g. NOx. The availability of sustainable biomass feedstock [43–47] is 
limited and is in competition with other uses of bio-energy and for bio-based 
materials [105], justifies moving towards electrification of transport. About 16 
countries have banned sales of new fossil fueled cars and other vehicles in the 
period of 2030-2050 and more than 40 cities have banned the use of them 
completely or in certain areas [106,107]. A joint statement signed by seven truck 
manufacturers state that all by 2040 all new commercial vehicles sold must be fossil 
free and have a clear focus on hydrogen [108]. Which is in line with the EU-wide CO2 
emission standards for heavy duty vehicles [109]. 
All kinds of battery electric transport vehicles are becoming increasingly available. 
From motorbikes, forklifts, passenger cars, vans, buses and trucks [110,111] in the 
road transport sector, electric ferries [112] in the maritime [113] and rail sectors 
[111] and small electric airplanes [114]. Indirect electrification is an important 
option in areas where direct electrification runs into technical difficulties. For 
example, transport dealing with large freights, large distances, long operational 
hours, weight limitations or when there is a limited electric grid capacity for charging 
batteries [73,115]. Here hydrogen or hydrogen-based fuels such as ammonia or 
synthetic jet fuel can decarbonize material handling [73,115], light commercial 
vehicles and taxis [73,116] or heavy duty road freight [117], shipping [118], rail [119] 
and aviation [120,121].  
Passenger cars represent one of the largest energy consumers among all energy-
demand technologies in the EU [122,123]. For passenger cars, either battery 
electric, or for the larger passenger vehicles, SUVs and mid-size long range cars, 
hydrogen fuel cell electric is likely the preferred technology to decarbonize [73,116].  
Currently Europe has registered 0.90 million Battery Electric Vehicle (BEV) type 
passenger cars, 0.38% of the total passenger car vehicles stock [124]. In 2020, 1,492 
Fuel cell Electric Vehicle (FCEV) passenger cars are registered in Europe [124].  In 
2019, globally an estimated 18,900 FCEV passenger cars were operational [125]. 
Although currently numbers of registered BEVs are significantly higher than FCEVs 
in Europe, long term scenarios estimate that the distribution between BEV and 
FCEVs for passenger cars ranges between 90:10 and 15:85 [14,73,116,126–132], 
depending on the usage and passenger car vehicle segment [73,116]. 
In contrast to space heating demand, transport fuel demand is relatives constant 
throughout the year (disregarding the Covid-19 impact) [59,61,133]. The daily road 
transport fuel demand (primarily petrol and diesel) is 1-1.3 times the daily electricity 
demand [60,133,134]. With the weekly and seasonal fluctuations of solar and wind 
energy, long term decarbonized energy storage would be needed to secure 
transport energy supply.  
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 1.1.4 Decarbonizing the energy system via sector coupling and 

integration: Hydrogen and its applications  
Energy system integration – the coordinated planning and operation of the energy 
system ‘as a whole’, across multiple energy carriers, infrastructures and 
consumption sectors – is the pathway towards an effective, affordable and deep 
decarbonization of the European economy according to the European Commission 
[18]. Energy technologies, infrastructures and sectoral systems can further optimize 
their contribution to decarbonization when coupled and integrated [14]. Think of 
opportunities allowing the best possible or multiple use of the available resources 
and assets. 
Sector coupling involves the increased integration of energy end-use and supply 
sectors with one another [135]. This can improve the efficiency and flexibility of the 
energy system as well as its reliability and adequacy. Additionally, sector coupling 
can reduce the costs of decarbonization. Furthermore, a more integrated approach 
to energy systems planning is needed. This integration includes production, 
conversion, storage, and demand [136]. Coupling also means that action in one 
sector is heavily dependent on other sector(s) [14]. For example, decarbonization of 
hydrogen production via electrification will not happen unless power generation 
decarbonizes. 
Two major approaches contributing to sector coupling are large-scale electrification 
of energy use in the end-use sectors and the indirect electrification by using 
electricity to produce heat, gaseous or liquid energy carriers for use in the end-use 
[15].  
Indirect electrification via hydrogen gas is a very versatile option as it can facilitate 
the coupling between electricity and buildings, transport and industry [137,138], see 
Figure 1-2 [78]. Besides its versatility, hydrogen is a clean and safe energy carrier 
[138]. Hydrogen produced from renewable electricity and water can enable large-
scale efficient renewable energy integration, provide storage and so act as a buffer 
in times of high energy demand or low energy production. Hydrogen can be stored 
and distributed in the pure form, compressed, liquid or cryo-compressed. 
Furthermore, it can be chemically stored in ammonia (NH3), methanol (CH3OH), 
formic acid (HCOOH), synthetic methane (CH4) or bound to methylcyclohexane 
(MCH) based liquids, often also called ‘Liquid Organic Hydrogen Carriers’ (LOHCs). 
Aforementioned hydrogen storage technologies are very complementary and 
together they can provide the required electrical energy storage and transport 
(section 1.1.2) for the long term and on large scale for all sectors and various types 
of end use, including chemical feedstock [126]. In addition to storage, fuel cells or 
gas turbines can convert hydrogen or its chemically stored version back into 
electricity, on a small and large scale.  
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Figure 1-2  Indirect electrification via hydrogen gas is a very versatile option as it can facilitate 
the coupling between electricity and buildings, transport and industry. Where hydrogen can 
balance energy production and use in location and time, and decarbonise end uses [78]. 

Hydrogen storage for power production also creates synergies with the transport 
sector, where hydrogen can be used as clean transport fuel. The long-term large-
scale hydrogen storage would have a similar function for the transport sector as the 
current strategic storage of crude oil and petroleum products referred to in section 
1.1.3. 
The European Union, China, USA, Germany, Japan, the Republic of Korea, Australia 
and more and more regions are embracing hydrogen as a new energy carrier [139]. 
Mainly because of the technical and operational advantages over batteries in the 
long-range transport sector and ability to decarbonize hard to abate sectors [138]. 
In addition to these advantages, green hydrogen and its applications are expected 
to become competitive with fossil derived hydrogen [73,140–143]. Hydrogen 
technology is maturing and being scaled-up [144,145] and costs of production, 
storage and (fuel cell) applications [73,143] being reduced. More and more 
electrolyser systems are being built and planned [146,147]. The electrolyser capital 
cost are expected to decrease with scaling up electrolyser production facilities and 
system scale [148–150]. Most important, the cost of hydrogen will become cheaper 
with the ongoing reduction of renewable electricity cost [73,78,148].  

 

1.1.5 Large scale seasonal energy and fuel storage, hydrogen and 

“Car as Power Plant” 
As shares of intermittent renewable energy sources increase [151], stationary back-
up power plants [152–154]  will face even lower utilization factors in coming years 
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 and result into expensive back-up or balancing  power [153,155–157]. Present 
research on high renewable European energy scenarios for 2050 use open cycle gas 
turbines (OCGTs) for balancing the electricity grid, fueled by (synthetic) methane or 
hydrogen [37,58,67,158–164]. These research studies indicated large central and 
stationary power plants will have low capacity factors, with estimates of less than 
5% [162,164] and so contributing to a higher total system cost [153,155].  
In the EU-28 in 2018 the primary energy consumption was 18050 TWh [165] of 
which 5077 TWh of natural gas consumption [166] and 7235 TWh of oil and 
petroleum products (excluding biofuels) [165]. Current operational underground 
gas storage facilities have a capacity of 1131 TWh [57]. Underground natural gas 
storage serves mainly as seasonal energy storage [167], for heating demand and 
electricity generation [168]. Also, the concept of large storage of transport fuel is 
not something new. European Member States have an obligation to maintain 
minimum stocks of crude oil and/or petroleum products. Either 90 days of average 
daily net imports or 61 days of average daily inland consumption [169,170], which 
in September 2020 storage was 140 days [171]. For the EU-28, this would 
correspond to about 1200 TWh of crude oil and petroleum products storage. The 
combined underground gas and petroleum products storage capacity is 
approximately 13% of the EU-28 primary energy consumption in 2018, which is in 
the upper range (2-14%) of what Blanco et. Al [48] indicate as storage for future 
100% renewable energy systems.  
In several European long term energy strategy scenarios, the gross and final energy 
consumption will be dominated by electricity [14]. The estimated amount of 
electricity storage ranges from 300-450 TWh, of which 100-200 TWh battery storage 
and 75-175 TWh hydrogen storage [14]. Although studies for Germany, France and 
Spain combined indicate a storage requirement of 24-282 TWh hydrogen [172–174]. 
Sector coupling and energy system integration focuses on the best possible use of 
available assets [14]. Currently passenger cars face low utilization factors and could 
be put to better use while parked. On average, passenger cars drive 12,000 km per 
year at an average annual speed of 45 km/h [175]. They are parked 97 % of the time. 
One promising alternative to stationary back-up and balancing power plants is 
parked and grid-connected electric vehicles (EVs). EVs are able to provide power to 
the grid while parked, which is known as a ‘‘Vehicle-to-Grid‘‘ (V2G) system 
[176,177]. The combined installed power capacity of passenger cars is enormous, 
every year more than 80 million new cars are sold worldwide [2]. In the work of Van 
Wijk et al. [2] “Car as a Power Plant”, the number of cars sold annually is multiplied 
by 100 kW of future installed electric power per car and calculated that 8,000 GW 
of power capacity in cars would be sold each year, see Figure 1-3. The installed 
power plant capacity worldwide is only around 5,000 GW [2]. In Europe around 15.3 
million passenger cars were sold in 2019 [1]. Using the similar “Car as Power Plant” 
analogy as Van Wijk et al. [2], this would equal to 1530 GW of annual sold power 
capacity in passenger cars. Which is more than the 946 GW installed power 
generation capacity in Europe in 2018 [3]. Where this only relates to the amount of 
passenger cars sold per year, not considering commercial vehicles. One car could 
produce electricity for dozens of houses, or thousands could be grouped together 
and replace entire powerplants (Figure 1-3).   
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Figure 1-3 The “Car as a power plant” by Van Wijk et al. [2] 

There are three types of EVs that are suitable for delivering power while parked: 
plug-in hybrid electric vehicles (PHEVs), battery electric vehicles (BEVs) and fuel cell 
electric vehicles (FCEVs) [176,177], where the latter two are more suitable to 
provide silent, decarbonized electricity with zero tail pipe emissions.  In the EU-28 
in 2018 271.5 million passenger cars are in use [1]. In case all would become BEVs 
with a battery of 100 kWh each, they would represent a combined electricity storage 
of 27.15 TWh. That amount is similar to 1-1.5 days of average EU final energy 
consumption in 2050 [14,178]. Hydrogen and derived ‘e-fuels’ are widely considered 
to be more suitable for large scale and seasonal storage, similar to natural gas 
[14,126], see Figure 1-5. In particular, underground salt caverns already in use for 
natural gas [57], could be used for large scale seasonal hydrogen storage. The 
technical potential of underground seasonal hydrogen storage for Europe is 
enormous, 84.8 PWh [179]. Instead of using large scale MW size OCGTs for 
converting the stored hydrogen gas into electricity, parked FCEVs could be used.  
 

1.1.6 Hydrogen FCEV, Vehicle to Grid (V2G), Scientific contribution 
Commercially available FCEVs use proton exchange membrane (PEM) fuel cells (FCs) 
to generate electricity from oxygen from the air and on-board stored hydrogen in 
tanks at 700 bar. In parallel to the fuel cell a high voltage (HV) battery pack is 
connected [180–182], see Figure 1-4 [183]. The battery is used for regenerative 
braking and provides additional power for acceleration. This combination of FC and 
battery is capable of delivering almost every kind of electrical energy service [184], 
from balancing to emergency power back-up [185], primary reserve [176,186,187], 
see Figure 1-5.  
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Figure 1-4 Hydrogen Fuel Cell Electric Vehicle powertrain components [183]. 

The power output of V2G equipment is in the range of 1-100 kW [188] and the fuel 
cell maximum power in a single FCEV is approximately 100 kW and traction battery 
up to 40kW [189]. By using one or several FCEVs in parallel, hydrogen as seasonal 
storage would not only be feasible at a MW scale but also at smaller powers down 
to 1kW. See the red lined box in Figure 1-5, where FCEVs could distribute seasonal 
stored hydrogen to end-user and distribution level (T&D). Due to the quick refueling 
of less than 5 minutes [190], together with the hydrogen from large scale 
underground storage, electricity could be produced for weeks or months and so for 
example overcome the so-called ‘dark doldrums’ [62–65]. By converting seasonally 
stored hydrogen into electricity close to the demand, there is an opportunity to be 
independent of the electricity grid. Figure 1-5, adapted from [126], displays the 
various electricity storage technologies, balancing services and applications on time 
and power scales from microseconds to seasons and kWs to GWs. Currently, the 
power and discharge duration capacities of battery systems, range from kWs up to 
hundred MW and from sub-minute to multiple hours. Electrolysers, hydrogen 
storage and reconversion to electricity via gas turbines, engines or fuel cells, are 
currently regarded as useful storage and balancing technologies in the range from 
several MWs up to GWs with discharge durations of days to seasons. By using 
actively the battery and fuel cell of a few or tens of thousands of aggregated FCEVs 
in combination with seasonally stored hydrogen, kW to GW-scale power generation 
and energy storage from seconds to seasons could be achieved, see the black 
dashed outlined section in Figure 1-5. V2G with a few up to hundreds of FCEVs also 
could provide new services, electricity storage from days to seasons from MW- to 
kW-scale down to the End-user level, which often is the owner of a passenger car, 
indicated via the red outlined section in Figure 1-5. 
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Figure 1-5 Electricity storage technologies, balancing services and applications, adapted 
from IEA [126]. 

Manufacturers are preparing mass production of automotive fuel cell systems 
[191,192], which has the potential to reduce costs to 40-60 US$/kW  [96,98]. These 
costs are approximately ten times lower than the OCGT 2050 installed capital costs 
of 400-600 EUR/kW, at economic lifetimes of 25-35 years [58,159,163,164,193]. 
With ultimate durability targets of 8,000 hours of automotive fuel cells [194], 
economic lifetimes could be over 20 years (400 operational hours per year). 
More than 60 V2G projects with BEVs have already been executed worldwide [195] 
and the V2G concept with BEVs has been researched extensively [196–199], in 
contrast to V2G with FCEVs. In particular there is a lack of research on the design 
and analysis of fully renewable integrated energy and transport systems based on 
V2G with FCEVs. A number of FCEV manufacturers [181,200,201] are developing 
FCEVs capable of providing power to electric appliances (Vehicle-to-Load, V2L), 
small grids or homes (Vehicle-to-Home, V2H) [202], although none claim to have 
connected a FCEV to a national electricity grid. Many studies and pilot projects 
investigate stand-alone and national grid-connected renewable energy systems 
using hydrogen as energy storage and stationary fuel cells for the reconversion of 
the stored hydrogen [203–206]. Some studies use the produced hydrogen for 
transportation [103,207–212] or solely use the fuel cell in the vehicle as an electric 
generator [213–217] without considering hydrogen production. Integration of 
FCEVs through V2G into a local electricity network for operating in island mode, 
emergency power, or balancing local renewables has been done mostly on a smaller 
or a very large scale [218–222]. Some studies include a cost analysis [223,224], but 
then do not compare with a future scenario with improved cost and efficiency 
(scenario and trend analysis) [225], are dependent on the grid electricity, or do not 
include seasonal hydrogen storage [225]. The authors of [226] focus on a small-scale 
system in a specific region without considering hydrogen transportation, although 
includes a future cost scenario. The authors of [227] look into urban areas and road 
transportation in different regions in different Japanese climate zones, but the 
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 described system is not 100% renewable and does not include economics or 
consider V2G electricity services with FCEVs. This indicates there is a lack of techno-
economic studies looking into 100% renewable integrated transport and energy 
system designs, based on electricity and hydrogen energy carriers, where V2G 
connected FCEVs can provide transport and energy services. 

 

 Research goal and questions 
The goal of this research is to explore the techno-economic potential of hydrogen, 
FCEVs, V2G and how these technologies can be integrated into the design of 
affordable, reliable, scalable and 100% renewable integrated transport and energy 
systems. The main research question is: 
 
“How can we design and analyze future 100% renewable integrated transport and 
energy systems, based on electricity and hydrogen as energy carriers, using fuel cell 
electric vehicles for transport, distributing and generating electricity?” 
 
The research sub-questions addressed in this thesis are: 

1. Are commercially available FCEVs suitable to act as balancing power 

plants? 

2. How can we integrate FCEVs, used for transport, distributing and 

generating electricity, into future energy systems? 

3. What impact do European regional characteristics have on the techno-

economic system performance and the usage of FCEVs for transport, 

distributing and generating electricity? 

 

 Thesis outline, methodology, scope and boundaries 

1.3.1 Thesis outline and methodology 
The organization of this thesis and the relation between the six chapters and the 
three sub-questions, as well as the research methods used, are presented in Table 
1-1 and Figure 1-6. To answer the three sub-questions, six topics are formulated and 
treated in chapters two to seven, see Table 1-1. In Figure 1-6, the arrows and 
chapter numbers indicate the preferred reading order. This thesis uses three 
research methods to design and analyze future 100% renewable integrated 
transport and energy systems based on electricity and hydrogen as energy carriers, 
where fuel cell electric vehicles are used for energy balancing. See Figure 1-6, the 
first research method is an experimental, proof of principle approach (Chapters 2 
and 3), the second method is the combination of system design, a heuristic modeling 
approach and simulation (Chapters 4 to 7), and third, a techno-economic scenario 
analysis (Chapters 5 and 6). Aggregating the power of cars make it possible to serve 
different levels of power requirement. Therefore Figure 1-6 also indicated the level 
of aggregated cars in the chapters. 
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After the introduction and background in section 1.1, Chapter 2 titled Fuel 
Cell Electric Vehicle-to-Grid: Experimental Feasibility and Operational Performance 
as Balancing Power Plant, starts with an experimental, proof of principle approach. 
The aim of this chapter is to analyze whether current commercially available FCEVs 
and V2G technology, are technically suitable for providing balancing power in 
renewable energy systems and to highlight integration aspects. Here a commercially 
available hydrogen FCEV from the brand Hyundai, type ix35 FCEV forms the basis of 
the experimental set-up. Vehicle-to-Grid Modifications have been made to the 
vehicle and a variable power discharger connected to the Dutch national electric 
grid has been built. The discharger can simulate various loads to analyze the 
performance, internal power management and component behavior of the FCEV in 
V2G mode. Performance of the FCEV is analyzed while simulating several electricity 
balancing services such as spinning reserve, continuous power, power gradients, 
start-up time. Impact of basic parameters such as hydrogen fuel cost, electrical 
efficiency on the cost of generated electricity is discussed. Gaps in development and 
research, are highlighted such as dedicated power management strategies for V2G 
services as well as the degradation of fuel cell in V2G mode and its impact on the 
cost of generated electricity. 

Chapter 3, Hyundai ix35 fuel cell electric vehicles: degradation analysis for 
driving and vehicle-to-grid usage, dives further into the topic of fuel cell degradation 
and is based on an experimental approach. Three Hyundai ix35 FCEVs are used for 
driving only and one Hyundai ix35 FCEV is used for both driving and V2G services. 
Fuel cell stack and vehicle usage data is gathered and analyzed. Then the relevance 
of several durability indicators is discussed with respect to the combined driving and 
V2G usage of FCEVs. 

FCEVs can be integrated at a range of aggregation levels, for meeting 
various needs, in different environments and distinct geographic locations facing 
other renewable energy patterns and load demands. Integration of vehicles into 
energy systems and designing future concepts requires first a thorough analysis of 
the usage of vehicles and other energy and hydrogen generating, handling and 
consuming equipment. In addition to insights in energy use in the various sectors, 
technology trends, cost and development of new (hydrogen) technologies, 
operational aspects of end-users, are just a grasp of subjects related to future 
energy and transport systems. Once future integrated systems are designed, 
simulations can be run to analyze both the designed future energy system 
performance and the role of the integrated cars in the designed systems.  

Chapter 4, titled Fuel cell electric vehicle-to-grid: emergency and balancing 
power for a 100% renewable hospital, adopts a heuristic approach to the modeling 
and system design. Hospitals are one of the most energy demanding buildings and 
require a high reliability of energy supply. A 100% renewable and reliable integrated 
transport and energy system for a hospital is designed using only urban energy 
sources. The car park at the hospital with 500 places can easily host the FCEVs 
providing balancing electricity. In addition to that, it is analyzed whether the FCEVs 
via V2G connections can replace the hospital’s uninterruptable power supply (UPS) 
and emergency diesel power generator system. To analyze the system performance, 
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 an hourly simulation is performed using local renewable energy and demand data 
as an input. 

From an aggregation level of 500 cars in Chapter 4, Chapter 5, Fuel cell 
electric vehicle as a power plant: Fully renewable integrated transport and energy 
system design and analysis for smart city areas, aggregates around 2300 cars. The 
chapter describes a conceptual design framework based on a heuristic approach and 
covers the future energy consumption of the residential, services and road transport 
sectors in Europe. The chapter starts with an extensive gathering of European 
statistics of vehicle and energy use in urban environments. Integrated system 
requirements are formulated and result into a system design and technology choice. 
The technical and cost data of the chosen technology is gathered for a so-called 
‘Near Future’ (around 2020) and ‘Mid Century’ (around) 2050 technology 
development scenario. This data serves as an input to the annual energy balance 
and is used to estimate the operational system performance and component 
systems sizing. Based on the technical analysis a levelized cost of energy analysis 
method is applied to the integrated system and performed for the two scenarios.  

Chapter 6 is a detailed and a more extensive continuation of the conceptual 
design work of Chapter 5.  Fuel Cell Electric Vehicle as a Power Plant: Techno-
Economic Scenario Analysis of a Renewable Integrated Transportation and Energy 
System for Smart Cities in Two Climates, focuses on two specific locations: Murcia 
in Spain and Hamburg in Germany. The model design of Chapter 5 is extended by 
including seasonal hydrogen storage technology. Whereas here the simulation is 
performed with an hourly time step, based on five consecutive years of local climate 
and renewable energy data. This also allows to perform an inter-annual variability 
analysis of wind and solar energy production on the cost of energy. In contrast to 
Chapter 5 where long-term annual average European climate and renewable energy 
production and consumption data was used. The technical and cost data of the 
chosen technology in Chapter 5 for the so-called ‘Near Future’ scenario, are in 
Chapter 6 adjusted with cost estimations from literature for the period around 2025 
instead of 2020.  

The highest aggregation level is reached in Chapter 7, Fuel cell electric 
vehicles & hydrogen balancing national 100% renewable integrated transportation 
& energy systems, which explores the feasibility of systems with 1-20 million cars. 
An energy system is designed and modeled for five European countries adopting a 
heuristic approach. The energy systems are fully self-sufficient and 100% renewable 
and consist of the national electricity, space heating and road transport sectors. 
Existing country renewable energy scenarios for the year 2050 serve as an input for 
the simulation or are adapted to 100% renewable energy scenarios in case of not 
being 100% renewable. Hourly simulations of all energy flows for all five countries 
are done. The simulations are run for multiple consecutive years and will address, if 
any, inter-annual variability effects of renewable energy production on the seasonal 
hydrogen storage and balancing with FCEV2Gs. 
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Table 1-1 Relation between sub-questions and chapter topics. 

  Sub-questions 

Chapter Topic 1 2 3 

2 Fuel Cell Electric Vehicle-to-Grid: Experimental Feasibility 
and Operational Performance as Balancing Power Plant 

X   

3 Hyundai ix35 fuel cell electric vehicles: degradation analysis 
for driving and vehicle-to-grid usage 

X   

4 Fuel cell electric vehicle-to-grid: emergency and balancing 
power for a 100% renewable hospital 

 X  

5 Fuel cell electric vehicle as a power plant: Fully renewable 
integrated transport and energy system design and analysis 
for smart city areas 

 X X 

6 Fuel cell electric vehicle as a power plant: Techno-economic 
scenario analysis of a renewable integrated transportation 
and energy system for smart cities in two climates 

 X X 

7 Fuel cell electric vehicles & hydrogen balancing national 
100% renewable integrated transportation & energy 
systems 

 X X 
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Figure 1-6 – Structure of this thesis, giving an overview between the 6 chapters, 3 research 
methods, and the aggregation level of cars in the chapters. The arrows and chapter numbers 
indicate the preferred reading order.  
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1.3.2 Scope and boundaries 
System integration or sector coupling impacts the energy system at several levels: 
physical and communications (i.e. technologies, infrastructures), functions and 
services (e.g. for business, for consumers), market (regulation, transactions) [14], 
this thesis is limited to physical level and will relate outcomes to possible functions 
or services. The main focus is to explore the technical potential of V2G with FCEVs 
and to highlight any potential operational restrictions or integrations aspects.  
The systems designs are focused on regions in Europe only. Hence, European 
statistics on energy consumption, vehicle usage, renewable energy sources, climate 
related data etc. are used. Abundant and widely available energy sources such as 
solar PV and wind form the basis to design the 100% renewable energy and 
transport systems on the different aggregation levels. Depending on the 
aggregation levels, other renewable energy sources such as hydropower or biomass 
have a minor role and their role in the energy mix are assumed not to expand 
compared to today’s share. 
Any storage of energy is in the form of hydrogen. There is a trade-off between 
number of balancing and storage options, and the ability to isolate and to explore 
the maximum technical potential of a specific technology within larger, complex and 
integrated energy systems. For that purpose, this thesis limits itself to use only 
FCEVs to convert stored hydrogen into electricity, even though a large variety of 
commercially proven technologies able to convert hydrogen into electricity exist 
(e.g. gas turbines).  
As several hydrogen and fuel cell technologies are still in the early stages of 
development, here only technologies which had a Technology Readiness Levels of 
at least 7 (as defined by the European Commission) in 2015 or preferably higher are 
considered [228]. Quoting the European Commission’s TRL 7 definition; “ TRL 7 – 
system prototype demonstration in operational environment”. In addition to the 
TRL requirement, in case of hydrogen technologies serving the same purpose, 
technologies being commercially more attractive or available at large power scales, 
have a preference. For example hydrogen production from electricity and water, 
only PEM or alkaline electrolyser technologies are considered, e.g. not solid oxide 
or alkaline membrane electrolysis technology. In a similar manner, only hydrogen 
fuel cell electric vehicles with proton exchange membrane fuel cells are considered, 
not solid oxide or any other type of future fuel cell being in early stages of 
development. 
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2 Fuel Cell Electric Vehicle-to-Grid: Experimental 

Feasibility and Operational Performance as 

Balancing Power Plant 
 
The research presented in this chapter has been published in [229]. The work in this 
chapter tries to address research sub-question 1 “Are commercially available FCEVs 
suitable to act as balancing power plants?” and use an experimental, proof of 
principle method. 
 

 Abstract 
The world’s future energy supply will include intermittent renewable sources, such 
as solar and wind power. To guarantee reliability of supply, fast reacting, 
dispatchable and renewable back-up power plants are required. One promising 
alternative is parked and grid-connected hydrogen-powered Fuel Cell Electric 
Vehicles (FCEVs) in ‘Vehicle-to-Grid’ systems. We modified a commercial FCEV and 
installed an external 9.5 kW three-phase alternating current (AC) grid connection. 
Our experimental verification of this set-up shows that FCEVs can be used for 
mobility as well as generating power when parked. Our experimental results 
demonstrate that present-day grid-connected FCEVs can respond to high load 
gradients in the range of -760 % s-1 to +730 % s-1, due to the parallel connection of 
the high voltage battery and the fuel cell stack. Virtual power plants composed of 
multiple grid-connected FCEVs could perform higher power gradients than existing 
fast-reacting thermal power plants with typical power gradients of 1.67 % s-1. 
Hydrogen consumption in 9.5 kW AC grid-connected mode was 0.55 kg h-1, resulting 
in a Tank-To-Grid-AC efficiency of 43% on a Higher Heating Value basis (51% on a 
Lower Heating Value basis). Direct current to alternating current efficiency was 95%.  
 

 Introduction 
As shares of intermittent renewable energy sources increase [152], stationary back-
up power plants [152–154,230,231] will face even lower utilization factors in coming 
years and require expensive back-up power [152,153,155,156,232]. Passenger cars 
also face low utilization factors and could be put to better use while parked. On 
average, passenger cars drive 12,000 km per year [175] at an average annual speed 
of 45 km h-1 [175]. They are parked 97% of the time. One promising alternative to 
stationary back-up power plants is parked and grid-connected Electric Vehicles 
(EVs). EVs are able to provide power to the grid while parked, which is known as a 
‘Vehicle-to-Grid’ (V2G) system [176,177]. The combined installed power capacity of 
passenger cars is enormous [2]. Every year, more than 80 million new cars are sold 
worldwide. Van Wijk et al. [2] multiplied the number of cars sold annually by 100 
kW of future installed electric power per car and calculated that 8,000 GW of power 
capacity in cars would be sold each year. The installed power plant capacity 
worldwide is only around 5,000 GW [2].  
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There are three types of EVs that are suitable for delivering renewable power while 
parked: Battery Electric Vehicles (BEVs), Plug-in Hybrid Electric Vehicles (PHEVs) and 
Fuel Cell Electric Vehicles (FCEVs) [176,177]. This article focuses on FCEVs for V2G 
use. Commercially available FCEVs use Proton Exchange Membrane Fuel Cells 
(PEMFCs) to convert hydrogen into electricity and have a high voltage (HV) [233] 
battery connected in parallel [180–182]. The battery is used for regenerative braking 
and provides additional power for acceleration. This combination of FC and HV 
battery is capable of delivering almost every kind of electrical energy service [184], 
from balancing to emergency power back-up [185], primary reserve [177,186,187] 
or reconverting hydrogen from seasonal hydrogen energy storage in underground 
salt caverns [185]. Hundreds of grid-connected FCEVs sitting in parking lots could 
function as local power plants [221] and balance entire cities and countries [234], 
resulting in cost-effective balancing power for intermittent power sources [235].  
Brauner et al. [153] identified the following operational requirements for balancing 
power plants in the future, once high shares of intermittent renewables have been 
achieved, and particularly in cases where large-scale pumped storage is limited or 
unavailable: 
1. ability to perform high power gradients (≥ 0.05 % s-1 of all plants in the grid 

combined); 
2. ability to be operated at low minimal generation (e.g. 15–20% instead of 40%); 
3. high efficiency under partial load as well as nominal load (e.g. 25% instead of 

50% partial load); 
4. high number of start-ups and shutdowns (e.g. 0.5 start-ups and shutdowns per 

day instead of 0.25 start-ups and shutdowns per day); 
5. ability to schedule cars in the face of an insecure day ahead energy prognosis. 
 
Brauner et al. stated [153] that, for a load gradient of 15 GW h-1 in the grid, 
approximately 25 GW of flexible power plants with 0.0167 % s-1 of power capacity 
must be available for the German electricity system in 2020. However, the available 
capacity could be reduced to 8 GW if an ability of 0.05 % s-1 could be achieved. 
Aeroderivative open-cycle gas turbines and gas engines can reach 1.67 % s-1 under 
hot start conditions [236–239], reducing the available capacity to 0.25 GW – this 
amount corresponds to 25,000 cars at a rated capacity of 10 kW. Increasing the 
ability to perform high power gradients reduces the number of power plants in hot 
standby and economizes energy [153].  
The question therefore arises as to whether grid connected FCEVs can fulfil these 
requirements. In order to gain insight and answers to this question, in this study, we 
analyzed the feasibility and operational performance of a commercial Hyundai ix35 
FCEV [180] modified for V2G purposes combined with a 9.5 kW three-phase AC 
(Alternating Current) grid connection [240].  
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 Experimental 
A number of FCEV manufacturers [181,200,201] are developing FCEVs capable of 
providing power to electric appliances (Vehicle-to-Load, V2L), small grids or homes 
(Vehicle-to-Home, V2H) [202], although none claim to have connected an FCEV to a 
low-voltage national AC grid. At the Car as Power Plant project at The Green Village 
in The Netherlands, we modified a Hyundai ix35 FCEV to include a power outlet plug 
and designed a discharge unit that connects the car to the Dutch national electricity 
grid (see Figure 2-1).  

 
Figure 2-1 Experimental Fuel Cell Electric Vehicle-to-Grid (FCEV2G) set-up at The Green Village, 
Delft University of Technology, Delft, The Netherlands. 

We have conducted experiments with the car in idling mode (simulated ‘spinning 
reserve’ mode) since January 2016. Since July 2016, we have carried out further 
experiments with the car connected to the grid and delivering 9.5 kW three-phase 
AC power. We measured the performance of the FCEV in both V2G and idling mode 
by analyzing the data obtained from various sensors, the discharge unit, and a data 
logger installed in the car in MATLAB®. 
The experimental set-up consisted of three main components: 
1. a modified commercially available Hyundai ix35 FCEV [180,241] with a V2G DC 

(Direct Current) outlet plug; 
2. a Vehicle-to-Grid DC-AC discharge unit (V2G-DCAC) that converts DC power in 

the range of 300-400V received from the FCEV into three-phase AC power at 
380V. The power discharge setting can be manually defined in the V2G-DCAC. 
DC switching safety and grounding was incorporated in the V2G-DCAC unit; 

3. a three-phase 380V AC grid connection including fuses and kWh meter. 
 

2.3.1 Modified Hyundai ix35 FCEV for V2G Purposes 
The modified Hyundai ix35 FCEV [180,241,242] has a 100 kW FC on board. In parallel, 
we connected an HV battery with Bi-directional High-voltage DC-DC Converter 
(BHDC) to the HV Junction Box (HVJB) [241,242]. These components and 
connections are illustrated in Figure 2-2, which provides a scheme of the electrical 
architecture of the FCEV and the modifications.  
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Figure 2-2 Scheme of electrical architecture of the FCEV and V2G modification. 

The battery has an energy capacity of 0.95 kWh and a maximum power output and 
input of 24 kW [242]. The electric motor that powers the wheels has a maximum 
power of 100kW. The modifications consisted of an extra parallel connection in the 
HVJB for the DC outlet protected by a fuse [243] and activated by a relay switch 
[244]. We replaced the front bumper of the car with an adapted version to 
accommodate a Type 1 SAE J1772 [245] socket (see Figure 2-3).  

 
Figure 2-3 V2G Type 1 Socket integrated in the front bumper. 
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We used the socket for the DC connection to the V2G-DCAC discharge unit. Finally, 
we installed a software update for the car along with a dashboard activation button 
(see Figure 2-4) that also activates the Cold Shut Down procedure (CSD).  

 
Figure 2-4 New dashboard V2G activation button also initiates Cold Shut Down. 

We made no further adaptions to the FCEV. We maintained the vehicle’s road access 
permit, in accordance with the requirements of the Dutch National Vehicle and 
Driving License Registration Authority (RDW). We logged the FC and HV battery 
operating voltage, current, and other power system-related parameters at a 
frequency of 1 to 5 Hz using a CAN bus data logger [246]. 
 

2.3.2 Vehicle-to-Grid DC-AC Discharge Unit  
We fitted every component of the V2G-DCAC unit in a weather-proof enclosure, see 
Figure 2-5.  
Figure 2-6 illustrates the simplified electrical architecture of the V2G-DCAC and its 
main components. We connected the FCEV with the V2G-DCAC via a Type 1 socket 
and cable with plugs. We mounted a red-colored combined start-up and shutdown 
button that must be unlocked with a key. Cooling fins on the back of the enclosure 
enhanced possible heat dissipation for the three-phase grid-tie inverter [247]. The 
DC input and AC output voltages and currents were monitored every five minutes 
by the inverter and sent to an internet server. We programmed an Arduino shield 
[248] to establish a connection between the FCEV power outlet and the three-phase 
AC grid connection. The proximity detection and control pilot [245] and the lockable 
start button served as inputs for the control logic. The Arduino shield controlled the 
inverter, the DC relay, the three-phase switches, the relay and the Red-Blue-Green 
(RGB) LED strip indicating the current status. We installed a galvanic isolation 
transformer between the three-phase switches and the AC grid connection to 
prevent any stray voltage incidents [249]. 
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Figure 2-5 V2G-DCAC unit connected to the FCEV.           

      

Figure 2-6 Simplified electrical architecture of the V2G-DCAC connecting the FCEV to the AC 
grid. 
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2.3.3 AC Grid Connection 
The three-phase 400 V AC grid connection included a C-characteristic circuit 
breaker, a Class B ground fault circuit interrupter and an electricity meter. 
 

2.3.4 Operation and Safety Fuel Cell Electric Vehicle-to-Grid  
To commence delivering power to the grid, we start the inverter and synchronize 
with the electric grid upon activating the combined start-up and shutdown button. 
The inverter can be started up either before or after connecting the V2G cable and 
starting up the FCEV. To stop delivering power to the grid, we first switch off the AC 
load, in this case by switching off the inverter. The FCEV is programmed such that 
the V2G DC HV relay [244] opens the instant we switch the FCEV in V2G mode off or 
disconnect a load. This strict switch-off sequence could be avoided by applying DC 
arc suppression and contact protection [233,250,251]. 
 

2.3.5 Test Time, Start-up Time and Power Gradient Measurements 
We drove the FCEV prior to performing each test and therefore only examined 
‘warm starts’ in V2G mode. During the V2G tests, we elected to start the FCEV up 
before applying any load (switching on the inverter), which enabled us to monitor 
load-switching behavior. The data logger in the FCEV was actively monitoring before 
any load was applied; therefore the time during which the FCEV was switched on, 
ttest, was always somewhat longer than the grid connection time, tgrid. We calculated 
this as the difference between the end time and start time of the V2G tests using 
Equation (2.1): 
 

   test end startt t t= ─    (2.1) 

 
This difference in test time with respect to the grid connected time is called the Grid 
Connect/Disconnect time, tGC/D. The Grid Connect/Disconnect time was partly 
defined by the inverter start-up and grid frequency synchronization time 
(approximately 1 minute) and the user’s lingering time. We calculated this using 
Equation (2.2): 
 

/   GC D test gridt t t= ─    (2.2) 

 
We calculated the gross electric power, Pcomponent,e,gross, of the component, either the 
FC or the HV battery, by the product of the voltage, Ucomponent, and gross current, 
Icomponent,gross, of the FC stack and battery every 0.2 s (5 Hz sample frequency) using 
Equation (2.3): 
 

, , ,·component e gross component component grossP U I=    (2.3) 
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We measured the upward and downward power gradients of the FC and HV battery 
in V2G mode. The power gradients, ΔP Δt-1

, are expressed in kW s-1 and were 
calculated using Equation (2.4):  
 

( )1

, ,  @ 0.2 , ,  @   /  0.2 component e gross t s component e gross tP t P P s−

+  = ─  

  
(2.4) 

 
The power gradients are also expressed in % change of maximum power per second 
% s-1, negative for downward gradients and positive for upward gradients, as shown 
in Equation (2.5): 
 

1 1

2   / V G DC maxP t P t P− −  =      (2.5) 

 
The maximum V2G DC power, PV2G DC max was 10 kW. Electric powers were measured 
every 0.2 seconds (5 Hz sample frequency).  

 

2.3.6 Efficiency FCEV2G and Hydrogen Consumption 
The efficiency of the combined FCEV and V2G-DCAC system is called Tank-To-Grid 
AC (T2G-AC) efficiency, ηTTG-AC, was calculated using Equation (2.6): 
 

( )2  H2  /T G AC AC HV BatE E E − = +     (2.6) 

 
where EAC is the three-phase AC electrical energy delivery to the grid. ΔEHV Bat is the 
difference in HV battery energy. EH2 is the hydrogen energy consumption, which we 
calculated using Equation (2.7): 
 

H2H2 · E m HHV=     (2.7) 

 
based on the hydrogen HHV of 39.41 kWh kg-1. We calculated the difference in HV 
battery energy by multiplying the difference in State Of Charge, ΔSOC, of the HV 
battery at the start and the end of the test with the maximum energy capacity, EHV 

Bat, max, of 0.95 kWh [242], using Equation (2.8): 
 

  , ·HV Bat HV Bat maxE SOC E =     (2.8) 

 
This is a simplification of the HV battery characteristics since capacity according to 
C-rate and temperature [252,253], but we were unable to take a more accurate 
approach due to lack of battery-specific information. We therefore included the 
charging and discharging efficiency of the HV battery in the ηT2G-AC, as well as the 
BHDC conversion efficiency. We calculated the hydrogen consumption, ΔmH2, by the 
difference in hydrogen density at the start and end of the test, ρstart and ρend, 
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multiplied by the fixed volume capacity of 0.144 m3 [180] of the hydrogen tanks, 
Vtanks, on board as shown in Equation (2.9):  

( )2 , , , ,· ,  ,  H tanks start tanks start tanks start end tanks end tanks endm V p T p T    =  ─  

  (2.9) 
 
We calculated hydrogen density using measured hydrogen tank pressures, ptanks,start 
and ptanks,end, and temperatures, Ttanks,start and Ttanks,end, at the start and end of the 
test and REFPROP software [254].  We calculated inverter efficiency, ηDCAC, by 
dividing the delivered AC Energy, EAC, by the incoming DC energy, EDC, as shown in 
Equation (2.10):  
 

/DCAC AC DCE E =    (2.10) 

 
We calculated the Tank-to-Grid DC efficiency, ηT2G-DC, which may be considered an 
approximation of the efficiency of the FC and HV Battery system, as per Equation 
(2.11): 
 

2 2 /T G DC T G AC DCAC  − −=    (2.11) 

 
We calculated the hydrogen consumption rate, ΔmH2 Δt-1, by dividing the hydrogen 
consumption obtained in Equation (2.9) by the duration of the test obtained in 
Equation (2.1), as shown in Equation (2.12): 
 

1

H2 H2 / testm t m t−  =     (2.12) 

 
We obtained the hydrogen consumption in ‘spinning reserve’ mode [186] by 
keeping the FCEV in idling mode. In the spinning reserve case, no power was 
delivered to either the grid or the electric motor. The cabin heating and cooling, 
entertainment and navigation devices and lighting were all switched off. During the 
V2G tests, in addition to delivering power to the grid, the FC and HV battery also 
deliver power to the on-board devices which cannot be switched off manually, such 
as FC auxiliary components and instruments. All of the calculated efficiencies 
include any hydrogen and HV battery energy use by the FCEV during the Grid 
Connect/Disconnect time. 
 

 Results and Discussion 

2.4.1 Selection of Tests 
We have carried out experiments with the car in idling mode (simulated ‘spinning 
reserve’ mode) since January 2016. The duration of all ‘spinning reserve’ tests was 
over nine hours, which equates to more than 0.35 kg of hydrogen consumption. 
Since July 2016, we conducted tests with the car connected to the grid and 
delivering three-phase 9.5 kW AC power. Although ambient conditions such as 
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temperature, wind speed, wind direction and solar radiation can all influence the 
cooling of the FC in 9.5 kW AC V2G mode, we did not investigate these factors for 
the purposes of this study. We selected tests based on similar coolant temperature 
and pump angular velocity behavior during the test. From the period between July 
2016 and April 2017 (see Table 2-1), we selected eight V2G tests.  
 
Table 2-1 Maximum downward (↓) and upward (↑) power gradients of the FC and HV 
battery expressed in kW s-1 and % s-1 of maximum power output. Eight tests at 9.5 kW AC 
V2G conditions were performed and the values averaged. 

 Date ttest tGC/D   ↓ ΔPFC Δt-1 ↑ ΔPFC Δt-1 ↓ ΔPHV BAT Δt-1 ↑ ΔP HV BAT Δt-1 

# DD-MM-
YY 

h:mm h:mm kW s-1  % s-1 kW s-1 % s-1 kW s-1 % s-1 kW s-1 % s-1 

1 15-08-16 5:51 0:05 -43 -430 73 730 -77 -770 32 320 

2 16-08-16 7:05 0:05 -48 -480 72 720 -76 -760 30 300 

3 13-02-17 6:05 0:05 -47 -470 73 730 -78 -780 51 510 

4 14-02-17 5:59 0:05 -53 -530 72 720 -74 -740 38 380 

5 15-02-17 6:06 0:04 -47 -470 73 730 -76 -760 41 410 

6 17-02-17 6:06 0:04 -46 -460 74 740 -77 -770 57 570 

7 11-04-17 5:56 0:03 -48 -480 73 730 -77 -770 54 540 

8 12-04-17 6:26 0:19 -42 -420 72 720 -76 -760 39 390 

            

Mean -47 -470 73 730 -76 -760 43 430 

Sample standard deviation 3 34 1 5 1 11 10 100 

 

The results of the V2G test conducted on February 13, 2017 are used as an 
illustrative example throughout this paper. Figure 2-7 shows the coolant 
temperature entering and leaving the radiator during the entire duration of the 
February 13, 2017 test.  
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Figure 2-7 Coolant temperatures and pump angular velocity at 9.5 kW AC V2G for the entire 
test duration of 6 hours and 5 minutes on February 13, 2017. 

Figure 2-8 shows a more detailed pattern for the period between 6000 to 7000 
seconds for the coolant temperature difference and pump angular velocity.  

 

Figure 2-8 Pump angular velocity and coolant temperature difference for the 7000 to 8000 
seconds period for the test on February 13, 2017. 
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All eight V2G tests selected showed similar coolant temperature and pump angular 
velocity behavior and were characterized by a period of an elevated pump angular 
velocity of up to 367 rad s-1 and temperatures of up to 70 °C. Subsequently, the 
coolant temperatures and pump angular velocity decreased and stabilized to 60-64 
°C and 157 rad s-1, respectively. The exceptions were tests 5 and 8, in which there 
was a short period at the end of the test with elevated coolant pump angular 
velocity and temperatures. 
 

2.4.2 Power Gradients 
As an example, Figure 2-9 shows the gross electric power of the FC and HV battery 
over a period of 6 hours and 5 minutes of the test on February 13, 2017.  

 
Figure 2-9 FC and HV battery gross electrical power for the entire test duration of 6 hours and 
5 minutes on February 13, 2017. 

Figure 2-10 zooms into the period from 7000-8000 seconds (1 hour 56 minutes to 2 
hours 13 minutes). Although the V2G AC output was fixed at a constant 9.5 kW, the 
FCEV power management alternated between FC and HV battery power. The FC 
delivered power to the grid and recharged the HV battery. Figure 2-10 and Figure 
2-11 show that once the HV battery reached an SOC of 57.5%, the FC was switched 
off and HV battery was discharged to an SOC of 42.5%. 
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Figure 2-10 FC and HV battery gross electrical power for the 7000 to 8000 seconds period for 
the test on February 13, 2017. 

 
Figure 2-11 Hydrogen mass in tanks and HV battery state of charge (SOC) cycling for the 7000 
to 8000 seconds period for the test on February 13, 2017. 
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The power management switched between FC and HV battery power. The executed 
V2G measurements can therefore also be used to analyze the power gradients of 
the FC and HV battery. The results of the power gradient analysis are set out in 
Figure 2-12, Figure 2-13 and Table 2-1.  

 
Figure 2-12 Downward and upward power gradients of the FC and HV battery for the entire 
test duration of 6 hours and 5 minutes on February 13, 2017. 

 
Figure 2-13 Downward and upward power gradients of the FC and HV battery for the 7000 to 
8000 seconds period for the test on February 13, 2017. 
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The mean maximum downward and upward power gradients of the FC were -47 kW 
s-1 (-470 % s-1) and +73 kW s-1 (+730 % s-1) respectively, at the sample frequency of 
5 Hz. Sample standard deviations are 3 and 1 respectively. The mean maximum 
downward and upward power gradients of the HV battery are -76 kW s-1 (-760 % s-

1) and +43 kW s-1 (+430 % s-1) respectively, at the sample frequency of 5 Hz. Sample 
standard deviations are 1 and 10 respectively. From these results, we concluded 
that the FC and the battery in particular are capable of responding many times faster 
than fast-reacting small-scale (< 60MW) aeroderivative open-cycle gas turbines and 
gas engines, with respective maximum values of 0.3% s-1 for cold start and 1.67 % s-

1 for hot start [236–239]. General Electric’s LM6000 Hybrid Electric Gas Turbine 
combines a fast-reacting gas turbine with a large battery [255], which could be 
viewed as a forerunner of even faster-reacting combined FC battery balancing 
power plants. Combining the output of millions of grid connected FCEVs would 
create so-called Virtual Power Plants [198,256] with – in theory – unlimited 
capacities and could balance entire cities [235] and national electricity grids. If the 
FC and HV battery power were combined, even higher absolute downward and 
upward power gradients of -123 kW s-1 and +116 kW s-1 respectively could be 
achieved (taking into account the 5Hz sample frequency). Relative power gradients 
in % s-1 can be tailored to the requirements of energy services [184,186,187] by 
selecting different FC and battery power capacities. 
The impact of additional V2G load ramps and different power management 
strategies on the durability of the combined FC and battery system is yet to be 
quantified. Many studies focus primarily on V2G impact [257–262] on batteries in 
BEVs, but little is known about how the V2G mode will impact FC degradation in 
FCEVs.  
It is estimated that, during a vehicle’s lifetime, the powertrain faces 300,000 full load 
power gradients (0-100% rated power) [263]. Several studies show that start-
ups/shutdowns and high load cycles can reduce FC durability [264,265]. In the V2G 
mode experiments performed in this study, load ramps were limited to 
approximately 10 kW, corresponding to only 10% rated power of the FC in the car, 
which is relatively small in comparison to the full load ramps in driving mode. 
Approximately 38,500 start-up/shutdown cycles take place during the 5,500 hour 
life of an FCEV [263]. If FCEVs were never switched off and instead continuously used 
for either driving or V2G energy services, start-up/shutdowns would be eliminated. 
Additional degradation due to V2G load cycles (less than 10% rated power) could 
possibly be compensated for by a reduction in start-ups/shutdowns. Furthermore, 
a smarter power management system of both FC and HV battery could be applied 
or ultra-capacitors introduced [266]. 
 

2.4.3 Start-up Time 
FCEVs are already capable of cold start-up time to 50% of their rated power within 
ten seconds at an ambient temperature of 20 °C and within 20 seconds at -20 °C 
[267]. In our V2G tests using the modified Hyundai ix35, we measured cold start-up 
times of less than 5 s at ambient temperatures. Driving to cruising speed can already 
be achieved within 11 seconds at -20 °C [268], which is comparable to V2G power 
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of 10 kW (10% of the rated FC power). The newer model Toyota Mirai FCEV is even 
able to provide full stack power of 114 kW at -30 °C within 70 seconds [181].  
In conclusion, today’s FCEVs have extremely fast start-up times for providing V2G 
services to full rated power even at very low ambient temperatures. If FCEVs were 
never switched off and continuously used for either driving or V2G energy services, 
cold start-up temperature could even become irrelevant.  
As described in Section 2.3, the way we started our V2G tests incurred additional 
start-up and grid frequency synchronization time. To further reduce grid connection 
times, the inverter could also be switched on before connecting and turning on the 
FCEV, eliminating additional start-up and grid frequency synchronization time from 
the inverter. Moreover, inductive discharging instead of conductive discharging (by 
cable) could reduce any further grid connection time [269–272], and likewise 
specialized FCEV V2G inverters with reduced reaction time and tailored Maximum 
Power Point Tracking or combining the V2G inverter with solar photo-voltaic 
inverters [273]. 
 

2.4.4 System Efficiencies & Hydrogen Consumption in V2G Mode 
The hydrogen content in the two tanks and HV battery state of charge during the 
illustrative test on February 13, 2017 are shown in Figure 2-11, Figure 2-14 and 
further V2G test results are presented in Table 2-2. Fluctuations and 1 °C accuracy 
of the tank temperature sensors have an impact on the hydrogen density 
calculations (Equation (2.9)), therefore we applied a 90-second moving average to 
the hydrogen mass calculation and used this in our hydrogen consumption 
calculations.  

 
Figure 2-14 Hydrogen mass in tanks and HV battery state of charge (SOC) cycling for the entire 
test duration of 6 hours and 5 minutes on February 13, 2017. 
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Table 2-2 Test durations with hydrogen consumption rates and corresponding AC and DC 
system efficiencies. 

 Date ttest tGC/D ΔmH2 Δm Δt-1 ηT2G-AC  ηDCAC ηT2G-DC  

# DD-MM-YY h:mm h:mm kg kg h-1 % % % 

1 15-08-16 5:51 0:05 3.28 0.56 42 95 44 

2 16-08-16 7:05 0:05 3.96 0.56 42 95 45 

3 13-02-17 6:05 0:05 3.34 0.55 43 95 45 

4 14-02-17 5:59 0:05 3.33 0.56 42 95 45 

5 15-02-17 6:06 0:04 3.39 0.56 43 95 45 

6 17-02-17 6:06 0:04 3.38 0.55 43 95 46 

7 11-04-17 5:56 0:03 3.33 0.56 43 95 46 

8 12-04-17 6:26 0:19 3.51 0.54 42 95 44 

         

Mean 3.44 0.55 43 95 45 

Sample standard deviation 0.22 0.01 1 0 1 

 
The average V2G test duration was approximately six hours with a mean hydrogen 
consumption of 3.44 kg and consumption rate of 0.55 kg h-1 per test. The maximum 
capacity of the hydrogen tank is 5.6 kg, with a minimum operating pressure of 
approximately 2.5 MPa; 5 kg for V2G energy services and the remaining hydrogen is 
enough to fulfill average European daily driving [175] requirements and reach a 
hydrogen filling station before using the car in V2G mode again. At a consumption 
rate of 0.55 kg h-1, approximately nine hours of AC power can be delivered to the 
grid on a full tank, resulting in 86 kWh. The mean ηT2G-AC, ηDCAC and ηT2G-DC efficiencies 
were 43% (51% on an LHV basis), 95% and 45% (53% on an LHV basis) respectively. 
The values of the efficiencies we calculated were consistent throughout all the tests.  
As discussed in Section 2.4.2, ηT2G-DC is an approximate value of the efficiency of the 
FC and HV battery system. ηT2G-DC is in line with the 43-51% FC system efficiencies of 
FCEVs in driving mode at 10-15% rated power reported in the literature 
[269,274,275]. The ηT2G-DC of 45% (53% on an LHV basis) is close to the reported 
Hyundai ix35 FCEV FC system DC efficiency of 46.8% (55.3% on an LHV basis) [276]. 
Current automotive FC stacks with power ranges of 80-100 kW, used as primary 
power source in FCEVs (not in a fuel cell range extender configuration), show highest 
FC system efficiency at 10-15% rated power [274,275]. Future automotive FC system 
developments aim for higher system efficiencies at even lower rated powers, as 
driving cycles, such as the NEDC, consist of high power frequencies below 10% rated 
power [277,278].  As mentioned in our introduction, the ability to operate balancing 
plants at low minimal generation (e.g. 15–20% instead of 40%) is important. In the 
performed V2G tests, the PEMFC was operating at only 10-15% of its maximum 
generation capability, see Figure 2-10. It is possible for FCEVs to generate more 
power, although this would require a better understanding of the cooling capacity 
of the radiator [279] when parked and the maximum operating temperature of the 
PEMFC. Tests at different DC powers in the range of 0-10 kW done with the same 
set-up, show that 10 kW gives the highest V2G efficiency [280]. Conducting further 
tests at DC powers above 10 kW would provide full insight into the partial load and 
optimum V2G efficiency.  
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At relative low FC rated power of 10-15%, there is less water production on the 
cathode side of the FC. Depending on the amount of air supplied by the air-blower 
membrane humidification problems can occur with different and opposite effects 
[281]. A relative low air stoichiometry or sometimes called cathode stoichiometric 
factor, a relative low air flow rate is sent to the cathode channel and can result in a 
reduced removal of produced water [281,282]. Whereas at a high air stoichiometry, 
an increase of the water removal rate can result in membrane dehydration and 
higher membrane resistance [281]. When delivering 10 kW DC power to the grid 
and the fuel cell is producing power, see Figure 2-10, calculated average FC stack air 
stoichiometry is in the range of 2 up to 6 According to Heuer et al. [283] air 
stoichiometry above 3 can be considered high and increase the probability of 
accelerated degradation. Air stoichiometry at individual cells and within individual 
cells [284] can differ significantly from the calculated FC stack average, for example 
for individual cells at the inlet there is a probability of too low membrane 
humidification whereas for cells at the outlet there is a probability of too high 
membrane humidification [281–283].  
Idling, low load and low current density are associated with cell potentials of 0.87-
0.90 V and can result in accelerated degradation [285–291]. When delivering 10 kW 
DC power to the grid, average single cell potential calculated from the total FC stack 
voltage is in the range of 0.75-0.84V, based on the total number of 434 cells [292]. 
Although average calculated cell potential is lower than 0.87 V, cell potentials of 
individual cells can differ from the calculated average and possibly face higher 
potentials. Extended periods at high cell potentials resulting into accelerated 
degradation, can be reduced by smart hybridization between HV battery and FC 
[286,293], especially if the V2G power production profile is known upfront it could 
be incorporated in the power management. The influence of the V2G power 
production on the degradation of the FC is still a relatively uncovered topic in 
literature. 
The mean ηT2G-AC of 43% (51% on an LHV basis) gives a specific electricity production 
of 17 kWh kg-1 H2. With current hydrogen prices of $10-$14 kg-1 at hydrogen fueling 
stations in California [294,295] and 9.5€ kg-1 in Germany [296], this would result in 
an V2G electricity price of respectively 590-825 $ MWh-1 and 560 € MWh-1, when 
considering the price of dispensed hydrogen only. Hydrogen fueling infrastructure 
is still at a development stage, so the cost of hydrogen fuel for fuel cell powered 
road transport is not yet comparable to conventional transportation fuels [296]. The 
current hydrogen prices are initial, politically motivated prices jointly determined by 
the project partners [296]. There is a high potential of lower hydrogen prices at 
fueling stations with economies of scale [103,297–299], i.e. when the number of 
FCEVs (including vans, buses and trucks) increase, hydrogen production and 
refueling infrastructure costs decrease and result in a dispensed hydrogen price of 
2-4 € kg-1 [297–301]. Combined with a future expected maximum FC system 
efficiencies of 60% (70% on an LHV basis) [126,267] and similar ηT2G-AC or ηT2G-DC, V2G 
electricity price would become 85-170 € MWh-1, when considering the price of 
dispensed hydrogen only.  
In the period of 2015-2017 in the Californian electricity market, the 5-minute and 
15-minute positive imbalance prices rose above 250 $ MWh-1 for respectively 0.9% 
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and 0.3% of the year, with some periods above 1000 $ MWh-1 [302,303]. In 2017 in 
the German electricity market, imbalance prices above 85, 170, 250 and 560 € MWh-

1 occurred respectively for 8.8%, 0.9%, 0.3% and 0.1% of the year [304,305]. Future 
business models for FCEV2Gs participating in electricity imbalance markets rely on 
future FC system efficiency, imbalance and hydrogen prices. Other relevant business 
model parameters need additional research. For example the future costs of V2G 
infrastructure, FC systems and FC system additional degradation, operation and 
maintenance due to the V2G load cycles. 
 

2.4.5 Hydrogen Consumption in Spinning Reserve Mode 
Table 2-3 shows the hydrogen consumption in the ‘spinning reserve’ (or idling 
mode) tests. Tests conducted for varying durations on different dates throughout 
the year revealed a relatively constant hydrogen consumption rate of approximately 
0.040 kg h-1. Taking the 5 kg hydrogen mass available for V2G purposes mentioned 
in Section 2.4.4, the maximum running time in spinning reserve mode is projected 
to be 125 hours – a little over five days. A hydrogen consumption rate of 0.040 kg h-

1 corresponds to an average hydrogen power flow of 1.6 kW (on an HHV basis). At 
an estimated FC stack gross efficiency of 40 %, approximately 0.6 kW electrical 
power is produced to power the FCEV’s auxiliary devices. This long-term idling 
power consumption could possibly be reduced in a purpose-built V2G FCEV.  
 
Table 2-3 Results from ‘spinning reserve’ tests. 

 Date ttest ΔmH2  Δm Δt-1 

# DD-MM-YY h:mm kg kg h-1 

1 19-01-16 11:02 0.52 0.047 

2 07-04-16 09:00 0.39 0.043 

3 08-04-16 09:03 0.37 0.041 

4 21-07-16 10:00 0.39 0.039 

5 25-07-16 09:14 0.35 0.037 

6 27-07-16 46:30 1.76 0.038 

7 01-08-16 45:28 1.59 0.035 

8 03-08-16 49:03 2.04 0.041 

     

Mean 0.92 0.040 

Sample standard deviation 0.73 0.004 

 
During the ‘spinning reserve’ tests, the FCEV is in idling mode and the HV battery 
and FC are only powering the FC auxiliary components and instruments, see Section 
2.3.6. Because the FC power production is low, so is the water production. High 
calculated average FC stack air stoichiometry values above 10 occur for more than 
70% of the time during the ‘spinning reserve’ tests. This could result in a high 
removal rate of produced water, low humidification of the membrane and therefore 
higher probability of accelerated degradation [283]. Additional research focused on 
the conditions at individual cells could provide more insight into the effects of 
prolonged ‘spinning reserve’ operation on the rate of degradation. 
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Cell potentials higher than 0.87V and up to 1.5 V can cause accelerated degradation 
and are associated with operating conditions such as idling, no load, prolonged 
periods of no use, start-up and shutdown [286,290]. For an FCEV not used for V2G 
purposes (driving only) and depending on the usage profile, idling time at cell 
potentials of approximately 0.9 V could amount up to 1000h over a vehicle’s 5500h 
of operational life [306]. Time spent at open circuit voltage (OCV) of approximately 
0.95 V during no load conditions could be over 100h [306].  Yu et al. show there is a 
significant lower durability for an equal number of hours spent at OCV than at idle 
conditions [307]. For 25% of the time spent during the ‘spinning reserve’ tests, the 
average calculated cell potential from the total FC stack voltage was higher than 
0.87V and could cause accelerated degradation. The impact of extended periods of 
time at high potentials during the ‘spinning reserve’ tests and their impact on 
degradation need to be investigated further. Also smarter hybridization between 
HV battery and FC and V2G operation integrated in a flexible power management 
can possibly reduce operating time at high potentials [286,293]. 
Apart from taking part in the imbalance market as described in Section 2.4.4, Poorte 
et al. show that FCEV2Gs are able take part in the Frequency Containment Reserves 
(FCR) and automatic Frequency Restoration Reserves (aFRR) markets [308]. E.g. 
Hundred FCEV2Gs each providing 10 kW V2G power would represent 1 MW and 
have a hydrogen consumption rate of 4 kg h-1. With the current hydrogen prices of 
$10-$14 kg-1 at hydrogen fueling stations in California [294,295] and 9.5€ kg-1 in 
Germany [296], this would result in an ‘spinning reserve’ fuel price of respectively 
40-56 $ MW-1 h-1 and 38 € MW-1 h-1, when considering the price of dispensed 
hydrogen only. Annual mean prices of ancillary services markets in 2014 in the 
United States of America range from 1-40 $ MW-1 h-1 [309] and FCR and aFRR prices 
in 2017 in Germany range from 1-23 € MW-1 h-1 [304]. 
Future business models for FCEV2Gs participating in FCR and aFRR imbalance 
markets rely on future FC system efficiency, FCR, aFRR and hydrogen prices. Other 
relevant business model parameters need additional research. For example the 
future costs of V2G infrastructure, FC systems and FC system additional 
degradation, operation and maintenance due to the V2G load cycles. 
 

 Conclusions 
We performed a series of V2G tests in which a modified commercially available FCEV 
delivered 9.5 kW of AC power to the grid. This paper is the first to report the 
performance results of this kind of system. Our results show that the FCEV can be 
used for mobility and to generate power when parked. We contend that grid-
connected FCEVs are indeed capable of meeting the requirements for future 
balancing power plants identified by Brauner et al. [153]. With a maximum V2G DC 
power output of 10 kW, the maximum downward and upward power gradients of 
the FC were -47 kW s-1 (-470 % s-1) and +73 kW s-1 (+730 % s-1) respectively, at the 
sample frequency of 5 Hz. The maximum downward and upward power gradients 
of the HV battery were -76 kW s-1 (-760 % s-1) and +43 kW s-1 (+430 % s-1) 
respectively, at the sample frequency of 5 Hz. Thus the FC and HV battery in the 
FCEV have the ability to perform high power gradients (≥ 0.05 % s-1 of all power 
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plants in the electricity grid combined). Also the FC and HV battery in the FCEV 
respond faster than conventional fast-reacting thermal power plants, which have 
maximum values of 1.67 % s-1 for hot starts [236–239]. Increasing the ability to 
perform high power gradients reduces the number of power plants in hot standby. 
Virtual power plants [198,256] composed of many grid-connected FCEVs do indeed 
have this ability.  
We have demonstrated that the FC in the FCEV have the ability to efficiently operate 
at 10-15 % of its total generation capacity in V2G mode. Whereas existing thermal 
power plants often can be operated at a low minimal generation of 40%. If all cars 
were capable of delivering 100 kW (the same as when in driving mode) to the grid 
via a virtual power plant arrangement, 15-20% minimal generation could be 
achieved without any problem. If the maximum possible amount of power delivered 
were limited to 10 kW per car, further tests would need to be performed in the 
range of 0-10 kW to evaluate FCEV performance and determine whether they can 
deliver such low power generation values.  
The grid-connected FCEV has an AC electric power efficiency of 43% on a HHV basis 
(51% on an LHV basis) when feeding 9.5 kW AC power to the electricity grid. This 
corresponds to a low partial load of 11-15% of the maximum FC DC power of 100 
kW. The measured AC efficiency is close to the reported FC system DC efficiency of 
46.8% on a HHV basis by Hyundai Motor Company [276]. These high efficiencies at 
low partial load are higher than efficient gas engines under low partial loads, 
although hydrogen production efficiency is not considered here. The V2G power in 
this work was limited to 10 kW DC and is examined as 100% V2G output. In a virtual 
power plant composed of many grid-connected FCEVs, reducing V2G output for 
every FCEV from 10 kW to 5kW DC could also be avoided by switching more FCEVs 
off instead of running them at lower power. Further tests at different V2G powers 
will provide more insight into the partial load and optimum V2G efficiency.  
Approximately 38,500 startup/shutdown cycles take place during the life of 
automotive FC systems. Up to several startup/shutdown cycles can occur during a 
day due to driving usage of the FCEV. If the V2G usage would be combined with the 
driving usage, so either occur before or after driving usage, then the V2G usage 
would not result into additional startup/shutdown cycles. If FCEVs were never 
switched off and continuously used for either driving or providing V2G energy 
services, start-ups/shutdowns would be eliminated. Additional degradation due to 
V2G load cycles (less than 10% rated power) could possibly be compensated for by 
reducing start-up/shutdown cycles, in combination with smarter power 
management of both the FC and the HV battery. Furthermore, inductive discharging 
instead of conductive discharging (by cable) could possibly reduce any further grid 
connection time. 
We did not investigate the ability to schedule cars for this paper. However, the 
prospect of self-driving, cloud- and grid-connected cars [310,311] with inductive 
charging and discharging [270–272] technologies in the future could facilitate 
scheduling of cars when faced with an insecure day ahead prognosis. Data 
pertaining to car parking locations, parking durations and tank fuel levels for a large 
number of cars, in combination with local grid imbalance data, could throw light on 
the problem of scheduling cars. 
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3 Hyundai ix35 fuel cell electric vehicles: 

degradation analysis for driving and vehicle-to-

grid usage 
 
The research presented in this chapter has been published in [312]. The work in this 
chapter tries to address research sub-question 1 “Are commercially available FCEVs 
suitable to act as balancing power plants?” and use an experimental, proof of 
principle method. 
 

 Abstract 
How can we analyse fuel cell stack voltage degradation with transient phenomena 
and are existing durability indicators as distance driven or operating hours still 
relevant in commercial FCEVs, used for driving and vehicle-to-grid (V2G) purposes?  
The mean stack voltage drop is measured over fuel cell operating time and produced 
electricity in 4 commercial Hyundai ix35 FCEVs. The experiments show that a 
durability indicator expressed solely in operating hours, distance or produced 
energy is not relevant for combined driving, V2G and idling load profiles. An 
indicator consisting of several usage parameters is recommended. 
 

 Introduction 
The United States Department of Energy (DOE) increased recently the automotive 
fuel cell ultimate durability target to 8,000 hours at 10% voltage degradation [313], 
comparable to 150,000 miles on a lower average speed drive cycle [313]. Cumulative 
produced energy is suggested as durability indicator [314] for automotive fuel cells 
operating under highly variable loads affecting durability [315,316].  
Variable load profiles can be categorized in transient loadings, zero-current 
(‘idling/spinning reserve’), high and low power and number of startup/shutdowns 
[315,316].  
Fuel Cell Electric Vehicles (FCEVs) with a 100kW fuel cell [241] can also be used for 
power supply to the electricity grid up to 10 kW when parked, so called ‘Vehicle-to-
Grid’ (V2G) [229] (Figure 2-1).  In V2G mode, durability expressed as driven distance 
is not relevant as the car is parked. Durability expressed as cumulative produced 
energy when functioning as so called ‘spinning reserve’, is also not relevant as no 
power is produced. Questionable is if the number of operating hours or distance 
driven still is a useful durability indicator.  
Real stack voltage is measured from four commercial FCEVs used for driving and 
V2G purposes. Real usage data contains transient phenomena. Filtering, noise 
removal and fitting algorithms could help in defining voltage degradation [315]. 
Summarizing, how can we analyze fuel cell stack voltage degradation with transient 
phenomena and are existing durability indicators as distance driven or operating 
hours still relevant in commercial FCEVs, used for driving and vehicle-to-grid 
purposes? 
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 Materials and Method 
Fuel Cell (FC) operating voltage, current, driving speed and other parameters in four 
commercial Hyundai ix 35 FCEVs [241] are measured at a frequency in the range of 
1 to 5 Hz by CAN bus data loggers. Three FCEVs (labelled FCEV1 to FCEV3) are used 
solely for driving and one FCEV (labelled FCEV2G) is used for driving and V2G 
purposes (Figure 2-1). MATLAB ® was used to analyse the recorded data. It is 
assumed all FCEVs are built during the same period and have the same age.  
The data loggers were installed after a certain driven distance, therefore a linear 
degradation trend is assumed [317]. The voltage drop is measured over fuel cell 
operating time and produced electricity.  The mean stack voltage drop is expressed 
in percentages relative to the fitted begin-of-measurement (b-o-m) voltage at 
measured zero operating time or zero cumulative produced electricity. This also 
explains that the measured voltage drop is relative to the begin-of-measurement (b-
o-m) voltage, instead of the begin-of-life (b-o-l) voltage. This method is based on 
[317], together with filtering conditions, data exclusion and two types of linear least 
squares regression analysis and applied to all 4 FCEVs. 
 

3.3.1 Filtering conditions and excluded data 
Figure 3-1 to Figure 3-4 serve as an illustrative example for the voltage and current 
data filtering and exclusion for FCEV1.   
The voltage measurements recorded at currents below 3 A and above 150 A are 
excluded (Figure 3-1). The lower threshold of 3 A is equal to the maximum global 
offset current of the fuel cell stack current sensor [318]. Voltage measurements at 
the upper threshold of 150 A result mainly from infrequent, irregular and transient 
phenomena. Fuel Cell gross electric power at 150 A is at least 40 kW. Power above 
40 kW mainly occurs in harsh acceleration and lasts only several seconds. 40 kW of 
continuous power corresponds to cruising speeds of 130 km/h or higher on a flat 
road, which is allowed in the Netherlands. As the cars are primarily used on flat 
Dutch roads, where the speed limit is 130 km/h on a limited number of highways, 
often only during night time. The < 3 A and > 150 A filtering conditions results in an 
approximately 8.0 % data loss (Figure 3-2) for FCEV1.  
Voltages below 250V for currents of 0-150A are excluded, as they originate from 
transient phenomena, specific idling and shutdown routines (Figure 3-1). The <250 
V filtering condition together with the < 3 A and >150 A filtering condition combined 
result in an approximately 8.0 % data loss (Figure 3-2) for FCEV1. Due to overlap of 
both filtering conditions the data loss has not significantly increased by applying the 
<250V filtering condition. 
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Figure 3-1 Fuel Cell stack voltage vs. current for FCEV1. The blue and green data points 
represent the analysed and excluded data respectively. 

 
Figure 3-2 Cumulative percentage of voltage data points for each measured current before 
and after applying the <250V filtering condition for the data of FCEV1 including the 
approximate data loss for filtering conditions. The plotted cumulative percentage without the 
<250V filtering (red) condition is underneath the cumulative percentage with <250V filtering 
condition (blue). 

Figure 3-3 shows the number of voltage data points for each measured current after 
applying the <250V filtering condition for FCEV1. Currents higher than 150A contain 
relatively low number of voltage data points.  Figure 3-4 shows the Weibull 
distribution of the number of voltage data points for all measured currents after 



 

44    
 
 

C
h

ap
te

r 
3

 

applying the <250V condition for FCEV1 data.  All measured currents with less than 
10 voltage data points are discarded from the analysis, for the FCEV1 data this is 
approximately 3.3 % (Figure 3-4). The aforementioned filtering conditions have 
some overlap and the total percentage excluded data for all four analysed FCEVs is 
listed in Table 3-1. The total excluded current data points is approximately 60% for 
all 4 FCEVs. Total excluded voltage data points for FCEV1, FCEV3 and FCEV2G is 
approximately 8%. Whereas for FCEV2 this is 34%.  Figure 3-8 in the results and 
discussion section shows that FCEV2 has relatively more data points in the low 
current region than the other cars. 
 

 

Figure 3-3 Number of voltage data points for each measured current after applying the <250V 
filtering condition for FCEV1. 

 

Figure 3-4 Weibull distribution of the number of voltage data points for all measured 
currents after applying the <250V filtering condition for FCEV1. 
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Table 3-1 Total excluded current and voltage data points after applying all filtering 
conditions. 

Total Excluded data points FCEV1 FCEV2 FCEV3 FCEV2G 

Current (%) 58 58 58 59 

Voltage (%) 8 34 8 8 

 

3.3.2 Regression analysis and mean stack voltage drop 
A linear least squares (l.l.s.) and robust linear least squares (r.l.s.) regression analysis 
is used [319]. The latter aims to reduce the influence of outliers resulting from 
measurements in transient phenomena [319]. For every considered and measured 
current, the corresponding voltage data points (Figure 3-5) are plotted versus fuel 
cell operating time (Figure 3-6) and cumulative produced electricity (Figure 3-7). 
Figure 3-5 to Figure 3-7 serve as an illustrative example for the voltage data 
regression analysis at 15 A for FCEV1.  Both linear least squares regression methods 
are applied and a first order polynomial, Equations (3.1) and (3.2), are used to fit the 
data [317]. 
 

( ) ( )@ @ 0 @XXA t XXA t XXA EV t =V a t h= −     (3.1) 

 
Where VXXA@t(t) is the Fuel cell stack voltage as a function of operating time in hours, 
t(h), at a specific current. aXXA@t is the fuel cell stack degradation in voltage per hour 
(V/h) at a specific current. VXXA@t=0 is the fitted fuel cell stack voltage at operating 
time zero h at a specific current. 
 

( ) ( )@ @ 0 @XXA E XXA E XXA EV E =V a E kWh= −     (3.2) 

 
Where VXXA@E(E) is the Fuel cell stack voltage as a function of cumulative produced 
electricity in kWh, E(kWh), at a specific current. aXXA@E is the fuel cell stack 
degradation in millivoltage per kWh (mV/kWh) at a specific current. VXXA@E=0 is the 
fitted fuel cell stack voltage at zero cumulative produced electricity at a specific 
current. 
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Figure 3-5 Fuel Cell stack voltage vs. current for FCEV1 zoomed into 0-29 A region.  The blue 
and green data points represent the analysed and excluded data respectively. The selected 
voltage data points at 15 A are displayed in red. 

 
Figure 3-6 L.l.s. and r.l.s. regression analysis applied to Fuel Cell stack voltage vs. operating 
time at 15A for FCEV1. 
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Figure 3-7 L.l.s. and r.l.s. regression analysis applied to Fuel Cell stack voltage vs. cumulative 
produced electricity at 15A for FCEV1. 

The measured voltage drop is expressed in percentages relative to the fitted begin-
of-measurement (b-o-m) voltage at zero operating time ΔVXAA@t, Equation (3.3), or 
zero cumulative produced electricity ΔVXAA@E, Equation (3.4). 
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 Results and Discussion 
Table 3-2 displays FCEV use indicators versus average % stack voltage drop 
compared to the b-o-m voltage for the considered current range using an l.l.s and 
r.l.s. regression analysis method based on fuel cell operating time and produced 
energy. The bold underlined values represent the maximum value in each row and 
could be an indicator for a relatively higher average % stack voltage drop. Table 3-2 
displays results up till the 2nd quarter of 2017 for FCEV1, FCEV2 and FCEV2G, and up 
till 1st quarter of 2017 for FCEV3.  
The percentage stack voltage drop relative to the begin-of-measurement is between 
1.4% and 2.6% for all cars throughout all types of regression methods on a fuel cell 
operating time basis as well as produced electricity basis. For every FCEV the mean, 
standard deviation and relative standard deviation show consistent values 
throughout all types of regression methods on a fuel cell operating time basis as 
well as produced electricity basis.  
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Average stack voltage drop is the largest for FCEV2G and also shows the largest 
difference for the two regression analysis algorithms applied, 2.3% and 2.5% on an 
operating hour basis and 2.4% and 2.6% on a produced electricity basis. This can be 
an indication that a relative larger number of measurements were performed in 
transient phenomena [319]. FCEV2G shows low average speed and FC Power, 
resulting from several long term ‘spinning reserve’ tests with minimal or no power 
production, also highly contributing to the total zero current time. Possible reason 
for the highest average stack voltage drop could be the high number of operating 
and zero current hours [315,316]. Also FCEV2G has the 2nd highest Gross (Total) FC 
produced electricity and number of start-up-shutdowns. Average stack voltage drop 
for FCEV1 and FCEV3 is approximately 1.6% and 1.4%. The measured driven 
kilometres, operating hours and produced electricity is higher for FCEV1 than for 
FCEV3 and could be an explanation. FCEV3 has significantly more start-ups and 
shutdowns. FCEV2 show a relative high mean stack voltage drop when comparing 
the driven kilometres, operating hours, produced electricity and start-ups and 
shutdowns. 
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Table 3-2 Measurements and results of FCEV use indicators versus average % stack voltage 
drop compared to the b-o-m voltage for the considered current range using an l.l.s and r.l.s. 
regression analysis method. 

Indicators FCEV 1 FCEV 2 FCEV 3 FCEV2G 

Distance driven before data-logger installation (km) 16276 4924 22875 6299 

Distance driven after data-logger installation (km) 27459 7917 18004 12649 

Number of Trips or number startup-shutdowns (#) 676 531 1167 1095 

Operating time (h) (incl. zero current) 424 184 314 872 

Total zero current time and ‘idling/spinning reserve’ (h) 138 28 98 457 

Gross (Total) FC produced electricity (kWh) incl. V2G 5610 1970 4230 4487 

Electricity delivered for V2G purposes (kWh) 0 0 0 1620 

     

Average speed (km/h) 65 43 57 15 

Standard deviation speed (km/h) 42 42 41 32 

Average speed excluding idling time (km/h) 76 60 68 61 

Standard deviation speed excluding idling time (km/h) 35 38 36 36 

Average FC Power (kW) 13 11 13 5 

Standard deviation FC Power (kW) 14 14 15 10 

Average FC power excluding idling time (kW) 20 13 20 11 

Standard deviation FC power exluding idling time (kW) 13 14 14 12 

     

% Stack voltage drop relative to b-o-m based on:     

Operating time (l.l.s) - Mean  1.7% 2.0% 1.4% 2.3% 

Operating time (l.l.s) - Standard deviation 0.5% 0.7% 0.3% 0.8% 

Operating time (l.l.s) - Relative standard deviation 27% 35% 21% 34% 

Operating time (r.l.s) - Mean 1.7% 2.0% 1.4% 2.5% 

Operating time (r.l.s) - Standard deviation 0.5% 0.7% 0.3% 0.8% 

Operating time (r.l.s) - Relative standard deviation 27% 35% 21% 34% 

Cumulative electricity (l.l.s) - Mean 1.6% 2.1% 1.4% 2.4% 

Cumulative electricity (l.l.s) - Standard deviation 0.4% 0.8% 0.3% 0.9% 

Cumulative electricity (l.l.s) - Relative standard deviation 27% 37% 21% 38% 

Cumulative electricity (r.l.s) - Mean 1.6% 2.1% 1.4% 2.6% 

Cumulative electricity (r.l.s) - Standard deviation 0.4% 0.8% 0.3% 1.0% 

Cumulative electricity (r.l.s) - Relative standard 
deviation 

27% 37% 20% 37% 

 
Both FCEV2 and FCEV2G have high standard deviations compared to FCEV1 and 
FCEV3. This can possibly be explained by the different fuel cell use when compared 
to FCEV1 and FCEV3. Figure 3-8 shows the cumulative percentage of voltage data 
points for each measured current after applying the <250V filtering condition. Both 
FCEV1 and FCEV2G have relatively a lot more data points in the low current region. 
For FCEV1 65% of the voltage data points are for currents lower than 50A, for 
FCEV2G this is 80%. Obviously for FCEV2G this is due to the V2G electricity 
production, which is limited at 10kW, corresponding to currents lower than 50A. 
The majority of V2G tests were performed at 10kW and in a lesser extent at 3 kW, 
this is indicated clearly by the sharp increase in the 25-40A region. FCEV2 is only 
used for driving and has no V2G option. The average speed of FCEV2 is lower than 
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FCEV1 and FCEV3, which explains the high number of voltage data points below 50A 
region.  

 

Figure 3-8 Cumulative percentage of voltage data points for each measured current after 
applying the <250V filtering condition. 

Both FCEV2 and FCEV2G have relatively higher standard deviations, 0.7% and 0.9%, 
when compared to FCEV1 and FCEV3 0.4% and 0.3%. The relative standard deviation 
for FCEV2 and FCEV2G is between 34% and 38% whereas for FCEV1 and FCEV3 this 
is between 21% and 27% respectively. Aforementioned high share of data points in 
the low current region could be a reason for this. FCEV2 has the lowest usage 
compared to all cars and so has also generated the fewest data points, of which the 
majority is in the 0-50 current region. Further analysis at higher usage or comparing 
a partial dataset of FCEV1 and FCEV3 could provide more insight on the effect of the 
total number of data points or the effect of data points in specific current regions. 
Applying a weight factor to the voltage data points based on the number of data 
points per current could possibly reduce the standard deviation and relative 
standard deviation of the calculated mean voltage drop. Also increasing the 
minimum voltage data points of 10 or changing the upper current threshold of 150 
A could have an effect on the standard and relative standard deviation. 
Using the mean stack voltage drops from the time based l.l.s. regression analysis 
and assuming a linear degradation trend at a maximum allowable mean voltage 
drop of 10% [313], the durabilities expressed in kilometers, hours and electricity 
produced can be estimated (Table 3-3). This would result in estimated durabilities 
of 2550h, 920h, 2250h and 3710h for respectively FCEV 1-3 and FCEV2G (Figure 3-3), 
of which FCEV 1, FCEV2 and FCEV2G are comparable with DOE results when 
compared on an fuel cell operating time basis [313]. For FCEV1 the estimated 
durability of 920 is very low but is also based on the mean stack voltage drop with 
high standard and relative standard deviation. The durability indicator driven 
distance, only makes sense for driving only cars. Also, the durability indicator fuel 
cell produced electricity seems relatively consistent for FCEV1 and FCEV3 but is 



 

   51 
  

 

C
h

ap
ter 3

 

approximately 50% lower for FCEV2G due to the high total zero current time and 
‘idling/spinning reserve’ where the fuel cell system is operating but not producing 
any electricity. A durability indicator expressed solely in operating hours, distance 
or produced energy is not relevant for combined driving and V2G load profiles. An 
indicator consisting of several usage parameters is recommended but could require 
extensive and long-term testing under real circumstances or other measurement 
techniques. Some suggested combination of parameters, but not limited to, are the 
operating and ‘idling’ hours, produced energy, driven distance, number of start-ups 
and shutdowns. 
 
Table 3-3 Estimated durabilities expressed in hours, distance driven and electricity produced. 
Using the average voltage drops from the time based l.l.s. regression analysis and assuming 
a linear degradation trend at a maximum allowable mean voltage drop of 10% [313]. 

Estimated durability in: FCEV 1 FCEV 2 FCEV 3 FCEV2G 

Fuel cell operating time (h)  2550 920 2250 3710 

Distance driven (km) 164700 39800 129000 53900 

Fuel cell produced electricity (kWh) 35000 9500 30900 18600 

 

 Conclusion 
How can we analyse fuel cell stack voltage degradation with transient phenomena 
and are existing durability indicators as distance driven or operating hours still 
relevant in commercial FCEVs, used for driving and vehicle-to-grid (V2G) purposes?  
The mean stack voltage drop is measured over fuel cell operating time and produced 
electricity in 4 commercial Hyundai ix35 FCEVs. Using only voltage data in the 3-150 
A current range at voltages above 250V and with a minimum of 10 datapoints per 
analysed current. Both a linear and robust linear least squares regression analysis 
are applied to the voltage data. 
Fuel cell stack current and voltage are recorded in three FCEVs used for driving only 
and one FCEV used in both driving as well as V2G mode. Between 7900 and 27500 
kilometers, 184 and 872 fuel cell operating hours, 1970 and 5610 kWh fuel cell 
produced electricity and 530 and 1170 startup and shutdowns are recorded in all 4 
FCEVs during the analysed period. 
For every FCEV the mean, standard deviation and relative standard deviation show 
consistent values throughout all types of regression methods on a fuel cell operating 
time basis as well as produced electricity basis. The percentage stack voltage drop 
relative to the begin-of-measurement is 1.4% and 2.6% for all FCEVs for all types of 
regression methods, both on a fuel cell operating time basis as well as produced 
electricity basis. For two FCEVs driven 18000 and 27500 km (314 and 424 operating 
hours), the mean stack voltage drop is 1.4% and 1.7% with a standard deviation of 
0.3% and 0.4%. The relative standard deviation is 21% and 27%. For the less driven 
FCEV, 7900km (184 operating hours), the mean stack voltage drop with 2.0% is 
relatively high compared to the other driven only FCEVs. The same FCEV also has a 
relatively high standard deviation of 0.7% and relative standard deviation of 38%, 
which could be attributed to the relative low usage. Also, the relatively high usage 
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in the low fuel cell current range (0-50A) compared to the high current range (150-
350A) could have an impact on the higher standard deviations. A similar trend is 
seen for the FCEV used for both driving and vehicle-to-grid purposes.   
Applying a weight factor to the voltage data points based on the number of data 
points per current could possibly reduce the standard deviation and relative 
standard deviation of the calculated mean voltage drop. Also increasing the 
minimum threshold of number of voltage data points per analysed current (now 10) 
or changing the upper current threshold of 150 A could influence the standard and 
relative standard deviation. 
For two driving only FCEVs and the FCEV used for both driving and vehicle-to-grid 
purposes the average voltage drops compared to the operating hours are 
comparable with the DOE measured durability in hours. The durability indicator 
driven distance, only makes sense for driving only cars. The durability indicator 
produced electricity is extremely sensitive to the number of ‘idling’ or fuel cell zero 
current operating hours, as there is no electricity production during these operating 
hours. 
A durability indicator expressed solely in operating hours, distance or produced 
energy is not relevant for combined driving and V2G load profiles. As for neither 
operating hours, driven distance nor produced energy, no clear correlation with 
average voltage drop is seen amongst all four FCEVs. An indicator consisting of 
several usage parameters is recommended but could require extensive and long-
term testing under real circumstances or other measurement techniques. Some 
suggested combination of parameters, but not limited to, are the operating and 
‘idling’ hours, produced energy, driven distance, number of start-ups and 
shutdowns. 
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4 Fuel cell electric vehicle-to-grid: emergency and 

balancing power for a 100% renewable hospital 
The research presented in this chapter has been published in [320]. The work in this 
chapter tries to address research sub-question 2 “How can we integrate FCEVs, used 
for transport, distributing and generating electricity, into future energy systems?” 
and use a combined approach of system design, heuristic modeling and simulation. 
 

 Abstract 
Hospitals are one of the most energy demanding buildings and require high 
reliability of energy supply. This work answers the question whether for an all-
electric hospital, (urban) solar, wind and municipal wastewater biogas together with 
grid connected FCEVs and hydrogen as an energy carrier, can provide a 100% 
renewable and reliable energy system for power, heat and transport in a Mid 
Century (~ 2050) scenario. An integrated transport and energy system for a 530-bed 
hospital is designed based on European statistics and real energy consumption data 
of a newly built hospital. Year-round energy supply is guaranteed by biogas from the 
city wastewater treatment plant (WWTP), wind turbines at the WWTP location and 
rooftop solar panels on the hospital building and car park. Temporary surplus 
electricity is converted via water electrolysis into hydrogen. Less than 250 V2G 
connected FCEVs are required to balance the system at all times by generating 
electricity from the produced hydrogen in times of low energy supply by the 
intermittent renewables. The 500-place counting car park can easily host these cars. 
Hydrogen also serves as a fuel for the hospital vehicle fleet, consisting of only FCEVs. 
Seasonal imbalance of hydrogen is solved by exchange with other hydrogen 
consumers and producers. The emergency power system of the hospital could be 
replaced by grid connected FCEVs, a high-pressure hydrogen storage tank at the 
hydrogen fueling station and hydrogen tube trailers providing an autonomy of six 
days during an electricity outage. 
 

 Introduction 
The healthcare sector contributes to approximately 5% of the European Union’s 
Green House Gas (GHG) emissions [321–324]. The urgency to significantly reduce 
the impacts of climate change is felt around the globe, agreed by 195 governments 
[325]. In view of these goals both the energy and transport systems need to change 
into zero emission systems by 2050. Several projects and studies are aimed to 
reduce the carbon footprint and increase the energy self-sufficiency (energy 
independency) of the healthcare sector [326–328]. In Europe there are 
approximately 15,000 hospitals [326,329–331]. Common factors amongst hospitals 
are: 
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1. 24/7 operation [329] 
2. high reliability of energy supply  
3. high specific building energy use per square meter compared to other 

buildings (kWh/m2/year) [328,332,333] 
4. situated in congested urban areas with limited space for renewable energy 

development. 
Large challenges arise when combining these common factors with the aim to 
reduce the carbon footprint and increase the energy self-sufficiency [326,329]. 
Especially as a 100% zero carbon hospital is not just about building energy, up to 
10% of the hospital total energy can be accounted to transport [334]. Abundantly 
available renewable energy sources such as solar and wind power do not provide 
24/7 reliable energy and require energy storage and balancing. Due to the high 
specific building energy per square meter and high rise buildings, relatively low 
amount of rooftop areas are available for solar energy [335,336]. Being situated in 
congested urban area’s also limits the possibility of having additional solar panels or 
other renewable energy sources close by to increase self-sufficiency.  
The Energy Performance of Buildings Directive [337], requires all new buildings to 
be nearly zero energy by the end of 2020, for new public buildings by 2018.  
Electrification [338] and reduction in final energy consumption [336,339–341], 
application of sustainable energy sources and efficient technologies such as heat 
pumps are promising technical solutions [326,328]. Most recommended and used 
sources are solar thermal and PV systems and ground source heat pumps 
[326,329,333,337]. In case of no underground parking, additional solar panels could 
be placed on the multilevel car parking area at hospitals [326,342]. Parked electric 
vehicles (EVs), such as commercial available and so called ‘Vehicle-to-Grid’ (V2G) 
[202] connected Fuel Cell Electric Vehicles (FCEVs) [181,182,229], could be 
aggregated in the car park [221] and used to provide balancing power during night 
[214,235] or even emergency power for hospital electric appliances [200]. 
Northern European countries have limited solar energy potential [343,344] and 
other sources are needed such as wind or biomass [333,337]. Biogas from waste 
water treatment plants (WWTP) are often already today cost-effective renewable 
urban energy sources [345–348] and could also be a viable source for zero carbon 
transport [349]. WWTPs can become net energy producers [350–356] through 
efficient treatment technologies [357] and anaerobic digesters [358] Additional 
renewable electricity can be generated as well at the WWTP site such as solar or 
wind [359–365].  
The question arises, for an all-electric hospital, can (urban) solar, wind and municipal 
wastewater biogas together with grid connected FCEVs and hydrogen as an energy 
carrier, provide a 100% renewable and reliable energy system for power, heat and 
transport in a Mid Century (~2050) scenario? 
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 Methodology 
The research is performed in four steps: 

1. Design and dimensioning of a fully autonomous renewable and reliable 
integrated transport and energy system for a hospital, based on the Reinier 
de Graaf Gasthuis hospital in Delft, the Netherlands [366]. 

2. Technology selection for the components of the hospital energy system. 
Establishing hourly consumption and production profiles using Mid Century 
(~2050) technology efficiency status of today’s commercial available 
hydrogen technologies. 

3. Calculating the annual and hourly energy balance by matching demand 
with local solar, wastewater biogas, wind energy and hydrogen production 
and reconversion by grid connected FCEVs. 

4. Feasibility hospital emergency power system replacement by grid V2G 
FCEVs. 

 

4.3.1 System functional design 
By applying the design requirements, the integrated energy system design of the 
hospital has 2 locations with each 3 major elements (Figure 4-1): 
 
City Hospital location 

• Hospital building and car park: are all electric in end-use, without any 
natural gas connection and have rooftop solar systems. Every parking place 
has an V2G connection. The hospital car fleet and the visiting cars are all 
FCEVs. 

• Smart electric grid: managed by a controller, which connects all buildings, 
cars and city WWTP components through a 2 MW limited electricity cable 
connection. 

• Hydrogen Fueling Station (HFS): includes a high pressure storage, hydrogen 
chiller and dispenser. The hydrogen is imported via hydrogen tube trailers. 

 
City Wastewater treatment plant 

• Wastewater treatment plant: includes waste water treatment system and 
a heat pump required for the biogas production unit. 

• Hydrogen production: contains a biogas steam reformer for hydrogen 
production. An electrolyser converts temporary surplus electricity from 
solar and wind into hydrogen. A compressor pumps the produced 
hydrogen into tube trailers.  

• Wind turbines.  
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Functional energy performance of the system comprises of the following conversion 
steps: 

• Electricity is generated by solar modules on all roofs at the hospital 
location. 

• Wastewater treatment requires electricity and heat for anaerobic digestion 
of the sludge into biogas. Heat is supplied via an electric powered heat 
pump.  

• Hydrogen is produced via steam methane reforming of the biogas. 

• The wind turbine provides additional electricity for the hospital and WWTP 
site through a 2 MW limited electricity cable connection. 

• Surplus electricity is converted via water-electrolysis into pure hydrogen. 
All produced hydrogen is compressed and stored into tube trailer modules.  

• Full tube trailer modules are transported by a trailer tractor to the 
Hydrogen Fueling Station (HFS) or exported to/imported from other 
hydrogen consumers or seasonal storage. 

• At the HFS, the hydrogen is further compressed and dispensed on demand. 
Electric energy is required for hydrogen compression and dispensing at the 
HFS.  

• The hydrogen is used as a transport fuel for the hospital vehicle fleet. 

• In case of a temporary shortage in electricity production, the fuel cells in 
grid-connected cars in the car park provide the necessary electricity by 
converting hydrogen from the on-board hydrogen storage tanks fueled at 
the HFS.  
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Figure 4-1 Key elements and functional energy performance of the fully autonomous 
hospital integrated transport and energy system 
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4.3.2 Dimensioning 
The hospital energy system is based on the Reinier de Graaf Gasthuis 475-bed 
hospital and it’s 450-place car parking area in Delft, the Netherlands [367,368]. The 
hospital has two buildings and car parking area with a total potential roof surface 
area of 13,070 m2 to place solar panels (Figure 4-2). 

 

Figure 4-2 Reinier de Graaf Gasthuis hospital and its car parking area with a total potential 
surface area of 13,070 m2 to place solar panels. 

The existing hospital vehicle fleet consists of several fossil fueled cars, small vans 
and ambulances, in this study it is assumed they are all hydrogen fuel cell powered.  
In Europe there are on average 526 hospital beds for every 100,000 citizens [331]. 
In this study the Reinier de Graaf Gasthuis 475-bed hospital, its number of parking 
places, potential solar surface and floor area [55], hospital vehicle fleet and all other 
parameters are scaled proportionally to the European average 526 hospital beds per 
100,000 citizens. The scaled numbers are summarized in Table 4-1. 
 
Table 4-1 Characteristics of the hospital transport and energy system scaling the Reinier de 
Graaf Gasthuis hospital parameters with European statistics 

Parameters Quantity 

Citizens 100,000 

Number of hospital beds per 100,000 citizens 526 

Total floor area hospital buildings (m2) 62,570 

Total potential roof area for solar panels (m2) 14,470 

Parking places 500 

Annual driven distance hospital passenger cars (km/year) 124,800 

Annual driven distance small vans and ambulances (km/year) 132,000 
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4.3.3 Technology selection and production and consumption 

profiles 
The technology selection only uses today’s commercial available hydrogen 
technologies and uses estimated efficiencies for the Mid Century scenario (~2050) 
based on literature research. 
 

4.3.3.1 Hospital Building technology 
The hospital is ‘near’ all electric in its end-use. For space heating & cooling and warm 
water heating heat pumps in combination with thermal aquifer storage are used. 
The heat pumps are of brand Carrier [369] and have a measured Coefficient of 
Performance (COP) of 4.  In cold periods an additional gas boiler is used for space 
heating and warm water heating. In this study the gas boiler is replaced by an 
electric boiler.  
The hospital has its own combined wastewater and special hospital waste treatment 
system. This treatment system’s electricity consumption is displayed in Figure 4-3, 
having a net annual consumption of 438 MWh/year. 
End of 2015 the new hospital opened and hourly energy consumption data from 
October 2015 up to March 2016 was available at the time of modelling. A full year 
energy consumption profile is based on the energy consumption profiles of the old 
hospital for space heating and electrical appliances and scaled to a 526-bed hospital. 
A 20% reduction in electricity consumption in the Mid Century scenario is assumed 
from today’s annual electricity consumption, resulting in 13,900 MWh/year. The 
hourly consumption profile is displayed in Figure 4-3. 
 

 
Figure 4-3 Hourly energy consumption and production profiles for a Mid Century scenario. 
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4.3.3.2 Fuel Cell Electric Vehicles and Vehicle-to-Grid Connection 
The FCEVs have an on-board fuel cell has a maximum power output of 100kW [58], 
but in V2G mode its power output is limited to 10kW. Commercial FCEVs all have a 
high voltage battery on-board and has a maximum power output of 24kW and 
capacity of 0.95 kWh [180]. Foreseen Mid Century hydrogen tank content is 6.5 kg 
[126]. In this study it is assumed maximum 6kg is available for electricity production, 
at a conversion efficiency of 60 % Higher Heating Value (HHV) based [126]. The 
hospital vehicle fleet’s passenger cars, small vans and ambulances consume 
respectively 0.6 kg/100km and 1.2 kg/100km [126,235], resulting in 2400 kg/year 
(95 MWh/year on an HHV basis). 
 

4.3.3.3 Solar system 
Using a solar panel inclination of 39.6°, inter-row spacing of 3.2m, it is assumed 2150 
solar panels can be placed, resulting in a total solar panel surface area of 3655 m2. 
The performance ratio and solar module efficiency are 0.90 and 0.35 kWp/m2 [370], 
resulting in an installed peak power of 1280 kWp. For the RDGG location no solar 
radiation data was available, therefore data of the Rotterdam weather station is 
used [371] in combination with the NREL solar position algorithm [372]. Hourly 
production profile is displayed in Figure 4-3, with an annual production of 1395 
MWh/year. 
 

4.3.3.4 Wastewater treatment plant 
The annual electricity and heat consumption of the wastewater treatment is 
respectively 13.9 kWh [373,374] and 10 kWh [375] per person equivalent (PE) 
annual wastewater production. When using heatpumps with a COP of 4 [369], 2.5 
kWh/PE electricity is required for heat production. Which for 100,000 citizens 
results in a total annual electricity consumption of 1640 MWh/year by the WWTP. 
1 PE annual wastewater production is defined as 0.15m3/day/person, for 100,000 
citizens this results in 5,475,000 m3 wastewater. Approximately 370,000 m3 biogas 
is produced with a HHV of 7.3 kWh/m3 (60% CH4 and 40% CO2) [375], resulting in 
2700 MWh/year biogas energy.  
Hourly total electricity consumption and biogas production are scaled 
proportionally with the incoming wastewater flow, based on a normalized 
wastewater flow from the SMAT Collegno wastewater treatment plant in Turin, Italy 
[376], see also Figure 4-3. 
 

4.3.3.5 Hydrogen Production: Steam Methane Reformer 
The steam methane reformer is based on [377] and its size is proportionally scaled 
to the maximum biogas production of 70 m3/h. The assumed increased reforming 
efficiency of 76% is based on [59,65] for Hydrogen 5.0 grade (99.999%) on a HHV 
basis at 7.5 bar. The scaled parasitic electric load of 20 kW includes a reverse 
osmosis system for clean water production [377]. The hydrogen production profile 
is directly related to the biogas production profile, see Figure 4-3. Annual hydrogen 
production is 45,080 kg/year (1780 MWh/year HHV). 
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4.3.3.6 Hydrogen Production: Electrolysis 
The PEM electrolyzer’s size is proportionally scaled to the surplus electricity. The 
part-load efficiency curve is used from [378] and its maximum efficiency point is 
adjusted to 86%, according [126]. Hydrogen outlet pressure is 20 bar. Hydrogen 
specific electricity consumption ranges from 46-54 kWh/kg hydrogen including 
hydrogen purification to 5.0 grade and clean water production through reverse 
osmosis. 
 

4.3.3.7 Hydrogen compression 
The compressor at the WWTP is a medium-pressure compressor. Maximum flow 
rate of the medium-pressure compressor is equal to the maximum hydrogen 
production flow rate from the electrolyzer and steam methane reformer.  
The compressor at the HFS is a high-pressure compressor. The maximum flow rate 
of the high-pressure compressor is equal to the maximum hydrogen dispensing flow 
rate for refueling the hospital fleet and the grid connected balancing FCEVs.  
Energy consumption for the pressure compressors are calculated using [379–382], 
taking into account a variable inlet pressure from the emptying tube trailer. Average 
specific compression energy for respectively the medium and high-pressure 
compressor is 2.0 kWh/kg and 0.9 kWh/kg hydrogen compressed. 
 

4.3.3.8 Hydrogen tube trailers 
Hydrogen tube trailers [379,383,384] with compressed hydrogen are used for 
exchange between the WWTP location and hospital and low pressure storage during 
production at the WWTP location. Roundtrip distance for transport hydrogen 
between WWTP and hospital is assumed 100km. Tube trailer tractors consume 5.5 
kg/100km [235]. For every 2 tube trailers 1 tractor is needed, which can transport a 
full tube trailer while the other is being filled at the production site. Minimum 
number of tube trailers and tractors in the system therefore is respectively 2 and 1. 
In the Mid Century scenario tube trailers can store an effective mass of 1350 kg of 
hydrogen at a pressure of 540 bar [379,383,384]. Tube trailers are also used to 
export to and import hydrogen from other consumers in the urban area, such as the 
chemical industry or it is stored into salt caverns as seasonal storage [385]. 
 

4.3.3.9 Hydrogen Fueling Station (HFS) 
Hydrogen is chilled and dispensed from the 875 bar high pressure storage scaled to 
the normalized fueling profile defined [386]. The high-pressure storage tanks are 
dimensioned such that it can hold sufficient hydrogen to power the hospital 24 
hours by hydrogen only. Resulting in 1650 kg of hydrogen, which would fit in less 
than 2 cylindrical tanks with a diameter of 2.6 meter and 7.5 meter length as 
proposed in [387]. Specific chiller energy is 0.15 kWh/kg hydrogen chilled [388]. 
Maximum hydrogen dispensing rate is 2.0 kg/min per dispenser [389]. 
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4.3.3.10 Wind turbines 
From Figure 4-3 it can be seen that the hospital’s 24/7 operation and continuous 
energy demand is higher than the hydrogen energy from wastewater and solar 
electricity. Therefore, annual wind energy production must close the annual energy 
balance, by installing a sufficient number of wind turbines. No wind profile of the 
hospital’s location was available therefore the used wind profile is an average of the 
wind profile from the Hoek van Holland and Rotterdam weather stations [371,390]. 
The power curve of the 4.2MW wind turbine is based on [391]. A 3% capacity factor 
increase is assumed in a Mid Century scenario [392] by adjusting the power curve 
for the used wind profile. This results in a capacity factor of 43% (15,300 MWh/year 
per turbine) and the electricity production profile in Figure 4-4. 
 

 
Figure 4-4 Electricity production of a 4.2 MW wind turbine in a Mid Century scenario based on 
the combined wind profile of Rotterdam and Hoek van Holland. 
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4.3.4 Energy balance equations 

4.3.4.1 Annual energy balance 
The annual energy balance consists of the summation (1 year consists of 8760 hours) 
of the hourly average consumption (Ec̅ons), production (Ep̅rod) and electricity-
hydrogen-electricity and wastewater-to-hydrogen conversion losses (Ec̅onv.loss), 
Equation (4.1).  
 

∑ �̅�𝑐𝑜𝑛𝑠(ℎ) =  ∑ �̅�𝑝𝑟𝑜𝑑(ℎ)

8760

ℎ=1

8760

ℎ=1

− ∑ �̅�𝑐𝑜𝑛𝑣.𝑙𝑜𝑠𝑠(ℎ)

8760

ℎ=1

 (4.1) 

The annual electricity consumption, Equation (4.2), is the summation of the hourly 
average consumption of the hospital (Eh̅osp), hospital waste system (Eh̅osp.waste), 
hospital car fleet (Ec̅ar fleet), WWTP (EW̅WTP) and auxiliary components of the steam 
methane reformer (Er̅ef,aux). 
 

∑ �̅�𝑐𝑜𝑛𝑠(ℎ)8760
ℎ=1 =

∑ [
�̅�ℎ𝑜𝑠𝑝(ℎ) + �̅�ℎ𝑜𝑠𝑝.𝑤𝑎𝑠𝑡𝑒(ℎ) + �̅�𝑐𝑎𝑟 𝑓𝑙𝑒𝑒𝑡(ℎ) + �̅�𝑊𝑊𝑇𝑃(ℎ) …

+�̅�𝑟𝑒𝑓,𝑎𝑢𝑥(ℎ)
]8760

ℎ=1   
(4.2) 

 
Annual electricity production, Equation (4.3),  consists of the summation of the 
hourly average solar (Es̅olar), wind (Ew̅ind) and hydrogen production from wastewater 
(�̅�𝑟𝑒𝑓,𝐻2

). The annual solar energy is related to the fixed roof area and the hydrogen 

production is limited by the annual wastewater inflow and its energy content. From 
Figure 4-3 it can be clearly seen that the hospital’s 24/7 operation and continuous 
energy demand is higher than the hydrogen energy from wastewater and solar 
electricity. Therefore annual wind energy production has to close the annual energy 
balance, by installing sufficient wind turbines (NTurb). 
 

∑ �̅�𝑝𝑟𝑜𝑑(ℎ, 𝑁𝑇𝑢𝑟𝑏)8760
ℎ=1 = ∑ [�̅�𝑠𝑜𝑙𝑎𝑟(ℎ) + �̅�𝑤𝑖𝑛𝑑(ℎ, 𝑁𝑇𝑢𝑟𝑏) +8760

ℎ=1

�̅�𝑟𝑒𝑓,𝐻2
(ℎ)]  

(4.3) 

 
The conversions losses, Equation (4.4), consist of the hourly average steam methane 
reforming losses (Er̅ef,loss) and the losses in the electrolyzer’s electricity to hydrogen 
conversion (Ee̅l,loss) and fuel cell’s hydrogen to electricity conversion (EF̅CEV2G,loss) and 
hydrogen compression and cooling energy consumption (�̅�𝐻2 𝑐𝑜𝑚𝑝𝑟&𝑐𝑜𝑜𝑙). Except the 

reforming losses, all other losses are dependent on the hourly imbalance, either 
shortage or surplus electricity.  
 

∑ �̅�𝑐𝑜𝑛𝑣.𝑙𝑜𝑠𝑠(ℎ)8760
ℎ=1 = ∑ [�̅�𝑟𝑒𝑓,𝑙𝑜𝑠𝑠(ℎ) + �̅�𝑒𝑙,𝑙𝑜𝑠𝑠(ℎ) +8760

ℎ=1

�̅�𝐹𝐶𝐸𝑉2𝐺,𝑙𝑜𝑠𝑠(ℎ) + �̅�𝐻2 𝑐𝑜𝑚𝑝𝑟&𝑐𝑜𝑜𝑙(ℎ)]  
(4.4) 
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4.3.4.2 Hourly electricity balance 
The hourly electricity balance, Equation (4.5), consists of the hourly average 
production, Ep̅rod in Equation (4.6), consumption, Ec̅ons in Equation (4.7), and 
electricity balancing by the grid connected FCEVs (EF̅CEV2G) and electrolyser (Ee̅l).  
 

�̅�𝑝𝑟𝑜𝑑(ℎ) − �̅�𝑐𝑜𝑛𝑠(ℎ) = �̅�𝐹𝐶𝐸𝑉2𝐺(ℎ) − �̅�𝑒𝑙(ℎ)  (4.5) 

 
Solar (Es̅olar) and wind (Ew̅ind) produce electricity, Equation (4.6). 
 

�̅�𝑝𝑟𝑜𝑑(ℎ) = �̅�𝑠𝑜𝑙𝑎𝑟(ℎ) + �̅�𝑤𝑖𝑛𝑑(ℎ)  (4.6) 

 
Electricity is consumed by the hospital (Eh̅osp), hospital waste system (Eh̅osp.waste), 
WWTP (EW̅WTP), auxiliary components of the steam methane reformer (Er̅ef,aux) and 
compressors and hydrogen cooling (�̅�𝐻2 𝑐𝑜𝑚𝑝𝑟&𝑐𝑜𝑜𝑙), Equation (4.8). 

 
�̅�𝑐𝑜𝑛𝑠(ℎ) = �̅�ℎ𝑜𝑠𝑝(ℎ) + �̅�ℎ𝑜𝑠𝑝.𝑤𝑎𝑠𝑡𝑒(ℎ) + �̅�𝑊𝑊𝑇𝑃(ℎ) + �̅�𝑟𝑒𝑓,𝑎𝑢𝑥(ℎ) +

�̅�𝐻2 𝑐𝑜𝑚𝑝𝑟&𝑐𝑜𝑜𝑙(ℎ)  
(4.7) 

 

4.3.4.3 Hourly hydrogen balance 
The hourly hydrogen balance, Equation (7.11), consists of hydrogen produced via 
electrolysis (�̅�𝑒𝑙,𝐻2

), in case of temporary surplus electricity, together with the 

hydrogen leaving the reformer (�̅�𝑟𝑒𝑓,𝐻2
) which is stored in tube trailers (𝛥�̅�𝑡𝑢𝑏𝑒,𝐻2

). 

Filled tube trailers can be transported to the HFS or exported to other hydrogen 
consumers. The hospital car fleet (Ec̅ar fleet) is fueled at the HFS with hydrogen from 
the tube trailers. In case of a temporary electricity shortage, grid connected FCEVs 
convert hydrogen (�̅�𝐹𝐶𝐸𝑉2𝐺,𝐻2

) from the tube trailers into electricity to balance the 

system, Equation (4.5), after being fuelled at the HFS.  
 

𝛥�̅�𝑡𝑢𝑏𝑒,𝐻2
(ℎ) = �̅�𝑒𝑙,𝐻2

(ℎ) + �̅�𝑟𝑒𝑓,𝐻2
(ℎ) − �̅�𝐹𝐶𝐸𝑉2𝐺,𝐻2

(ℎ) −

�̅�𝑐𝑎𝑟 𝑓𝑙𝑒𝑒𝑡,𝐻2
(ℎ)  

(4.8) 
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 Energy balance results and discussion 

4.4.1 Annual energy balance 
The integrated transport and energy system is supplied by 100% renewable energy 
sources. Annual total primary energy supply is 24.1 GWh/year, see Figure 4-5. Solar 
and biogas from municipal wastewater are responsible for respectively 6% and 4% 
of the primary energy supply. Wind provides the remaining 90%. The annual energy 
balance is closed by the energy from the wind turbines. The roof area of the high-
rise hospital buildings and car park is not sufficient to cover the hospital building 
demand. Even considering a Mid Century solar panel efficiency of 35% and building 
energy consumption reduction of 20%. Hydrogen energy from wastewater   
Combined electricity and hydrogen consumption of the hospital buildings (96%), 
vehicle fleet (1%) and its special and normal waste treatment system (3%) is 14.4 
GWh/year. Daytime power consumption of the hospital’s building and waste 
treatment system is always higher than the maximum solar electricity production 
(Figure 4-3). Therefore, all solar electricity can be used directly, providing 10% of the 
final energy consumption of the hospital building and its waste treatment system. 
Direct wind electricity supplies 45% as well as 45% electricity from the grid 
connected FCEVs in the car park. 
Total annual hydrogen production is 286,100 kg/year (11.3 GWh/year), of which 
84% is produced from temporary wind surplus electricity. Hydrogen for both the 
hospital vehicle fleet as the tube trailer tractors is 4,800 kg/year (0.2 GWh/year) of 
which 50% is for the hospital vehicle fleet and 50% for the hydrogen tube trailers. 
430 number of roundtrips are made by the tube trailer tractors to either hospital or 
external hydrogen consumers and producers or seasonal storage. 
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Figure 4-5 Annual energy balance of the integrated transport and energy system. 

 

4.4.2 Hourly electricity balance and FCEV balancing 
The hourly electricity balance is maintained at all times, by either converting surplus 
electricity into hydrogen via the electrolyzer or converting hydrogen into electricity 
by grid connected FCEVs when there is a shortage of electricity, see Figure 4-6. The 
electrolyzer maximum capacity is 4.8 MW with a capacity factor of 25%. Maximum 
shortage power is 2.50 MW, which corresponds to 250 FCEVs at 10kW V2G power, 
with a capacity factor of 30%. For about 1900 hours, both electrolyzer and FCEVs 
are in operation. This is due to the cable limitation of 2MW between the hospital 
and WWTP location.  
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Figure 4-6 Load duration curve electricity surplus (+, electrolyzer operation) and electricity 
shortage (-, FCEVs V2G operation). Due to the cable limitation for about 1800 hours both 
electrolyzer and FCEVs are running simultaneously. 

Figure 4-7 shows the number of FCEVs required for balance over the course of a year 
for every hour of the day. On average during nighttime, more FCEVs are required as 
during daytime, due to the absence of solar power. The whiskers, representing 1.5 
times interquartile range are smaller during nighttime, due to the lower power 
consumption during night. During daytime, interquartile range is larger and also 
outliers (red plus sign) occur, this can be explained by fluctuating solar energy due 
to moving clouds at windy days. Maximum number of 250 FCEVs occurs in the 
beginning of December at 15h. On average during the year 75 FCEVs can provide all 
balancing, occupying only 15% of the 500 parking places available. 

 

 

Figure 4-7 Number of FCEVs required for balancing during the day. The blue box represents 
the 25th and 75th percentile (50%). The whiskers represent 1.5 times the interquartile range 
(49.7%). Outliers are marked with a red plus, medians with a red horizontal line in the blue 
boxes and the averages by a black asterisk. 
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4.4.3 Hourly hydrogen balance 
Figure 4-8 shows the net hydrogen production during the year, with a net 
import/export of zero. A seasonal effect can be observed showing more hydrogen 
production during the winter months, due to the higher wind production in this 
period. In case of seasonal storage, storage size should be approximately 70,000 kg 
of hydrogen with a start filling of 20,000 kg for the analyzed year. A storage size of 
70,000 kg corresponds to 24% of the total annual hydrogen production. 
 

 
Figure 4-8 Net hydrogen production profile shows that the net import and export of hydrogen 
over a year is zero. 

 

4.4.4 Component sizing 
Table 4-2 shows the main component sizes of the integrated transport and energy 
system. Maximum required wind turbine power of 5.8 MW, representing 
approximately 1.4 wind turbines of 4.2 MW, is about 1 MW smaller than the 
maximum required electrolyser power. This is because of the base load of more than 
1MW of the hospital. In practice 2 wind turbines or more will be installed, so either 
surplus electricity will be sold to other consumers in the region or more hydrogen 
will be produced. 1 dispenser is sufficient to fuel the hospital car fleet and the 
parked FCEVs used for balancing. 2 tube trailers and 1 tractor are required for all 
hydrogen transport between hospital and WWTP site and for importing and 
exporting temporary surplus and shortage hydrogen. 
 
Table 4-2 Main installed component sizes of the integrated transport and energy system. 

Main components Installed sizes 

Solar system (MWp) 1.3 

Wind turbine (MW) 5.8 

Electrolyser (MW) 4.8 

Steam methane reformer (kg/h H2) 8.5 

Compressor at WWTP (kg/h) 120 

Compressor at HFS (kg/h) 110 

Dispensers 1 

Tractors 1 

Tube Trailers 2 
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 Feasibility replacement emergency power system by V2G 

FCEVs 

4.5.1 Replacement Uninterruptable Power Supply (UPS) systems 
During the first 15 seconds of an electricity outage the Uninterruptable Power 
Supply systems provide the necessary power. After 15 seconds the emergency 
power diesel generators should take over. The hospital’s dispersed UPS systems 
have a combined power output of approximately 500kW and capacity of 95 kWh. 
Power output can be matched with 50 FCEVs, taking into account the V2G 
connection limitation of 10kW. To match the energy capacity approximately 95 
FCEVs would be required. The high voltage battery in the grid connected FCEVs can 
respond within a second to any load. 
 

4.5.2 Replacement emergency power diesel generators 
The maximum power capacity of the existing emergency power diesel generators is 
150% of the hospital peak power (3.6 MW), so including 50% redundancy. The 
emergency generators consist of 3 subsystems each able to provide 50% of the peak 
power. To match this power output including redundancy, 360 FCEVs are required, 
taking into account the V2G connection limitation of 10kW. Questionable is if a 50% 
redundancy is required at all times in case of replacement by 360 grid connected 
FCEVs. The probability of failure on demand of 120 FCEVs at once is likely lower than 
1 out of 3 systems. As FCEVs are mobile, sizing the emergency power system for only 
the hospital base load could be an option as well, resulting in 120 FCEVs. As within 
short periods of time additional FCEVs could be driven into the car park.  
The hospital has approximately 2200 full-time appointed employees. Assuming 
three shifts a day, with a night-shift occupation of 50% of a day-time shift, would 
result in the presence of 440 employees during night-time. If 50% of the 440 
employees would have an FCEV provided by the hospital, including V2G capabilities, 
220 FCEVs would be present at all times. Although this is still somewhat lower than 
the hospital peak power, by switching off a heat pump this could be lowered 
temporarily. 
6 days of autonomy at average hospital power demand (1.6MW) is guaranteed by 
the diesel tanks of the emergency generators. This can be achieved as well with 
hydrogen as following. The high-pressure hydrogen storage at the HFS is 
dimensioned such that it provides 1 day of autonomy (Section 4.3.3.9). Combined 
autonomy of using hydrogen from the on-board tanks of the 220 FCEVs present, 
results in another 20h of autonomy. If required, after the first day, an additional 4.5 
days of autonomy can be guaranteed by trucking in 5-6 additional tube trailers 
(about 20h of autonomy per tube trailer). In this way a total of 6 days of autonomy 
or more can be achieved during an electricity outage. 
Keeping in mind that the system is designed for a Mid Century scenario (~2050), 
self-driving cars and trucks could facilitate the replacement of the emergency diesel 
power system by grid connected FCEVs and tube trailers. FCEVs could connect 
themselves in the car park via inductive discharging. 
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Partial replacement of the emergency power system could be an option as well. 
Base load power could be provided by a stationary UPS and smaller emergency 
power system. Additional peak power and days of autonomy could be provided by 
grid connected FCEVs and hydrogen tube trailers. 
 

 Conclusions 
An 100% renewable and reliable integrated transport and energy system for a 526-
bed hospital is designed using only urban energy sources. The hospital energy 
system is dimensioned using European statistics, based on 100,000 inhabitants. 
Rooftop solar and biogas from municipal wastewater of 100,000 inhabitants, 
together with estimated energy savings in building of 20% in a Mid Century energy 
scenario, is not sufficient to provide year round renewable energy supply. 
Therefore, additional wind energy, installed at the wastewater treatment plant site 
closes the energy balance. Rooftop solar energy provides 6% of the required energy. 
Due to the high specific building energy per square meter and high-rise buildings, a 
relatively low amount of rooftop area is available for solar energy. Biogas from 
municipal wastewater wind energy provide respectively 4% and 90% of the primary 
energy supply. Temporary surplus electricity can be converted into hydrogen via 
electrolysis and stored for temporary shortages. Seasonal imbalance is solved by 
exchanging hydrogen with other local hydrogen consumers and producers or by 
using salt caverns as hydrogen storage. The system is balanced at all times, by 
converting stored hydrogen into electricity by less than 250 grid connected FCEVs. 
The car park at the hospital with 500 places can easily host the FCEVs. 
The existing emergency power system consist of two subsystems: an 
uninterruptable power supply and emergency diesel power generators including 
diesel tanks providing 6 days of autonomy during an electricity outage. The 
uninterruptable power supply system could be replaced by approximately 95 grid 
connected FCEVs. The high-pressure hydrogen storage at the hydrogen fueling 
station provides sufficient hydrogen for 1 day of autonomy. 220 grid connected 
FCEVs could provide sufficient power and another 20hours of autonomy. If required, 
after the first day, an additional 4.5 days of autonomy can be guaranteed by trucking 
in 5-6 additional tube trailers (about 20h of autonomy per tube trailer). In this way 
a total of 6 days of autonomy and even more can be achieved during an electricity 
outage. Partial replacement of the emergency power system by grid connected 
FCEVs and tube trailers could be an option as well. 
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5 Fuel cell electric vehicle as a power plant: fully 

renewable integrated transport and energy 

system design and analysis for smart city areas 
 
The research presented in this chapter has been published in [235]. The work in this 
chapter tries to address research sub-questions 2 “How can we integrate FCEVs, 
used for transport, distributing and generating electricity, into future energy 
systems?” and 3 “What impact do European regional characteristics have on the 
techno-economic system performance and the usage of FCEVs for transport, 
distributing and generating electricity?”. A combined approach of system design, 
heuristic modeling, simulation and techno-economic scenario analysis is used. 
 

 Abstract 
Reliable and affordable future zero emission power, heat and transport systems 
require efficient and versatile energy storage and distribution systems. This paper 
answers the question whether for city areas, solar and wind electricity together with 
fuel cell electric vehicles as energy generators and distributors and hydrogen as 
energy carrier, can provide a 100% renewable, reliable and cost-effective energy 
system, for power, heat, and transport. A smart city area is designed and 
dimensioned based on European statistics. Technological and cost data is collected 
of all system components, using existing technologies and well-documented 
projections, for a Near Future and Mid Century scenario. An energy balance and cost 
analysis are performed. The smart city area can be balanced requiring 20% of the 
car fleet to be fuel cell vehicles in a Mid Century scenario. The system levelized cost 
in the Mid Century scenario is 0.09 €/kWh for electricity, 2.4 €/kg for hydrogen and 
specific energy cost for passenger cars is 0.02 €/km. These results compare 
favorably with other studies describing fully renewable power, heat and transport 
systems. 
 

 Introduction 
The urgency to significantly reduce the impacts of climate change is felt around the 
globe. December 12, 2015, 195 governments agreed on a long-term goal of keeping 
the increase in global average temperature to well below 2°C above pre-industrial 
levels and aim to limit the increase to 1.5°C [325]. 
In view of these goals both the energy and transport systems need to change into 
zero emission systems. Both systems need to become clean while remaining reliable 
and affordable. This will require major technological, organizational and social 
changes in both the energy and the transport system. We envisage major transitions 
in and integration of both systems. 
The transition in the electricity system will be from fossil fueled power plants to 
renewables. However, the intermittent nature of many renewables such as wind 
and solar require a more flexible electricity system, which may be provided by 
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flexibility in demand, electricity storage, electricity conversion into fuels, chemicals 
or heat and (distributed) smart grids [345].  
The major technological transition in the transport system will be from combustion 
engines to electric engines. The electricity will be provided by batteries or fuel cells 
that can produce electricity with high efficiencies from a fuel such as hydrogen. In 
addition, an electricity charging infrastructure and/or hydrogen fueling 
infrastructure is needed to accommodate the introduction of electric vehicles. 
Until today both the electricity and transport system have developed independently 
from each other. However, the integration of these two systems may solve major 
problems related to the separate transitions described above, and create synergies 
benefiting both systems [218,220,223,225,393–395]. To our knowledge, no such 
comprehensive study has been performed up to now. Many studies and pilot 
projects investigate (stand-alone) renewable energy systems using hydrogen as 
energy storage and stationary fuel cells for re-conversion of the stored hydrogen 
[203,204,403–412,205,413,396–402]. Some studies use the produced hydrogen for 
transport [207,393,421,398,414–420] or solely use the fuel cell in the vehicle as an 
electric generator [214,215,422] without considering hydrogen production. None of 
the aforementioned studies integrates grid connected hydrogen fuel cell powered 
transport, renewable electricity and hydrogen production and hydrogen 
reconversion on the scale of a smart city area, analyzing energy demand and cost of 
energy in different time frames.  
Balancing excess and shortage of electricity can be handled in three ways: 

1. Power to Power. At moments of excess electricity generated by 
renewables, the electricity can be stored in batteries of electric vehicles 
which are connected to the grid. When there is a shortage of power 
production by renewables, the stored electricity in car batteries could be 
used to feed into the grid. At present the electricity stored in batteries of a 
car is between 10 and 90 kWh. 

2. Power to Gas and Power to Chemicals [413]. At moments of excess 
electricity by renewables the electricity can be converted into hydrogen. 
The hydrogen can be stored under pressure and transported by boat 
and/or truck to car fueling stations as a clean fuel. Hydrogen has a high 
energy density, 39 kWh/kg (HHV). Pressurized hydrogen tanks in present 
fuel cell cars contain 5 to 6 kg hydrogen [423]. Hydrogen can also be used 
as a feedstock to produce chemicals and other fuels such as ammonia, 
methanol, methane, and formic acid.  

3. Gas to Power. At moments of electricity shortage, the fuel cells in vehicles 
could supply electricity to the grid [181,200,214–216,221,424–427], using 
the hydrogen stored in their tank. Fuel cells can produce electricity from 
hydrogen with a high efficiency. Peak energy efficiencies of the present 
PEM fuel cells in the cars are about 51.5% (HHV) in part load, with United 
States (US) Department of Energy (DOE) targets of 60.0% (HHV) [126,194]. 
One kilogram of hydrogen can therefore supply between 20 and 25 kWh to 
the electricity system. 
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Cars have sufficient power to influence the energy system world-wide. Summarizing 
an analysis done by [2]: Worldwide power plant capacity is about 5.000 GW. At 
present the typical fuel cell of a car has a capacity of about 100 kW, sufficient to 
power on average 100 European homes. Every year worldwide more than 80 million 
new cars are sold. The number of new cars multiplied by 100 kW capacity per fuel 
cell per car, would amount to 8.000 GW new power production capacity on the road 
every year. In a renewable electricity production system, fuel cell cars can therefore 
provide all necessary flexible electricity production capacity. 
Hydrogen can be produced from all kind of renewable energy sources, such as 
biogas, biomass, direct sunlight or renewable electricity [428–432]. Also hydrogen 
can be produced far from load centers [433]. It can be stored and transported by 
boat and truck to these load centers, mainly associated with urbanized areas [434]. 
For example floating wind turbines far in the ocean at very high wind speed 
locations, can produce electricity which is converted into hydrogen by electrolysis 
and shipped to the load centers [435,436]. This creates flexibility in supply and 
demand for renewable energy production both geographically and in time and 
avoids huge investments in electricity transmission lines between renewable energy 
generation sites and demand centers [437].  
Market introduction of Fuel Cell Electric Vehicles (FCEVs) is gaining momentum 
[182,438–440]. Many scenarios show substantial penetration of fuel cell vehicles in 
the coming decades [126,441–448]. The Japanese government wants to create a 
market for hydrogen and fuel cell cars, with projected annual market size increasing 
to 800,000 fuel cell electric vehicles sold in 2030 [449]. Similar in Germany, a 
program is initiated to build 400 hydrogen fueling stations in the coming years in 
Germany, combined with car fleet development [450,451].  
Studies [452] show strong evidence of achievable cost reductions for hydrogen 
technologies, to approx. 30 USD/kW for automotive PEM fuel cell systems in 
production volumes of 500,000/year; with comparable cost reduction for hydrogen 
generation cost [452]. But also hydrogen storage tank costs, electrolyzer costs and 
compressor costs will decrease considerably in the coming decades, based on 
technology improvements but primarily on increasing production volumes [126]. 
Inspired by the concept of a “Hydrogen Economy” [279,414,453–459], the question 
arises: Can solar and wind electricity together with fuel cell electric vehicles and 
hydrogen as energy carrier, provide a 100% renewable, reliable and cost effective 
energy system, for power, heat, and transport for smart city areas? To get insights 
and answers to this question, this study performs the design, energy balance, and 
cost analysis of an integrated electricity and transport system, based on renewable 
electricity production, hydrogen as an intermediate energy carrier and fuel cell 
electric vehicles for transport and providing all the necessary flexibility for the 
electricity system, in two time frames: Near Future and Mid Century. 
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 Methodology 

5.3.1 Approach 
The research is performed in five steps: 

1) Design and dimensioning of a fully autonomous renewable and reliable 
integrated transport and energy system for a smart city area based on European 
statistics. Requirements are listed in section 5.3.2. 
2) Analyzing annual energy demand for the designed smart city area in two 
time frames: a Near Future (around 2020) and Mid Century scenario (around 
2050), see section 5.3.3.  
3) Calculating the annual energy balance by matching energy demand with 
solar and wind electricity production, energy storage in the two scenarios, see 
section 5.3.4. Selection of technologies for the components of the energy 
system in the smart city area and analyzing their technological and economical 
characteristics in two time frames.  
4) Calculating cost of energy for the two time frames, by calculating in section 
5.3.5 

a) Smart city area total system cost of energy 
b) System levelized cost of energy 
c) Specific cost of energy 

5) Sensitivity analysis for the cost of energy in the Mid Century scenario for a 
wide range of key assumptions and parameters used, see section 5.3.6. 

 

5.3.2 System design requirements and dimensioning 
A fully autonomous renewable and reliable energy and transport system is designed 
for a smart city area. The smart city area energy and transport system is designed in 
such a way that it fulfills the following design requirements: 

- uses only electricity and hydrogen as energy carriers and is all electric in 
end use 

- uses only hydrogen to power all road transport vehicles 
- is an average European city area. 
- is integrated into existing infrastructure and buildings  
- does not require a new-build underground infrastructure, for example an 

underground hydrogen pipeline network 
- uses abundant renewable energy sources in Europe: solar and wind only 
- is independent of High and Medium Voltage electricity grids, natural gas 

and district heating grids or expansion of these. 
 
Section 5.4 describes the design and dimensioning of such an energy system starting 
by a statistical analysis of the European characteristics for an average city area. The 
dimensioning includes a wide range of aspects defining a city area, for example the 
number of inhabitants and households, floor and roof area of buildings, road 
transport vehicles and refueling stations.  
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5.3.3 Analyzing energy demand 
The annual energy demand of such an integrated transport and energy system for a 
smart city area started by a statistical analysis of the European Union (EU) energy 
consumption in buildings and for road transport, see section 5.5. Building energy 
consumption consists of heating, cooling and electrical appliances in the residential 
sector and the services sector. Road transport energy consumption analysis looks 
into average transport kilometers per vehicle type and its energy consumption. For 
such an average city area, the Near Future and Mid Century energy demand in 
buildings and for transport, are based on statistical historical data and studies about 
future energy efficiency improvement in end use, use of different technologies such 
as heat pumps for heating and by replacing conventional internal combustion 
powered road vehicles by hydrogen powered fuel cell electric vehicles. 
 The two scenarios can be characterized as follows: 

• The Near Future scenario uses current state of the art renewable and hydrogen 

technology and current energy demand for buildings and transport. It is already 

an all-electric energy system in the end use, which means space heating is done 

via heat pumps fulfilling present heat demand for houses and buildings. Only 

commercially available hydrogen technologies are used. For all systems, 

including hydrogen technologies, present technology characteristics and cost 

figures are used.  The near future scenario presents a system that could be 

implemented around 2020. 

• In the Mid Century scenario a significant reduction of end-use energy 

consumption is assumed. Hydrogen and fuel cell technology has become 

mature with mass production and performing on the cost and efficiency targets 

projected for 2050. Also for all the other technologies, such as solar, wind, 

electrolyzers the learning curves are taken into account. 

In both scenarios it is assumed that the number of vehicles and the annual 
kilometers driven per vehicle are the same as nowadays. 
 

5.3.4 Calculating the energy balance 
The maximum amount of generated solar electricity in the smart city is calculated 
with the available roof area on buildings, based on the statistical analysis of the 
average European city area in section 5.4. Due to the possible insufficient solar 
electricity production and mismatch with building and transport energy 
consumption (see section 5.5.4), additional wind electricity and energy storage is 
required. 
A technology choice is performed and an assessment is conducted for, efficiencies, 
sizes, cost and development in time for all involved components of the smart city 
area energy system, see section 5.6. Component sizes are determined using 
calculation methods from other studies or are based on average day patterns.  
Once the technology choice and assessment are performed, the energy balance is 
calculated. In both scenarios wind electricity closes the annual energy balance of 
energy demand and local solar electricity generation, taking into account all 
efficiencies of the different conversion and storage technologies.  
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5.3.5 Calculating cost of energy 
Three components for the cost of energy (CoE) will be calculated. 

• Smart City Area Total System Cost of Energy, TSCoESCA in Euro per year. 

• System Levelized Cost of Energy for electricity SLCoEe in Euro per kWh and for 
hydrogen SLCoEH in Euro per kg Hydrogen. 

• Specific Cost of Energy for Buildings SCoEB in Euro per m2 per year and for 
Transport SCoET in Euro per km. 

 

5.3.5.1 Smart city area total system cost of energy 
The TSCoESCA in Euro per year, Equation (7.11), is the sum of the Total annual capital 
and operation and maintenance Costs TCi (€/year) of the total number of 
components (n) in the Smart City Area: 
 

( )
1

€
n

SCA iTSCoE year TC=   (5.1) 

 
The TCi of an individual component, Equation (7.11), are calculated with the annual 
Capital Cost CCi (€/year) and Operation and Maintenance Cost OMCi (€/year): 
 

( )€i i iTC year CC OMC= +   (5.2) 

 
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): 
 

( )€i i i iCC year AF Q IC=     (5.3) 

 
Where the annuity factor AFi [460,461], Equation (7.11), is based on the weighted 
average cost of capital WACC (%) and the economic lifetime of a component LTi 
(years):   
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1 1
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 +
=

 + −
 

  (5.4) 

 
The annual operation and maintenance costs OMCi (€/year), Equation (7.11), are 
expressed as an annual percentage OMI (%) of the Qi and ICi: 
 

( )€i i i iOMC year OM Q IC=     (5.5) 

 
The cost analyses are in constant 2015 euros. An exchange rate of 0.88 USD to EUR 
is used. The website [462] is used to convert all USD values to USD2015 values. A 
WACC of 3% is used. 
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5.3.5.2 System levelized cost of energy 
The system levelized cost of energy, for either electricity SLCoEe (€/kWh) in Equation 
(5.6) or hydrogen SLCoEH (€/kg H2) in Equation (7.11), are calculated by allocating a 
share of the TSCoESCA related to either electricity TSCoESCA,e or hydrogen 
consumption TSCoESCA,H. These shares are then divided by either the annual 
electricity ECe (kWh/year) or hydrogen consumption ECH (kg H2/year) and resulting 
in respectively the SLCoEe or SLCoEH: 
 

( ) ,
€

SCA e

e

e

TSCoE
SLCoE kWh

EC
=   (5.6) 

( ) ,

2€
SCA H

H

H

TSCoE
SLCoE kg H

EC
=   (5.7) 

 

5.3.5.3 Specific cost of energy 
The specific cost of energy is defined as the energy cost per physical unit [463]. For 
transportation services, the Specific Cost of Energy for transport SCoET is defined as 
the energy cost for driving a vehicle over a distance of 1 km. For FCEVs the SCoET,veh 
in Equation (5.8), is the Specific Energy Consumption of hydrogen per hundred 
kilometer for each type of vehicle, SECT,veh (kg H2/100 km), times the SLCoEH  and 
divided by 100 kilometer: 
 

( ) ,

, €
100

H T veh

T veh

SLCoE SEC
SCoE km

km


=   (5.8) 

  
For building energy consumption, the Specific Cost of Energy for Buildings SCoEB 
(€/m2/year) in Equation (7.11) is defined as the cost of the annual Specific Energy 
Consumption SECB (kWh/m2/year) by all energy-consuming equipment within that 
building per square meter: 
 

( )2€B e BSCoE m year SLCoE SEC=    (5.9) 

 

5.3.6 Sensitivity analysis 
A sensitivity analysis for the Mid Century scenario is performed for the parameters 
that have a large impact on the TSCoESCA. Amongst others the specific energy 
consumption of FCEVs, cost of hydrogen technologies, specific energy consumption 
of buildings and annual solar irradiation.  
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 Design of a fully autonomous renewable and reliable 

energy system for a smart city area 

5.4.1 Smart integrated energy and transport city functional design 
Main energy consumers in cities are buildings and transportation vehicles and 
account for 67% of the final energy consumption in the EU [464]. Buildings in cities 
belong to either the residential or services sector, as industrial buildings are often 
located outside city areas. Energy consumption of road transportation vehicles 
energy accounts for 80% of the EU final energy consumption for transportation 
[464]. The road transportation vehicles are owned by either the residential or 
services sector and energy is consumed in or between smart city areas. By applying 
the design requirements from section 5.3.2, the integrated system design of the 
smart city area has the following 6 major elements (Figure 5-1): 

• The residential and services sector buildings. All buildings have rooftop solar 
electricity systems and water collection systems. The buildings are all electric, 
without any natural gas connection. Industrial and agricultural buildings are 
excluded from the analysis. 

• Hydrogen production & purification, and storage system. 

• Smart electric grid, managed by a controller, which connects all buildings and 
cars. 

• A hydrogen tube trailer transporter and a Hydrogen Fueling Station (HFS). 

• A fleet of hydrogen fuel cell cars and other road transportation vehicles. 

• An off-site wind turbine park, not located near or in the smart city area, with 
water collection, purification and hydrogen production and storage system, 
with no  electrical grid connection  

The functional energy performance of the smart city area comprises of the following 
conversion steps: 

• Electricity is generated by solar modules on all roofs. 

• Rainwater is collected from the roofs of buildings and is demineralized and 
purified and used in the electrolysis process. Purification is needed for good 
operation of the electrolyzer. 

• Surplus solar electricity is converted via water-electrolysis into pure hydrogen. 
The hydrogen is compressed and stored into tube trailer modules. Full tube 
trailer modules are transported by a trailer tractor to the nearby Hydrogen 
Fueling Station (HFS).  

• At the HFS, the hydrogen is further compressed depending on vehicle demand. 
Electric energy required for hydrogen compression at the HFS comes from the 
city area.  

• The hydrogen is used as a transport fuel for all types of fuel cell powered electric 
vehicles; passenger cars, vans, motorcycles, buses and trucks. 

• In case of a temporary shortage in production of solar electricity, the fuel cells 
in grid-connected passenger cars provide the necessary electricity by 
converting hydrogen from the on-board hydrogen storage tanks. At parking 
places at home or at the local shopping area, vehicle-to-grid points connect the 
cars to the smart city electrical grid. 
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• All wind-electricity produced is converted at the wind turbine park into 
hydrogen via water-electrolysis. These wind turbines are located either on-
shore or off-shore. The produced hydrogen from wind is transported via tube 
trailers to a hydrogen fueling station. 

• Surface or seawater in the vicinity of the wind turbines is purified and used in 
the water-electrolysis process. 

 
The system design configuration is flexible to use other renewable energy sources if 
present, for example as biomass or hydropower to hydrogen, but is not analyzed in 
this study.  
 

 

Figure 5-1 Smart City Area key elements and functional energy performance. 

5.4.2 Dimensioning of smart integrated city area  
The size of a European city area for this study is determined using the dispersion of 
supermarkets and petrol stations. In the EU 28, for every 1,900 households there is 
one petrol station [465,466] and for every 2,100 households there is an medium-
sized supermarket so 2,000 households is a good indicator for dimensioning the 
smart integrated city area. This hydrogen fueling station will serve a similar vehicle 
population as current gasoline stations [386]. Total capital cost per capacity for large 
HFS (≥ 1,500 kg/day) is lower than for smaller HFS [467]. Also in the future with 
lower specific energy consumption for transport the hydrogen fueling station will 
still dispense sufficient amount of hydrogen [467] with the benefits of lower total 
capital cost per capacity.   
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On average 2,000 households correspond to 4,700 persons, with in total 2,300 cars, 
190 motorcycles and some 320 other vehicles and each household using 89.75 m2 
of built area, according to European statistical data [465,466,468–474], see Table 
5-1. Of the lorries and vans, approximately 10% are lorries [475–481]. 

 
Table 5-1 Characteristics of a smart European city area. 

Parameter Quantity 

Petrol stations 1 

Food retail shop 1 

Households and dwellings1 in smart integrated city 2,000 

Persons 4,680 

Floor area buildings residential (m2) 179,500 

Floor area buildings services (m2) 57,200 

Passenger cars 2,300 

Motorcycles 190 

Lorries and Vans 300 

Large Trucks with trailers (road tractors)2 18 

Buses 8 
1 Assumed that only 1 household lives in a dwelling.                                                                                                                                                  
2 The number of large trucks with trailers includes the number of tractors used for 
transporting hydrogen tube trailers. 

 Energy demand and production in two scenarios 

5.5.1 Residential Sector 
The building-related energy demand of the residential sector accounts for 27% of 
the total EU final energy consumption [464]. The present European residential 
building floor space of 18.95 million m2 and present-day energy consumption was, 
3,493 TWh/year [464,472].  For the Near Future scenario, all electric buildings are 
assumed, where heat pumps with an estimated annual average COP of 3.5 replace 
conventional heating & cooling [482–485]. In the Mid Century scenario, buildings 
are also all-electric, and significant energy savings will be achieved: 95% savings on 
space heating and cooling and 50% on water heating [486]. It is assumed cooking 
energy consumption [472] in the Mid Century scenario will be the same as in the 
Near Future scenario. Although lighting energy savings will be significant by LED 
technologies, electrical consumption will increase due to an increased number and 
use of electrical appliances and home-automation. Therefore, it is assumed that the 
combined electricity consumption for electrical appliances, lighting and cooking is 
the same as in the Near Future scenario.  
Road transport energy accounts for 26% of the total EU final energy consumption 
[464], of which 1,959 TWh/year (59%) is due to passenger cars [470]. For the Near 
Future and Mid Century scenario, 100% hydrogen powered FCEVs are foreseen, with 
a SECT,car of 1.0 and 0.6 kg H2/100 km, respectively [126]. The final energy 
consumption for motorcycles is not included as it represents only 1.3% [429] of the 
total road transport final energy consumption. 
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In both scenario’s, the present European passenger cars average annual driven 
distance of 11,940 km [470] is used. With the specific energy consumption and 
energy content of 39.41 kWh/kg of hydrogen (on a HHV basis), the annual final 
energy consumption of a FCEV passenger car, equivalent to 62 respectively 37 kWh 
per square meter residential floor area per year. 
Summarizing: the total specific energy consumption in the residential sector for 
transport and buildings is calculated using data from Table 5-1, 
[126,464,466,469,470,472,473], and results in 288, 142, and 89 kWh/m2/year at 
Present, Near Future, and Mid Century, respectively, see Table 5-2. The specific 
energy consumption in buildings is comparable with the values in [487].  

 
Table 5-2 Specific energy consumption (kWh/m2/year) per consumption category for the 
residential sector. 

 SEC [kWh/m2/year] 

Energy consumption category Present Near Future Mid Century 

Space heating & cooling  126.3  27.4   6.3  

Water heating 23.3  19.6   11.7 

Electrical appliances, lighting, cooking 34.7  33.4   33.4  

Total in buildings (SECB,residential) 184.3 80.4 51.4 

Passenger cars relative to floor surface 103.4 62.01 37.21 

Total transport and buildings  287.7 142.4 88.6 

 1 Specific energy consumption on a HHV basis.                                                                                                                                                                

5.5.2 Services Sector 
The building-related energy consumption of European services sector accounts for 
1,850 TWh per year (with climatic corrections) [471], equal to 14% of the total EU 
final energy consumption [464]. For the Near Future scenario a combined energy 
saving of 50% is assumed compared to the present situation, by virtue of application 
of heat pumps [232,488–492] for all thermal energy demands [493]. For the Mid 
Century scenario energy saving of 50% is assumed for hot water and 85% for other 
thermal demands compared to the present situation, based on [486]. 
Road transport of the services sector, excluding passenger cars, accounts for 10 % 
of the total EU final energy consumption, 1,302 TWh/year [464,470]. In both 
scenarios, all vehicles are powered by hydrogen fuel cells. Table 5-3 shows the 
average annual distance driven [475,476,497,498,477–481,494–496] and the SEC-

T,veh (kg H2/100km) for vans, lorries, road tractor and buses for both scenarios. The 
specific energy consumption in the Near Future of vans is based on the average of 
[187] and [499] with an assumed average fuel cell system Tank-To-Wheel (TTW) 
efficiency of 51.5% (HHV) [126]. For lorries and road tractors it is based on the 
specific energy use of Battery Electric Vehicle (BEV) type lorries and road tractors 
[187] and the fuel cell system Tank-To-Wheel (TTW) efficiency [126]. FCEV bus 
specific energy use for the Near Future is taken from [500]. An efficiency 
improvement of 30% for vans (somewhat lower than the 40% expected for cars 
[126] and 20% for FCEV buses, lorries and road tractors [500], is assumed in Mid 
Century scenario. 
  



 

82    
 
 

C
h

ap
te

r 
5

 

Table 5-3 Average annual distance driven and Near Future and Mid Century specific energy 
consumption for van, lorry, road tractor and bus type FCEVs. 

 
 

Vehicle type 

EU average annual 
distance driven 

[km/year] 

Near Future 
SECT,veh  

[kg H2/100km] 

Mid Century 
SECT,veh 

[kg H2/100km] 

Van 20,725  1.3 0.9 

Lorry 46,176  4.6 3.7 

Road tractor  87,152  6.9 5.5 

Bus 47,611  8.6 6.9 

 
With the specific energy consumptions given in Table 5-3 and the energy content of 
39.41 kWh/kg of hydrogen (HHV basis), the annual final energy consumption of 
FCEVs is calculated. In Near Future as well in Mid Century the average annual 
distance driven remains constant. The number of tube trailer trucks for hydrogen 
transport and their driven kilometers are assumed to be included in the number of 
road tractors and their annual driven kilometers. Using the data from 
[126,464,470,471,473,493], Table 5-1 and Table 5-3, total specific energy 
consumption for the service sector area is calculated, see Table 5-4. The total 
specific energy consumption is 522, 411, and 307 kWh/m2/year at present, Near 
Future, and Mid Century, respectively. The specific energy consumption in buildings 
is comparable with the values in [487]. 

 
Table 5-4 Specific energy consumption (kWh/m2/year) per energy consumption category for 
the services sector. 

 SEC [kWh/m2/year] 

Energy consumption category Present Near Future Mid Century 

Space heating & cooling, process heating & cooling  
(with climatic corrections) 

166.1 83.1 25.0 

Water Heating 27.0 13.5 13.5 

Electrical appliances, lighting 113.4 113.4 113.4 

Total in buildings (SECB,services) 306.6 210.0 152.7 

Road vehicles (vans, lorries, buses, road tractors) 
relative to floor surface 

215.7 198.81 154.11 

Total transport and buildings 522.3 411.7 306.7 
1 Specific energy consumption on a HHV basis.                                                                                                                                                             
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5.5.3 Local energy production by solar electricity systems 
Residential and service sector roofs will be used for solar electricity systems and for 
rainwater collection [501–503]. Solar electricity systems are installed on all 
technically suitable roof areas: 9 m2 per person on residential buildings and 4 m2 per 
person on service sector buildings area [504,505]. Façades are not considered. In 
the Near Future scenario the performance ratio and solar module efficiency are 0.75 
and 0.20 kWp/m2, and in the Mid Century scenario these are 0.90 and 0.35 kWp/m2 
[370,506–510]. Thus 12.4 and 21.3 MWp are installed in Near Future and Mid 
Century scenario, respectively. The electricity generated is calculated using a typical 
global irradiation on optimally inclined modules in European urbanized areas of 
1,300 kWh/m2/year [343,511,512].  
 

5.5.4 Overview energy consumption and production 
The final energy consumption for each category and solar electricity production for 
the two scenarios is shown in Figure 5-2. The total final energy consumption for the 
smart city is 48 and 33 GWh/year in the Near Future and Mid Century scenario, 
respectively. The solar electricity production is 12 respectively 25 GWh/year. 
In the Near Future scenario, demand exceeds supply, and solar electricity systems 
are insufficient to cover the residential and service sector demand nor the transport 
energy demand in the Near Future scenario. To balance demand and supply, 
additional energy has to be generated or imported. Exchange between residential 
and service sector does not solve this imbalance. In the Mid Century scenario, 
demand still exceeds supply, but for the residential sector there is a small net surplus 
of energy, and additional energy is still required. No attention has been given yet to 
temporal mismatch between solar electricity production and electricity 
consumption, and storage losses. The next section will address this. 

 
Figure 5-2 Generated solar electricity in each scenario compared to the building and transport 
final energy consumption categories. 
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 Technology choices, sizing, characteristics and 

development 

5.6.1 Data structuring 
The relevant conversion processes in the smart city, as shown schematically in 
Figure 5-3, are: 

• hydrogen production and purification,  

• hydrogen compression, storage and transport, 

• hydrogen fueling station (compression, storage, dispensing and cooling) 

• fuel cell electric vehicle power production,  

• water collection and storage, 

• water treatment, 

• solar electricity production, 

• wind electricity production 
 
In both scenarios, the most appropriate, commercially available technologies are 
selected. The size of the components can be deducted from the energy balance. 
That requires meticulous evaluation of system component characteristics and 
calculation of the intermediate conversion efficiencies (and losses) especially from 
electricity to hydrogen production and the partial re-conversion to electricity. Cost 
characteristics of all these components are determined for both scenarios, using 
present-day technologies, discarding technologies with Technology Readiness 
Levels less than 7.  
For the system cost calculations, the energy producing equipment, solar modules 
and wind-turbines including their installation, connection, maintenance and 
auxiliary component costs are included in this study. Energy saving measures and 
appliances and equipment, such as heat pumps, LED lights, washing machines, 
building automation and improved insulation are not taken into account.  
All hydrogen related equipment including their installation, connection, 
maintenance and auxiliary component costs are included. Amongst hydrogen 
related equipment we consider the electrolyzers, hydrogen purification, 
compressors, tube trailers and tractors, high pressure compressors, high pressure 
stationary storage, hydrogen chillers and dispensers. 
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Figure 5-3 The relevant conversion processes in the smart city area. 

5.6.2 Hydrogen production and purification: PEM water electrolysis 
Technology  
The most mature and commercial available technologies in MW-scale systems are 
alkaline and PEM type electrolyzers [513]. Hydrogen from electrolyzers is not 
sufficiently pure [514] for FCEV use and needs to be purified [515,516]. PEM 
electrolyzers are used, because are more suitable to couple with intermittent 
renewable electricity sources as wind and solar electricity [513,517,518]. Also PEM 
electrolysis has a higher cost reduction potential and efficiency improvement 
potential compared to alkaline electrolysis [126,519]. The electrolyzer and purifier 
energy requirements [126,520–522] are assumed constant over the entire 
operating range and are listed in Table 5-6. The purifier hydrogen output pressure 
is 30 bar in both scenarios [513,514,516,521,522]. 
To calculate the required peak capacity of the electrolyzer connected to the solar 
system, it is assumed that all hydrogen is produced from the surplus solar electricity 
within 5 full-load hours per day. Here we assume that if the electrolyzer produces 
hydrogen, the purification module and compressor run simultaneously and also 
consume a part of the surplus electricity. The actual operational hours, which 
determine the stack degradation, are assumed to be 10 hours per day. 
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The capacity of the electrolyzer connected to the wind turbine park is the wind-
turbine capacity minus the electric power requirement of the hydrogen purification 
module and compressor. The actual operational hours are assumed to be 24 hours 
per day. It is assumed that the calculated electrolyzer size is available in the market, 
or larger size electrolyzers are cost-shared with other smart cities. 

Cost  
Installed capacity capital cost for the PEM electrolyzer is based on an extensive, 
detailed analysis in power to gas applications [519,523], which concludes 300-350 
Euro/kW for a single produced 100MW system in 2030. For the smart city 
electrolyzer, cost reductions are possible because of higher volume production, 
economies of scales for membrane production [524] and component reduction, 
thus coming to 250 Euro/kW for the Mid Century scenario. Other sources have less 
detail in system size, production volume and components used in 2050 [126] or only 
have estimations for 2025 [520]. System lifetime is 20 to 30 years, but lifetime of 
the PEM stack and major components are 80,000 hours in the Near Future scenario 
and 90,000 in the Mid Century scenario [513,514].  
The OM can be found in Table 5-7 for both scenarios for both electrolyzer locations. 
The OMC consist of a fixed part dependent on electrolyzer size [513] and a variable 
part due to stack and major component replacement. Replacement costs occur in 
case operational hours during system lifetime exceed the stack lifetime. The variable 
part is 15% of the installed electrolysis system cost in the Near Future and 12% in 
Mid Century [522,525]. 

5.6.3 Hydrogen storage and transport 
Technology 
Several types of hydrogen storage exist [526–528], but compressed hydrogen 
storage is selected, because it is the most mature and commercially available 
technology in mobile and stationary applications [389,529]. Using tube trailers 
[379,383,384] for exchange between wind site and urban area. In the Near Future 
scenario tube trailers can store 720 kg an effective mass of hydrogen at a pressure 
is 250 bar. In Mid Century scenario this will be 1350 kg of hydrogen at 500 bar 
[379,383]. At the hydrogen fueling station hydrogen is stored at 875 bar in variable 
storage sizes [379,389,530–532].  
Storage capacity of the hydrogen tube trailers is two times the average daily 
hydrogen production at each electrolyzer location. The high-pressure stationary 
storage is sized to contain the average daily dispensed hydrogen. Both types of 
storage (tube trailer and stationary storage) are not rounded off to the closest 
available storage tank or tube trailer capacity. The calculated storage capacity is 
used directly to calculate the (installed) costs. Either a larger or smaller fueling 
station will be built and shared with a smaller or larger vehicle fleet, as this smart 
city is based on an illustrative number of vehicles.  
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The number of tractors for trucking in the tube trailers to the fueling station are 
calculated using the amount average daily dispensed hydrogen, the capacity of a 
tube trailer, average driving speed (50km/h), roundtrip distance (100km), loading 
and unloading time (2 hours) and working hours per day (8 hours) [533], coming to 
approx. 1 respectively 3.5 tractors in Mid Century versus Near Future scenario. The 
tractor driver also executes the charging operations so that no further personnel is 
required [533]. 

Cost 
Economic parameters of the tube trailers, tractors and stationary storage 
[383,384,530–534] are listed in Table 5-7. Especially tube trailer have long lifetimes 
of 30 year and an OM of 2% [533]. The OMC consist of the tractor maintenance costs 
(12% of IC), fuel costs and labor costs (35€/hour) [533]. Fuel efficiency of the tractor 
is listed Table 5-3. Sea transport costs of hydrogen produced off-shore are not 
included. 

5.6.4 Hydrogen Compression 
Technology  
Compressors used in hydrogen production and fueling stations selected are of 
reciprocating multi-stage piston and diaphragm [379]. The electrolyzer and storage 
pressures define the operating pressures ranges of the compressors. The maximum 
flow per compressor is assumed to be 250kg/h. If a larger flow is required, multiple 
compressors will be installed. 
The compressor at the solar system and at the wind-turbines are medium-pressure 
compressors. Maximum flow rate of the medium-pressure compressors is equal to 
the maximum hydrogen production flow rate from the electrolyzers. Energy 
consumption of the low pressure compressors is calculated according [380,386].  
The compressor at the hydrogen fueling station is a high-pressure compressor. The 
maximum flow rate of the high-pressure compressor is the average daily dispensed 
hydrogen compressed in 12 hours [380,381,386]. Energy consumption for the high 
pressure compressor(s) at the fueling station are calculated using [382], taking into 
account a variable inlet pressure from the emptying tube trailer.  
Specific compression electric energy is assumed constant over the entire operating 
range of the compressors and can be found in Table 5-6. It is assumed that equal 
work is done by all three compression stages with intercooling between stages back 
to original feed temperature. Isentropic compressor efficiency is 60% in the Near 
Future and assumed 80% in Mid Century [379]. Using the specific compression 
electric energy with the flow rate of the compressor, the compressor electric power 
is calculated. The motor rating of the compressor is defined according 
[380,382,386]. 
Cost 
For the Near Future scenario compressor costs are taken from [535], using the 
calculated motor power of the compressor for medium- and high-pressure 
compressors at low production volumes. For the Mid Century scenario compressor 
costs are calculated with the formulas for high production volumes. Economic 
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parameters of the compressors for both scenarios can be found in Table 5-7, 
reflecting OM of 4% and 2% in Near Future and Mid Century [536]. 

5.6.5 Hydrogen dispensing and cooling 
Technology 
Hydrogen fueling at 700 bar requires cooling [379] to reduce the temperature 
increase caused by the gas expansion, done by a chiller. Specific cooling electric 
energy [388,537] is assumed constant over the entire operating range of the chiller 
and can be found in Table 5-6. 

Sizing 
Most vehicles are fueled between 6a.m. and 12p.m. [380]. About 1/12th of the 
average daily dispensed fuel is refueled during peak hour [380,382,386]. The filling 
rate for dispensers in the Near Future is 0.65 kg/min [538] and 2.0 kg/min [389] 
assumed in the Mid Century scenario. Therefore, hydrogen chiller capacity needs to 
be matched with the peak fueling capacity. An average lingering time of 0.5 min per 
kg fueled is assumed. The average filling hose occupancy during peak hour is 
estimated to be 50% [522,525]. The chiller capacity is sized with the number of 
dispensers, dispenser filling rate and average filling hose occupancy during peak 
hour.  

Cost 
Economic parameters of the dispensers and chillers [379,535] for both scenarios can 
be found in Table 5-7.  

5.6.6 Fuel Cell Electric Vehicles 
Technology 
The FCEVs have a fuel cell and a battery for regenerative braking. The combination 
of fuel cell and battery makes it possible to deliver almost every kind of energy 
service [184,186], from balancing to emergency power back-up or primary reserve. 
Batteries in present FCEVs for regenerative braking have capacities of approximately 
1 kWh with 24kW power [439]. Tank-To-Wheel efficiency (ηTTW) of 51.5% (HHV) for 
the Near Future scenario and 61.0% HHV for the Mid Century scenario [126,194]. In 
Vehicle-To-Grid (V2G) mode, the efficiency of converting hydrogen from the FCEV 
tank to electricity is assumed equal to the Tank-To-Wheel efficiency (ηTTW). 

Cost 
For the Near Future scenario a durability of 4,100 hours in automotive drive cycle is 
assumed [275], 53 USD/kW (47.6€/kW) [452] at a production rate of 500,000 units 
per year. For the Mid Century scenario, US DOE targets for a passenger car fuel cell 
system are assumed: durability of 8,000 hours in automotive drive cycle, fuel cell 
system cost of 30 USD/kW (26.9 €/kW) [194] at a production rate of 500,000 units 
per year. 
A Fuel Cells Dynamic Load Cycle (FC-DLC) [539] based on the New European Driving 
Cycle (NEDC) [540] is defined. With an average speed of 44.8 km/h excluding idling 
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time [541]. Maximum fuel cell power in the FC-DLC is approx. 34 kW [542] for 
constant speed driving at 120 km/h. The average load level calculated over the FC-
DLC cycle is 29.02% [539], corresponding to 9.9 kW. A study [314] recommends to 
use cumulative produced energy as degradation indication/parameter for dynamic 
operated fuel cells instead of power or voltage loss over time. Annual driven 
distance for a passenger car is 11,940 km, see section 5.5.1, resulting in 267 
operational hours and producing 2630 kWh. At 9.9 kW, a fuel cell system of a 
passenger car could produce 78,950 kWh during its lifetime in automotive driving 
cycle in the Mid Century scenario and 40,460 kWh in the Near Future. These values 
would correspond to respectively 30.0 and 15.4 years of operational lifetime in 
automotive drive cycle only for the Mid Century and the Near Future scenario. 
It can be deducted from [130,188] that approximately 14-16 hours of balancing 
power is required on an average day basis, during the no/low solar electricity hours. 
The largest share of this balancing energy is condensed in 6-8 hours, therefore we 
assume an average of 6 full-load hours of balancing per day at 10 kW per passenger 
car. This corresponds to 21,900 kWh of annual balancing energy per car in both 
scenarios. The required number of passenger cars for balancing is calculated in 
section 5.7.2. It is assumed every produced kWh for electricity balancing is causing 
50% of the degradation as a produced kWh in driving mode. So the production of 
21,900 kWh of balancing equals 10,950 kWh degradation by driving. 10,950 kWh 
out of 13,580 kWh per year driving and balancing represents 81%. If fuel cell 
durability is larger or degradation by balancing is lower, degradation due to 
balancing is smaller. 
Durability depends on the type of load; constant load, load changing or start-stop 
[264,265,288,543–545]. Different US DOE durability targets are set for fuel cells; 
25,000 for fuel cell transit buses, 10,000 hours for fuel cell back-up power systems 
and 60,000-80,000 hours for fuel cell CHP units [194]. The assumption for lower 
degradation rate per produced kWh in balancing mode is made because we expect 
the load ramps, one of the main degradation factors, are smaller in balancing mode 
than in driving mode.  This is due to the limitation of 10 kW for balancing, whereas 
in driving mode load ramps can be up too 100kW. Also the load ramps can be divided 
amongst the connected cars resulting in even smaller load ramps. 
An OM of 5% [126] is included, proportional to the degradation share of electricity 
balancing to the total degradation for driving and electricity balancing. It is assumed 
the battery and other components present in the FCEV are not degraded due to 
electricity balancing or included in the OMC. Furthermore, it is also assumed that 
the actual replacement is included in the capital cost of the replacement fuel cell. 
The V2G output plug on the FCEVs is assumed to be a standard feature at no further 
cost. The cost of other fuel cell powered transport vehicles (vans, buses, trucks) are 
not included either, as in principle the transport vehicles are bought for the 
transporting services.  
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5.6.7 Electric Infrastructure, control and Vehicle-to-Grid (V2G) 

connection 
Technology 
An electric grid and an IT infrastructure are present in the smart city. A central 
electrical control unit is in charge of managing all the power flows, measuring and 
predicting power consumption and production from the solar modules and power 
to the hydrogen production and storage and required power from the FCEVs. For 
FCEVs, only a V2G connection is required. Here the technology selected is based on 
a solar power converter technology [370]. Discharging poles will have 4 connections 
points of each 10kW and 1 power converter with 40kW rating. The amount of V2G 
connections is approximately half the amount of passenger cars in the smart city.  

Cost 
The costs of V2G connections is calculated using mass production and installation of 
4-point 40 kW poles, consisting of 30 Euro/kW [370] in the Mid Century and 110
Euro/kW [370], for both scenarios an installed cost of 2,000 Euro/pole is assumed.
The installed poles include all intelligence and interconnections between buildings
and vehicles. The electrical connection cost for the solar modules and hydrogen
production and compression equipment is already included in those component
specific installed cost. The electrical connection cost of the buildings is assumed
included in the building.

5.6.8 Water Collection and Storage 
Technology 
Urban rainwater is collected in a rainwater tank and then demineralized and stored 
in a pure water tank.  Interconnecting tubing, filters and transfer pumps complete 
the system. Energy consumption by the rainwater collection system [546] is 
presented in Table 5-6. It is assumed that the ground floor area taken from [504] is 
equal to the roof area suitable for rainwater collection. The roof area potential for 
rainwater collection for residential buildings is 105,200 m2 and for buildings of the 
services sector 44,500 m2.   
Maximum collected rainwater from roofs is calculated by assuming a roof run-off 
coefficient of 0.95 [547]. No first flush volume is accounted [547]. Average European 
precipitation is 785 L/m2/year [548,549]. Maximum rainwater collection potential 
on a year basis by using the roofs of the residential buildings is 78,490 m3 and 33,140 
m3 when using the roofs of the services buildings. Only the water required for 
electrolysis is collected and the size of the system is determined from the energy 
balance. 
At the wind turbine site surface water or sea water is used, assuming sufficient 
supply at all times. The holding tank capacity for demineralized water is equal to 7 
days of average daily demineralized water consumption from the electrolyzer.  
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Cost 
For rainwater collection the piping to and related equipment of the reverse osmosis 
system are included. The CC and OMC for all components are deducted from 
[501,550] and presented in Table 5-7. 

5.6.9 Water treatment: Reverse Osmosis 
Technology 
Reverse Osmosis systems can demineralize rain- or seawater for use in electrolyzer 
systems [551]  using electric energy [552]. Energy use is listed in Table 5-6, for 
rainwater, surface water or seawater [546,552,553]. Capacities of reverse osmosis 
systems in the smart city are small compared to large drinking water treatment 
plants [514,552,554], and relatively low recovery rates of only 50% [552,554–556] 
are assumed. The capacity of the reverse osmosis equipment is equal to the 
maximum water requirement by the electrolyzer.  

Cost 
The installed cost includes piping and connections, pre-treatment of the water such 
as basic filtration and infrastructure-related costs. Cost parameters [552] are listed 
in Table 5-7. 

5.6.10 Solar modules 
Technology 
Technical parameters of the solar electricity system are given in section 5.5.3. The 
share of direct self-consumed electricity of new-built solar electricity systems in 
both scenarios is assumed 38%, as given for 40kW to MW systems in [187]. 

Cost 
Utility scale solar system cost parameters [370] are assumed and listed in Table 5-7. 
The installed system cost includes the module cost, balance of system and inverter 
cost. Balance of system includes all other cost components: Mounting system, 
installation, DC cables, infrastructure, transformer, grid connection, and planning 
and documentation. 

5.6.11 Wind Power 
Technology 
Wind power on- or offshore is used to balance demand and supply. For the Near 
Future all wind power is assumed to be located onshore. For the Mid Century 
scenario, half of the wind turbine power will be installed off-shore and half on-
shore. The averaged capacity factor for the wind turbines installed is 35% and 46% 
in the Near Future scenario and the Mid Century scenario, respectively [392]. The 
installed wind power is calculated by completing the energy balance. 
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Cost 
The wind turbines are connected directly to the electrolyzers. Therefore, grid 
connection costs are not applicable. For on-shore wind turbines grid connection 
costs are on average 11.5% and for off-shore wind turbines 22.5% [557,558]. Other 
cost parameters [559–562] can be found in Table 5-7. It is assumed that wind parks 
are cost-shared with other smart cities, thus not requiring rounding of wind 
capacities to turbine sizes. 
Table 5-5 shows the specific electricity and water production parameters. Solar and 
wind specific electricity production are higher in the Mid Century scenario due to 
the increase in solar system efficiency (section 5.5.3) and wind power capacity factor 
(section 5.6.11). The pure water production from collected rainwater per square 
meter of roof area includes the reverse osmosis recovery factor of 50% (section 
5.6.9). The conversion of hydrogen to electricity by the FCEV is respectively 20.3 and 
23.6 kWh/kg H2 in the Near Future and Mid Century scenario, corresponding to the 
Tank-To-Wheel efficiency (ηTTW) given in section 5.6.6. 

Table 5-5 Electricity and water production parameters. 

Component 
Specific production 

parameters 

Near Future Mid Century 

Solar electricity system [kWh/(kWp × year)] [343,370,506–
511]  

975 1,170 

Wind Power [kWh/(kW × year)] [392] 3,065 4,030 

Pure water production [m3/(m2
 roof × year)] [504,547–

549,552,556] 
0.37 0.37 

FCEV hydrogen to electricity [kWh/kg H2] [232,265] 20.3 23.6 

Table 5-6 list the specific electricity consumption in the Near Future and Mid 
Century scenario for the different conversion processes, from rainwater collection 
to hydrogen fueling at 700 bar. The specific electricity consumption for PEM 
electrolysis, hydrogen purification and specific cooling electric energy decrease in 
the Mid Century scenario compared to the Near Future, due to an increase in 
efficiency. The specific electricity consumption for the compressors in the smart city 
area and at the wind turbines increase in the Mid Century due to the higher pressure 
of the tube trailers in the Mid Century. Total specific electricity consumption of the 
compressors decreases from 3.3 kWh/kg H2 in the Near-Future to 3.0 kWh/kg H2 in 
the Mid Century. In this study no reduction of specific electricity consumption is 
foreseen in the Mid Century for reverse osmosis and the transfer of rainwater from 
the buildings to the reverse osmosis unit. From electricity to fueled hydrogen at 70 
bar, is respectively 68% and 79% efficient in the Near Future and Mid Century 
scenario. The roundtrip efficiency from electricity via fueled hydrogen at 700 bar to 
electricity is respectively 35% and 47% efficient in the Near Future and Mid Century 
scenario. 
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Table 5-6 Specific electricity consumption (kWh/kg H2) of the conversion processes in the 
smart city for both scenarios. 

Conversion processes Specific electricity consumption 

Near Future 
[kWh/kg H2] 

Mid Century 
[kWh/kg H2] 

PEM Electrolysis [126,520] 53.4 45.8 

Hydrogen Purification [155,156] 1.3 1.1 

Compressor in smart city area [379–382,386] 1.5 1.9 

Compressor at wind turbines [379–382,386] 1.5 1.9 

Compressor at hydrogen fueling station [379–382,386] 1.8 1.1 

Specific cooling electric energy [388,537] 0.20 0.15 

Reverse Osmosis – seawater [546,552,555] 0.0405 0.0405 

Reverse Osmosis – rainwater [546,552,555] 0.0056 0.0056 

Rainwater transfer [546] 0.0028 0.0028 
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 Energy balance results 

5.7.1 Energy balance results 
Figure 5-4 shows the calculated energy balance in the smart city system in the Near 
Future and Mid Century scenario. The consumption of 48 GWh/year in the Near 
Future can be covered fully by 106 GWh renewable electricity production. 
Consisting of 12 GWh/year rooftop solar electricity and 95 GWh/year distant wind 
electricity. The difference between production and consumption is due to hydrogen 
conversion efficiencies. In the Mid Century scenario, consumption of 33 GWh/year 
is covered by 48 GWh/year production, more than two-third (69%) of the 
production reaches final energy consumption or 57% final energy. In the Mid 
Century scenario renewable electricity supply consists of 24 GWh/year rooftop solar 
electricity and 23 GWh/year distant wind electricity.  

 

Figure 5-4 Smart City Final Energy Consumption and Production. 

Figure 5-5 shows all energy flows in the smart city, for both scenarios. In the Near 
Future scenario, the amount of wind energy is 89% of all energy needed, solar 
electricity provides the remaining 11%. In the Mid Century scenario, solar and wind 
electricity provide approximately 50% of the required energy each. In the Mid 
Century scenario, direct use of solar electricity is 9.5 GWh/year, 53% of all building 
energy used. Respectively 72 GWh/year and 31 GWh/year hydrogen is produced 
from surplus solar and wind electricity in the Near Future and Mid Century scenario. 
The hydrogen used for energy balancing is of similar magnitude as for driving in the 
Mid Century scenario, whereas the majority of hydrogen is for balancing the 
electricity demand, in the Near Future scenario. In this balancing, 48% of the energy 
is lost due to conversion in the Near Future scenario, whereas in the Mid Century 
scenario this is 40%, due to the higher fuel cell efficiency, see section 5.6.6.  
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5.7.2 Energy balance discussion & evaluation 
Balancing by FCEVs and H2 transport 
Electricity generated from V2G connected FCEVs is 25,553 MWh/year in the Near 
Future scenario and in the Mid Century scenario, 9,465 MWh/year are needed. 
These amounts of electricity can be produced by respectively 1,167 and 423 FCEVs, 
51% and 19% of the car fleet, assuming each car generating 60 kWh per day, at max 
power 10 kW. It can be deducted from [563,564] that approximately 14-16 hours of 
balancing power is required per day, during the no/low solar electricity hours. The 
largest share of back-up power is condensed in 6-8 hours peak hours, assuming 6 
hours in this study. With 430-1170 cars, it can be managed to provide the required 
power at all times. If the cars can generate 20 kW (20% of the installed power) 
[565,566], halve the required amount of passenger cars would suffice. If more hours 
of balancing per car per day are assumed, proportionally less cars are needed. 
When using all cars in the fleet, the average daily amount of hydrogen used for re-
electrification per car is 1.5 kg for the Near Future scenario and 0.5 kg for the Mid 
Century scenario. With hydrogen tank storage of 5 kg [181,182,439] for the Near 
Future and 6.5 kg [126] for the Mid Century scenario, the average daily amount of 
hydrogen for re-electrification would be respectively 30% and 7% of the usable 
hydrogen tank content, requiring one extra tank stop per 2.7 days and 9.7 days, 
respectively. The normal use of the cars (home-work commuting) arranges presence 
of cars at demand centers: during the day at office / service sector buildings, and in 
the evening and at night at home [175]. 
 
Share of direct solar electricity consumption  
In the Mid Century scenario solar electricity generation is larger than in the Near 
Future scenario due to higher solar module efficiency. In Near Future, 17% of 
consumption is directly generated by the solar electricity system, whereas in Mid 
Century this is 53%. Because of the larger installed power and a significant demand 
reduction, in the Mid Century the share of direct solar electricity consumption has 
risen so much. It is also based on the assumption that demand response technology 
is well developed [567]. 
 
Water balance 
In the Mid Century and Near Future scenario rainwater use for hydrogen production 
in the urban area is 6,000 respectively 2,500 m3/year. Rain water collection from 
roofs far exceeds this water consumption, and only 2-5 % of the roofs are really 
required for collection. 
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 Cost of energy results and allocation methodology 

5.8.1 Smart city area total system cost of energy overview 
Installed capacities, annual capital and O&M costs of all components, are presented 
in Table 5-7. Total annual costs, TSCoESCA, are 15.2 million Euro in the Near Future 
and 2.5 million Euro in the Mid Century scenario. In the Mid Century scenario costs 
are due to significant energy demand reduction, increased conversion efficiencies 
and cost reduction in the hydrogen cycle and renewable energy production. 
Distribution of these costs are shown in Figure 5-6. In the Near Future scenario, PEM 
electrolyzer and wind energy account for more than half of both annual capital and 
O&M costs of the Smart City Area. In the Mid Century scenario, PEM electrolyzer 
costs are reduced considerably, and wind energy and solar energy account for 
approximately half of both annual capital and O&M costs. 

 

 

Figure 5-6 Near Future (left) and Mid Century (right) Smart City Area annual capital cost and 
O&M cost distribution. 
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5.8.2 Cost of energy allocation methodology 
In a fully renewable and autonomous city area, electricity is produced by solar 
systems on the roofs of the houses and buildings. Electricity is also produced by fuel 
cell cars when there is a shortage of electricity from solar, which is during the night 
and in winter. So the system levelized cost of electricity is determined by both the 
levelized cost of electricity from solar and the levelized cost of electricity by fuel cell 
cars.  
Hydrogen is produced by a wind farm which is located outside the city area and from 
surplus solar electricity. So the levelized cost of hydrogen is determined by both the 
wind farm cost and the surplus solar electricity cost. 
The question is how to allocate these costs to both the system levelized cost of 
energy for electricity and the system levelized cost of energy for hydrogen.  
 

5.8.2.1 Levelized cost of energy 
First the levelized cost of energy for solar electricity and wind electricity is 
calculated. 
The Levelized Cost of Energy for Solar electricity LCoEe,S (€/kWh) in Equation (7.11) 
is calculated by dividing the TCS1 (see Table 5-8 for component numbering), with the 
annual Energy Production of solar electricity EPe,S (kWh/year) from Figure 5-5:  

( ) 1

,

,

€ S

e S

e S

TC
LCoE kWh

EP
=   (5.10) 

The levelized cost of energy for electricity from onshore wind LCoEe,W-onshore (€/kWh) 
or off-shore wind LCoEe,W-onshore (€/kWh), Equations (5.11) and (7.11),  is calculated 
by dividing the TCW1 or TCW2 (€/year) of the on- or offshore wind turbines, with the 
annual Energy Production of on- or off-shore wind electricity, EPe,W-onshore or EPe,W-

offshore (kWh/year): 

( ) 1

, -

, -

€ W

e W onshore

e W onshore

TC
LCoE kWh

EP
=   (5.11) 

( ) 2

, -

, -

€ W

e W offshore

e W offshore

TC
LCoE kWh

EP
=   (5.12) 

The wind electricity is partly from onshore and offshore wind farms. In Equation 
(5.13) the levelized cost of energy for wind electricity LCoEe,W (€/kWh) is calculated 
by dividing both the TCW1 and TCW2 of the on- and offshore wind turbines (€/year) 
with the total annual Energy Production of wind electricity EPe,W (kWh/year) from 
Figure 5-5):  

( ) 1 2

,

,

€ W W

e W

e W

TC TC
LCoE kWh

EP

+
=   (5.13) 

Now the levelized cost of energy for hydrogen from wind and solar surplus 
electricity is calculated, LCoEH,W (€/kg H2) and LCoEH,S-surp (€/kg H2). In both on- and 
off-shore wind cases it means that besides the cost for electricity production by on- 
or off-shore wind, the TC for pure water production by reversed osmosis TCW3 and 
storage TCW4, hydrogen production and purification by electrolysis TCW5, low 
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pressure compression TCW6 and tube trailer storage TCW7 needs to be included. The 
sum of aforementioned costs is divided by the Energy Production of hydrogen EPH,W 
(kg H2/year). For wind onshore hydrogen production this results in the following 
levelized cost of energy LCoEH,W-onshore (€/kg H2), Equation (5.14): 

( )

7
, -

1

3 ,

, - 2

, -

€

W
e W onshore

W i

W e W

H W onshore

H W onshore

EP
TC TC

EP
LCoE kg H

EP

  
+        

=


  

(5.14) 

For wind offshore hydrogen production the levelized cost of energy LCoEH,W-offshore 
(€/kg H2) is calculated in Equation (7.11) a similar way: 

( )

7
, -

1

3 ,

, - 2

, -

€

W
e W offshore

W i

W e W

H W offshore

H W offshore

EP
TC TC

EP
LCoE kg H

EP

  
+        

=


  

(5.15) 

The Levelized Cost of Energy of hydrogen from wind LCoEH,W is calculated as follows, 
Equation (7.11): 

( )

7

1

, 2

,

€

W

i

W

H W

H W

TC

LCoE kg H
EP

=


   (5.16) 

The levelized cost of energy for hydrogen produced by the solar surplus electricity 
is calculated LCoEH,S (€/kg H2). The solar surplus electricity is that part of the solar 
electricity that cannot directly used as electricity in the smart city area EPe,S-surp 
(kWh/year), see Figure 5-5. The fraction of the solar modules costs TCS1 that is 
responsible for generating the surplus electricity and the total cost of the hydrogen 
production components, divided by the hydrogen production EPH,S (kg H2/year), 
results in the LCoEH,S Equation (7.11). The TC of the hydrogen production 
components consists of the costs for the rainwater collection and storage TCS2, 
reverse osmosis TCS3, hydrogen production and purification TCS4, low pressure 
compressor TCS5 and tube trailer storage TCS6. 

( )

6
, -

2,

, 2

,

€

S
e S surp

i i

Se S

H S

H S

EP
TC TC

EP
LCoE kg H

EP

 
 +  

 
=


  

(5.17) 

Because only solar surplus electricity is converted into hydrogen, the capacity factor 
of the hydrogen production and storage equipment is relatively low and implies a 
relatively high price per kg hydrogen produced from surplus solar. 

 
5.8.2.2 System levelized cost of energy 
For transportation energy only hydrogen from wind is used. Electricity for buildings 
is supplied, directly from the solar system and from conversion of hydrogen from 
surplus solar and wind by FCEVs. Therefore first the system levelized cost of energy 
for electricity from wind hydrogen SLCoEe,W (€/kWh) needs to be calculated. 
Hydrogen produced from wind and surplus solar electricity needs to be transported, 
compressed to 875 bar, stored at the hydrogen fueling station, cooled and 
dispensed, before it can be reconverted into electricity by FCEVs. The components 
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involved by these additional steps are used for both hydrogen produced from wind 
and surplus solar electricity. Therefore, the term system is added to the levelized 
cost of energy term. The energy consumption of the tube trailer tractor is included 
in the OMC of the tube trailer tractor. The energy consumption of the compressor 
and chiller at the HFS ECH,HFS (kg H2/year),  is supplied by FCEVs converting hydrogen 
from wind into electricity. A fraction of; the energy consumption of the compressor 
and chiller at the HFS ECH,HFS,H-W (kg H2/year), the HFS cost of energy CoEHFS,H-W 
(€/year) and HFS cost TCHFS,H-W (€/year) are allocated to the system levelized cost of 
dispensed hydrogen from wind SLCoEH,W (€/kg H2), Equation (7.11): 

( )
( ), , , - , -

, 2

,

€
H W H W HFS H W HFS H W

H W

H W

LCoE EP CoE TC
SLCoE kg H

EP

 + +
=   (5.18) 

Where the cost of energy for compressing and cooling the hydrogen from wind 
CoEHFS,H-W (€/year) consist of; the hydrogen cost used for electricity consumption at 
the HFS ECe,HFS,H-W (kWh/year), a fraction of the costs for the smart grid, control, V2G 
infrastructure TCFCEV1 and the replacement of fuel cell systems in FCEVs TCFCEV2, 
relative to the electricity production by FCEVS EPe,FCEV (kWh/year), Equation (7.11): 

( ) ( )

( )

, - , , ,

, , -

1 2

,

€ ...

...

HFS H W H HFS H W H W

e HFS H W

FCEV FCEV

e FCEV

CoE year EC LCoE

EC
TC TC

EP

−=  +

  
 +   

   

   (5.19) 

The fraction of the HFS cost for hydrogen from wind, TCHFS,H-W Equation (7.11), is 
calculated with costs of the tube trailer tractors TCHFS1, compressor TCHFS2, stationary 
storage TCHFS3, dispenser TCHFS4 and chiller TCHFS5 units. 

( )
5

,

, -

1, ,

€
HFS

H W

HFS H W i

HFSH W H S

EP
TC year TC

EP EP

 
=   + 

   (5.20) 

In a similar way, a fraction of; the energy consumption of the compressor and chiller 
at the HFS ECH,HFS,H-S (kg H2/year), the HFS cost of energy CoEHFS,H-S (€/year) in 
Equation (5.22) and HFS cost TCHFS,H-S (€/year) in Equation (7.11), are allocated to 
the system levelized cost of dispensed hydrogen from surplus solar SLCoEH,S (€/kg 
H2) in Equation (5.21): 

( )
( ), , , -S , -S

, 2

,

€
H S H S HFS H HFS H

H S

H S

LCoE EP CoE TC
SLCoE kg H

EP

 + +
=    (5.21) 
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   (5.22) 

( )
5

,

, -S

1, ,

€
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H S
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HFSH W H S

EP
TC year TC

EP EP

 
=   + 

    (5.23) 

The dispensed hydrogen from wind and surplus solar is then distributed by the 
FCEVs and converted into electricity. The system levelized cost of electricity from 
wind hydrogen SLCoEe,W, Equation (5.24), or surplus solar hydrogen SLCoEe,S, 
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Equation (5.25), depends on five factors; system levelized cost of dispensed 
hydrogen from surplus solar SLCoEH,W or wind SLCoEH,W, the Tank-To-Wheel 
efficiency of the FCEV ηTTW (%) from section 5.5.1, Higher Heating Value of hydrogen 
HHVH (kWh/kg H2), the relative costs of the smart grid, control, V2G infrastructure 
TCFCEV1  and replacement cost of fuel cell systems in FCEVs TCFCEV2: 

( ) , 1 2

,

,

€
H W FCEV FCEV

e W

H TTW e FCEV

SLCoE TC TC
SLCoE kWh

HHV EP

   +
= +        

   (5.24) 

( ) , 1 2

,

,

€
H S FCEV FCEV

e S

H TTW e FCEV

SLCoE TC TC
SLCoE kWh

HHV EP

   +
= +        

   (5.25) 

Electricity for buildings is supplied via three routes, directly from the solar system 
EPe,S-dir (kWh/year), see Figure 5-5, electricity from the conversion of hydrogen from 
surplus solar ECe,B,H-S (kWh/year) and wind ECe,B,H-W (kWh/year). Therefore the 
system levelized cost of energy for electricity SLCoEe (€/kWh), see section 5.3.5.2, is 
a weighted average of the aforementioned electricity supply routes: 
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This system levelized cost of energy for electricity includes all the cost to supply 
electricity to the area at all moments, so all storage and balancing cost are taken 
into account. 

 
5.8.2.3 Specific cost of energy 
Equation (5.8), SCoET, can be re-written into Equation (5.27) as only hydrogen from 
wind is used for transportation: 

( ) , ,

, €
100

H W T veh

T veh

SLCoE SEC
SCoE km

km


=    (5.27) 

For building energy consumption, the Specific Cost of Energy for Buildings SCoEB 
(€/m2/year), Equation (5.9) can be made specific for each sector, either residential 
or services, Equation (7.11): 

( )2

, ,€B sector e B sectorSCoE m year SLCoE SEC=     (5.28) 

 

5.8.3 Cost of energy results 

5.8.3.1 System levelized cost of energy 
The (system) levelized cost parameters are presented in Table 5-9 for the Near 
Future and Mid Century scenarios.  
A levelized cost of energy of wind and solar electricity of respectively 0.034 (LCoEe,S) 
and 0.079 (LCoEe,W) €/kWh in the Near Future scenario results in a system levelized 
cost of energy for electricity (SCLoEe, equation (5.26) ) of 0.41 €/kWh. Converting 
solar electricity into hydrogen and back into electricity again, electricity price 
increases from 0.079 €/kWh (LCOEe,S ) to 0.70 €/kWh (SLCoEe,S ) for the Near Future. 
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For re-electrified hydrogen from wind electricity in the Near Future, price increases 
from 0.034 €/kWh (LCoEe,W) to 0.45 €/kWh (SLCoEe,W). 
For the Mid Century LCoEe,S and LCoEe,W of respectively 0.028 and 0.022 €/kWh 
result in an SCLoEe of 0.088 €/kWh. Converting solar electricity into hydrogen and 
back into electricity again, electricity price increases from 0.028 €/kWh (LCOEe,S) to 
0.70 €/kWh (SLCoEe,S) for the Mid Century. For re-electrified hydrogen from wind 
electricity in the Near Future, price increases from 0.034 €/kWh (LCoEe,W) to 0.45 
€/kWh (SLCoEe,W). 

 
Table 5-9 Calculated (System) levelized cost parameters for the Near Future and Mid Century 
scenarios. 

(System) Levelized Cost parameter Equation Near Future Mid Century 

LCoEe,S [€/kWh] (5.10) 0.079  0.028  

LCoEe,W [€/kWh] (5.13) 0.034  0.022  

LCoEH,S [€/kg H2] (5.17) 10.4  2.3 

LCoEH,W [€/kg H2] (5.16) 5.4 1.7 

SLCoEH,S [€/kg H2] (5.21) 12.5 3.1 

SLCoEH,W [€/kg H2] (5.18) 7.6 2.4 

SLCoEe,S [€/kWh] (5.25) 0.70 0.16 

SLCoEe,W [€/kWh] (5.24) 0.45 0.13 

SLCoEe [€/kWh] (5.26) 0.41 0.088 

 
It has to be kept in mind that other allocation principles will result in different 
System levelized cost of electricity and system levelized cost of hydrogen for 
transport. If for example all the hydrogen cost from the surplus electricity from solar 
is allocated to transport, the system levelized cost of electricity will be lower and 
the system levelized cost of hydrogen for transport will be higher (Table 5-9). 
Therefore in all renewable integrated energy systems, it is important to compare 
total energy cost for buildings and transport with these total cost for other fully 
renewable and reliable integrated energy systems. 
Figure 5-7 shows the Near Future (left) and Mid Century (right), cost distribution 
(outer) of 1 kWh final electricity consumption (SLCoEe) & energy distribution (inner) 
of 1 kWh primary electricity input. The outer ring shows the cost distribution of the 
System levelized cost of energy for electricity SLCoEe, which in the Near Future is 
0.41 €/kWh and in the Mid Century 0.088 €/kWh (Table 5-9). In the Near Future the 
two largest cost contributors for the SLCoEe are the Electrolysis and water 
production equipment (Purple, 34.5%) and the Low- and High-Pressure 
Compression, Storage and Transport equipment (Cyan, 20.2%). For the Mid Century 
the two largest cost contributors are the share of the cost of solar electricity which 
is not used directly but converted into hydrogen (Red, 27.0%) and the Low- and 
High-Pressure Compression, Storage and Transport equipment (Cyan, 24.9%).  
The inner ring represents the primary input energy distribution for the consumed 
electricity in Buildings. The final electricity consumption consists of Electricity Solar 
direct use (Blue, 6.1% and 33.7%), Electricity Solar H2 re-electrification (Red, 3.6% 
and 26.7%) and Electricity Wind H2 re-electrification (Green, 26.2% and 4.3%), 
together respectively 35.9% and 64.0% in the Near Future and Mid Century scenario 
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of the primary input energy. The remainder part of respectively 64.1% and 36% in 
the Near Future and Mid Century represent the energy losses. The energy losses are 
primarily dominated by the hydrogen to electricity conversion in the grid connected 
FCEVs (Orange, 31.2% and 21.3%), into a lesser extent the hydrogen production via 
electrolysis (Purple, 27.1% and 10.6%) and the Low- and High-Pressure 
Compression, Storage and Transport equipment (Cyan, 5.7% and 4.2%). 

 

 

Figure 5-7 Near Future (left) and Mid Century (right), cost distribution (outer) of 1 kWh final 
electricity consumption (SLCoEe) & energy distribution (inner) of 1 kWh primary electricity 
input. 

5.8.3.2 Specific cost of energy 
Figure 5-8 shows the SCoEB and SCoET for the residential and the services sector. For 
the residential sector, the SCoEB is 33.3 €/m2/year and 4.5 €/m2/year in the Near 
Future and Mid Century scenario. The SCoET is 0.076 €/km and 0.015 €/km in the 
Near Future and Mid Century scenario (Table 5-7). 
For the services sector, the SCoEB is 87.0 €/m2/year and 13.4 €/m2/year in the Near 
Future and Mid Century scenario. The SCoET is ranging between 0.10-0.65 €/km and 
0.022-0.17 €/km in the Near Future and Mid Century scenario (Table 5-7). The large 
reduction in specific costs of energy for either transport or buildings occur due to 
the combined decrease of system levelized cost of energy for electricity and 
hydrogen as well as the specific energy consumption for transport and buildings. 

 

5.8.3.3 Smart city area total system cost of energy 
Figure 5-8 shows the TSCoESCA (M€/year) in the Near Future and Mid Century 
scenario. The TSCoESCA decreases from 15.2 M€/year in the Near Future scenario to 
2.5 M€/year in the Mid Century scenario.  
The large reduction in smart city area total system cost of energy and costs of energy 
per sector are due to the reduction of total capital and O&M costs of all components 
as well as the specific energy consumption for transport and buildings. 
Figure 5-9 shows the annual cost of buildings and transport energy distribution for 
residential and services sectors. The largest cost share is due to energy consumption 
in residential and services sector buildings: in the Near Future scenario 72%, in the 
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Mid Century scenario 63%. Using the number of households 2,000 (Table 5-1), it can 
be calculated that the household annual energy costs for transport and household 
energy decreased from 4,030 €/year in the Near Future to 605 €/year in the Mid 
Century. 

 

Figure 5-8 Specific Cost of Energy for Buildings (SCoEB in €/m2/year) and Transport (SCoET 
€/km) per sector (Services sector upper diagram, Residential sector lower left diagram) and 
Smart City Area Total System Cost of Energy (TSCoESCA in M€/year) (lower right diagram). 

 

Figure 5-9 Cost of Energy distribution for the Residential and Services sector for buildings 
and transportation in the Near Future and Mid Century scenario. 
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5.8.4 Cost sensitivity results 
A cost sensitivity analysis is performed for the Smart City Area Total System Cost of 
Energy (TSCoESCA in M€/year) by changing key input parameters and assumptions 
for the Mid Century scenario for ‘pessimistic’ and ‘optimistic’ deviations from the 
baseline, see Table 5-10. The pessimistic values result in a higher costs (TSCoESCA), 
the optimistic values in lower costs (TSCoESCA).  
A higher or lower WACC has a direct impact on the TSCoESCA. The assumed range of 
the WACC in the sensitivity study is based on [562,568]. External factors such as 
(national) economic and market conditions or interest rate can have influence on 
the WACC [568,569].  As hydrogen technologies are still in development, future 
costs can deviate from predictions made today. If the learning rate or the rate of 
installed capacities deviates from what is expected, Mid Century costs could deviate 
by 30% [126,570,571]. Fuel cell cost still decreases [571,572]. In a Mid Century 
scenario, apart from cost, also future fuel cell efficiency and degradation rate can 
vary from predictions made and so influence the TSCoESCA. Application of new 
materials or fuel cell types, improved balance of plant or smart power management 
strategies could increase fuel cell system efficiency and durability. Therefore a 
relative increase of 7.5% in fuel cell system efficiency (ηTTW) and specific energy 
consumption for transport (SECT,veh) is assumed in the optimistic scenario. 7.5% 
relative increase would result in an efficiency of 64.5% HHV, less than the maximum 
theoretical fuel cell efficiency of 83% [573,574]. Direct solar electricity consumption 
[187,567], fuel cell efficiency or energy consumption reduction in buildings [575], all 
have a direct impact on the energy balance. Any deviation of these parameters 
results in more or less imported hydrogen from wind, or smaller or larger hydrogen 
equipment size and so influences the TSCoESCA. A wide range of building energy 
consumption as well as the global irradiation on optimal inclined modules in urban 
areas is included. These wide ranges represent the entire European continent. 

 
Table 5-10 Sensitivity parameters for a pessimistic and optimistic scenario of the Mid 
Century case. 

Sensitivity parameter Mid Century  
Baseline 

Optimistic 
Scenario 
relative change 

Pessimistic 
Scenario 
relative change 

Weighted Average Cost of Capital 
(WACC) 

3% -30% +30% 

Hydrogen equipment cost 1.1M€ -30% +30% 

Share of direct solar electricity 
consumption 

38% +30% -30% 

FCEV ηTTW and vehicle specific energy 
consumption for transport (SECT,veh) 

60.0% HHV and 
SECT,veh 

+7.5% -7.5% 

Fuel cell degradation factor V2G 
Mode 

50% -30% +30% 

Energy consumption in buildings 18.0 GWh/year -30% +30% 

Global irradiation on optimal inclined 
modules in urban areas 

1,300 
kWh/m2/year 

+30% -30% 
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Figure 5-10 shows the results of the sensitivity analysis. The four sensitivity 
parameters with the largest impact on the TSCoESCA are the estimated energy 
savings in buildings, global irradiation on optimal inclined modules in urban areas, 
hydrogen equipment costs and share of direct solar electricity consumption. The 
sensitivity parameters impact is in the range of -2% to -27% and +2% to +27% on the 
Smart City Area relative change in the TSCoESCA. The optimistic cases for the share 
of direct solar electricity consumption, energy consumption in buildings and global 
irradiation on optimal inclined modules in urban areas result in situation where the 
buildings energy balance is positive and do not require hydrogen from wind for 
electricity production. Therefore a part of the hydrogen from sun can be used for 
driving. A relatively higher surplus solar hydrogen price therefore results in higher 
transportation costs, despite the decrease of the TSCoESCA and the smart city area 
system levelized cost of electricity SLCoEe. 

 

 
Figure 5-10 Relative change in Smart City Area Total System Cost of Energy compared to the 
Mid Century base scenario 
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 Discussion 
It was concluded that the smart city design can provide the required energy at all 
times without any grid connection to a medium or high voltage grid. However, the 
potential of the smart city area with fuel cell electric cars depends on several 
aspects, the most important of which are discussed here. 

 

5.9.1 Car availability and developments 
The V2G electricity can be supplied by 1,170 cars for the Near Future and 430 cars 
in the Mid Century scenario, during 6 hours on an average day basis. For a day 
without any solar power, for the Near Future and Mid Century scenario, the cars can 
still supply all power, requiring respectively 1,375 and 865 cars, representing 60% 
and 38% of the car fleet.   
The normal car use profiles arranges that cars are present at demand centers: during 
the day at office/service sector buildings and in the evening and at night at home 
[175] or at a car park in the smart city area [221,342]. A high degree of monitoring 
and automation, e.g. self-connecting and driving cars, and incentives for car owners 
to participate will help assuring car availability and energy security at all times at the 
desired locations.  
New developments, such as free-floating car sharing-fleets [576] combined with 
autonomous driving [577,578] could provide mobility and power on demand. Due 
to car sharing initiatives, the number of cars per person will decrease. Most 
balancing electricity from FCEVs is required during night [579]. So even if car sharing 
spreads widely, most likely with heavy use during day time, during night time FCEVs 
will still be available to provide power. 
The system uses only hydrogen fuel cell powered vehicles. In future it is likely to 
have a mix of electric powered vehicles: battery, fuel cell and hybrids of these [440], 
all zero emission technologies. These technologies could complement each other 
and could share facilities, for example the possibly future wireless V2G 
infrastructure [580]. 

 

5.9.2 Local climate and population density 
In the sensitivity analysis a wide range of building energy consumption as well as the 
global irradiation on optimal inclined modules in urban areas is included. These wide 
ranges represent the entire European continent and its widely available solar and 
wind energy sources. Not included in the sensitivity analysis, is the available solar 
rooftop area per capita in cities, which varies as a function of population density 
[505]. 
The system size based on 2,000 households and one hydrogen fueling station results 
in a cost-effective system. Smaller system sizes could result in slightly higher costs, 
as certain components are relatively more expensive at lower capacities. 

 

5.9.3 Technology synergy effects and development 
A fully autonomous smart city area is considered. However, in reality these smart 
city areas will be interconnected with other city areas and industry sites, rural areas, 
etc. Therefore, system integration will result in more complex systems, with 
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synergies leading to lower costs and higher reliability. For example if surplus 
electricity from solar in the summer time could be directly used for cooling at cold 
stores, less electricity conversion into hydrogen is needed in the smart city area, 
which will reduce cost.  Or producing hydrogen from hydropower or biogas from 
agricultural residues, manure and waste water treatment plants could lead to lower 
prices for hydrogen. Smart integration with local heat grids and heat storage 
[395,581] can reduce system cost and affect economies of scale of hydrogen 
technologies. 
The levelized cost of energy of wind or solar electricity is less than 0.03€/kWh in the 
Mid Century scenario, but balancing fluctuating renewable energy with energy 
storage and additional generators comes at a price. The hydrogen related 
components account for half of the total annual cost of the Smart City Area. Solar 
annual irradiation, energy savings measures in buildings and the share of direct solar 
electricity consumption have a large impact on the hydrogen equipment size and 
thus system cost.  
For most of the hydrogen technologies used in the calculations, other technologies 
are being developed which are likely to be more energy efficient and/or cost 
effective. Examples are high temperature solid oxide or proton conducting 
electrolyzers [517,582], alkaline membrane [583–585] electrolyzers and direct solar 
to hydrogen technologies replacing solar panels and electrolyzers [586–591]. Ionic 
liquid piston compressors [592] and electrochemical hydrogen compression and 
purification [593,594] could replace compressors and purification systems. Several 
types of hydrogen storage methods are being investigated [526–528], but in 
particular liquid organic hydrogen carriers could be a cost effective alternative [595–
597] and (partly) avoid the need for compressors. Also some research is performed 
in the field of reversible unitized (PEM) fuel cells, combining an electrolyzer and fuel 
cell in one device [598–601]. 

 

5.9.4 Comparing system costs with other power and transport 
systems 

A comparison with other integrated power and transport systems is not 
straightforward due to combination of an integrated design, scale of the system, 
technologies used and projections in two technology and cost development 
scenarios. Balancing is commonly done using fossil resources, unlike the presented 
system.  
The levelized cost results of the Near Future scenario can be compared with present 
day levelized costs of electricity. The levelized costs of electricity from wind and 
solar for the two scenarios are comparable with other studies, 0.02-0.08 €/kWh 
[370,562,564,602]. The levelized cost of dispensed hydrogen from wind or solar 
electricity in the Mid Century scenario is in a similar range as other studies, 2-4 €/kg 
H2 [126,519,523]. Specific Costs of Energy for Transportation for the Near Future 
scenario for passenger cars is lower than the hydrogen cost per kilometer of 0.10-
0.31€/km calculated by NREL [393] for a smaller integrated power and transport 
system with electricity grid connection. The levelized cost of electricity including 
storage and reconversion of 0.40€/kWh as calculated by NREL [393] is comparable 
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with the Near Future SLCoEe of 0.41€/kWh. The Mid Century SLCoEe of 0.09€/kWh 
is of similar magnitude as the 100% renewable system electricity cost 0.10€/kWh in 
2050-2055 in [603]. In conclusion, the designed system has equivalent costs for the 
parameters where comparison with other studies could be performed. 
System levelized electricity costs are very hard to compare to other studies, and in 
this discussion we focus on some methodological observations. The SLCoEe cannot 
be compared directly with any future conventional or fossil based electricity cost 
[603]. For example conventional electricity cost projections do not integrate 
transportation, power and heating/cooling. Conventional calculations do not 
account for a multitude of avoided costs, such as health and climate related savings  
[604,605], possible avoidance of electric grid congestion problems [606–609] or 
using different energy carriers than electricity and hydrogen. Avoided costs are 
more complex to estimate than levelized costs because it requires information 
about how a similar system would have operated without the described system 
changes [610]. Therefore attempts are made to include these in cost calculations, 
such as the methodology of the Levelized Avoided Cost of Electricity [611]. The 
designed system is independent of any future fuel costs or High and Medium 
Voltage electricity grids, natural gas and district heating grids or expansion of these, 
and including these as avoided costs seems reasonable, hard to quantify, and for 
various stakeholders arguable. 
 

 Conclusion 
It is concluded that for smart city areas, solar and wind electricity together with fuel 
cell electric vehicles as energy generators and distributors and hydrogen as energy 
carrier, can provide a 100% renewable, reliable and cost-effective energy system, 
for power, heat, and transport.  
A smart city area is designed and dimensioned based on European statistics. The 
smart city area consists of 180,000 m2 floor area of residential and 57,000 m2 floor 
area services sector buildings and 2,800 fuel cell powered road transport vehicles. 
2,000 households with 4,700 inhabitants are an appropriate size for dimensioning 
the smart city area as statistically there is one petrol station and one food-retail 
shop. 
All electricity and hydrogen can be supplied by solar and wind to fulfill the energy 
demand for power, heat and transport. Electricity is generated by solar modules on 
all roofs. Surplus solar electricity is converted via water-electrolysis with rainwater 
into pure hydrogen. The hydrogen is compressed and transported by tube trailer 
modules to the nearby Hydrogen Fueling Station. At the Hydrogen Fueling Station, 
the hydrogen is further compressed to fuel all types of fuel cell powered electric 
vehicles; passenger cars, vans, motorcycles, buses and trucks. In case of a temporary 
shortage in production of solar electricity, the fuel cells in grid-connected passenger 
cars provide the necessary electricity by converting hydrogen from the on-board 
hydrogen storage tanks. At parking places at home, office or at the local shopping 
area, vehicle-to-grid points connect the cars to the smart city electrical grid. To 
provide year-round energy supply, distant on-shore or off-shore wind-electricity is 
converted at the wind turbine park into hydrogen via water-electrolysis with surface 
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or seawater. The produced hydrogen from wind is transported via tube trailers to a 
hydrogen fueling station. 
An energy balance and cost analysis are performed for a Near Future and Mid 
Century scenario. Technological and cost data is collected of all system components, 
using existing technologies and well-documented technology and cost development 
projections. In the Near Future, renewable electricity supply consists of 12 
GWh/year rooftop solar electricity and 95 GWh/year distant wind electricity 
producing hydrogen. 4.5 GWh/year of solar electricity is used directly and 72 
GWh/year hydrogen is produced from surplus solar and wind electricity. In the Mid 
Century scenario renewable electricity supply consists of 24 GWh/year rooftop solar 
electricity and 23 GWh/year distant wind electricity producing hydrogen. 9.5 
GWh/year of solar electricity is used directly and 31 GWh/year hydrogen is 
produced from surplus solar and wind electricity. This lower renewable electricity 
production is possible due to savings in final energy consumption in buildings and 
transport, higher use of direct solar energy due to demand side management and 
efficiency increase in hydrogen production and fuel cell technologies. 
The smart city area energy supply is reliable at all times and independent of other 
energy systems and grid connections. Reliability of energy supply is guaranteed by 
converting temporary surplus solar and distant wind electricity into hydrogen and 
through electricity supply with grid-connected fuel cell electric passenger cars 
providing 10 kW each (10% of installed power). The balancing electricity can be 
supplied by 1,170 cars for the Near Future and 430 cars in the Mid Century scenario, 
during 6 hours on an average day basis. For a day without any solar power, for the 
Near Future and Mid Century scenario, the cars can still supply all power, requiring 
respectively 1,375 and 865 cars, representing 60% and 38% of the car fleet. If the 
cars can generate 20 kW (20% of the installed power) halve the required of amount 
passenger cars would suffice. If more hours of balancing per car per day are 
assumed, proportionally less cars are needed.  
In conclusion, the fuel cell electric vehicle and renewable energy based smart city 
area can provide a future cost-effective energy supply, as the annual total system 
cost of energy demand for power, heat and transport is 15 M€/year in the Near 
Future and 2.5 M€/year in the Mid Century scenario for the entire smart city area. 
This corresponds to an average annual cost for power, heat and mobility of 600 
€/year per household for the Mid Century scenario. In the Near Future scenario 
system levelized cost of hydrogen for transportation is 7.6 €/kg, system levelized 
cost of electricity is 0.41 €/kWh and the specific cost of energy for passenger cars is 
0.08 €/km. In the Mid Century scenario however, this is only 2.4 €/kg, 0.09 €/kWh 
and 0.02 €/km. System levelized cost of energy and specific energy costs compare 
favorably with other scenario studies describing fully renewable energy and 
transport systems. 
Future dynamic simulations and tailoring to geographical demand and climate 
conditions is needed to calculate system cost, and FCEV fleet deployment for 
specific city areas in Europe. Also, other configurations using different renewable 
energy sources and different storage and conversion technologies is of interest for 
future research. 
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6 Fuel Cell Electric Vehicle as a Power Plant: 
Techno-Economic Scenario Analysis of a 
Renewable Integrated Transportation and Energy 
System for Smart Cities in Two Climates 

 
The research presented in this chapter has been published in [612]. The work in this 
chapter tries to address research sub-questions 2 “How can we integrate FCEVs, 
used for transport, distributing and generating electricity, into future energy 
systems?” and 3 “What impact do European regional characteristics have on the 
techno-economic system performance and the usage of FCEVs for transport, 
distributing and generating electricity?”. A combined approach of system design, 
heuristic modeling, simulation and techno-economic scenario analysis is used. 

 

 Abstract 
Renewable, reliable, and affordable future power, heat, and transportation systems 
require efficient and versatile energy storage and distribution systems. If solar and 
wind electricity are the only renewable energy sources, what role can hydrogen and 
fuel cell electric vehicles (FCEVs) have in providing year-round 100% renewable, 
reliable, and affordable energy for power, heat, and transportation for smart urban 
areas in European climates? The designed system for smart urban areas uses 
hydrogen production and FCEVs through vehicle-to-grid (FCEV2G) for balancing 
electricity demand and supply. A techno-economic analysis was done for two 
technology development scenarios and two different European climates. Electricity 
and hydrogen supply is fully renewable and guaranteed at all times. Combining the 
output of thousands of grid-connected FCEVs results in large overcapacities being 
able to balance large deficits. Self-driving, connecting, and free-floating car-sharing 
fleets could facilitate vehicle scheduling. Extreme peaks in balancing never exceed 
more than 50% of the available FCEV2G capacity. A simple comparison shows that 
the cost of energy for an average household in the Mid Century scenario is 
affordable: 520–770 €/year (without taxes and levies), which is 65% less compared 
to the present fossil situation. The system levelized costs in the Mid Century 
scenario are 71–104 €/MWh for electricity and 2.6–3.0 €/kg for hydrogen—and we 
expect that further cost reductions are possible 

 

 Introduction 
The Paris Agreement, which pledges to keep global warming well below 2 degrees 
Celsius above pre-industrial levels and to limit the increase to 1.5 degrees Celsius, 
needs a boost [613]. The highest emitting 100 cities, or so-called urban areas, 
account for 18% of the global carbon footprint [614,615]. Therefore, cities are 
increasingly focusing on and shaping the trajectory and impacts of climate change 
and air quality [616–621]. The C40 Cities Climate Leadership Group connects more 
than 90 of the world’s largest cities, representing over 650 million people and one-
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quarter of the global economy [622]. C40 is focused on tackling climate change and 
driving urban action that reduces greenhouse gas emissions and climate risks. 
More than 54% of the world’s population lives in urban areas (cities, towns, or 
suburbs) [623]; in Europe, this is almost 75% [624]. Energy consumption is growing 
rapidly in urban areas [619]. A smart, integrated, and combined centralized and 
decentralized approach is essential for creating sustainable urban energy systems 
[345,624–627]. By coupling energy sectors through electrification and hydrogen 
[603,628–630], major problems related to the intermittent nature of many 
renewables, such as wind and solar, can be solved, and synergies benefiting all 
sectors can be created [393,395,631–634]. Both the Hydrogen Council and the 
World Energy Council support and leverage the enabling role of hydrogen and fuel 
cell solutions around the world [138,635]. 
Inspired by the concept of a “Hydrogen Economy” [20,161,279,636–639], the 
authors designed a 100% renewable, reliable, and cost-effective energy system for 
power, heat, and transportation for smart urban areas in Europe [235]. The system 
covers the annual energy consumption of the main energy functions in urban areas, 
namely road transportation and, in residential and services buildings, space heating 
and cooling, hot water, lighting, and electrical appliances. The heating and 
transportation system is all-electric in its final energy use. Heating is by means of 
electric powered heat pumps and transportation by hydrogen fuel cell-powered 
electric vehicles; no other technologies are used for these applications. Local solar 
and large-scale wind electricity provide all renewable energy, together with 
hydrogen and electricity, as intermediate energy carriers. Fuel cell electric vehicles 
(FCEVs) provide transportation and energy distribution and balance the intermittent 
solar and wind electricity production by converting renewable hydrogen into 
electricity. This concept of grid-connected FCEVs providing grid services when 
parked—also known as vehicle-to-grid (V2G)—has already been demonstrated on a 
small scale with one V2G-ready commercial Hyundai ix35 FCEV and an all-electric 
house [229,640]. FCEVs providing power to electric appliances (also referred to as 
vehicle-to-load, V2L), small grids, or homes (vehicle-to-home, V2H) [202] are being 
developed by several FCEV manufacturers [181,200,201,641], although none of 
them have reported connecting an FCEV to a low-voltage national AC grid. 
European regions have different climatic conditions [642](including supplement of 
[642]), which have an impact on the energy consumption of buildings [643–645], 
especially for space heating and cooling [469,646–649]. In addition, the different 
average building and household types, sizes, and compositions in European 
countries also impact the energy consumption in buildings [471,472,650]. Vehicle 
ownership and the average number of kilometers driven per year determine the 
final road transportation energy consumption, which varies among European 
countries [470,473]. The regional availability and magnitude of solar and wind 
energy differ significantly across Europe [343,344,512,651,652]. Wind and solar 
power generation across European regions exhibits hourly, diurnal, and strong 
seasonal behavior [653,654], as well as intra-annual [655–657] or decadal/multi-
decadal variability [658–662]. 
Average European statistics, average hourly energy consumption, and production 
profiles for an average day during an average year were used to calculate system 
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component sizes, including safety margins [235]. Rough estimations, such as several 
days without sun or wind power, were used to define the required back-up and 
balancing power and energy storage sizes [235]. Hourly modeling will capture the 
biggest variations for larger systems and is, therefore, more adequate to dimension 
flexibility requirements [663]. Modeling on an hourly basis and tailoring to 
geographical energy demand and climatic conditions will give a better insight into 
hourly, diurnal, and seasonal energy production and consumption mismatch, in 
other words, the energy storage requirements, and the system design and its 
related cost. 
The question is: can solar and wind electricity, together with fuel cell electric 
vehicles and hydrogen as an energy carrier, provide year-round 100% renewable, 
reliable, and affordable energy for power, heat, and transportation for smart 
urban/city areas in two different European climates? 
To address this question, this study performed a techno-economic scenario analysis 
and design for a 100% renewable, reliable, and cost-effective energy system. The 
energy systems provide year-round power, heat, and transportation for smart urban 
areas. The total system cost and energy performance are compared for two 
different technology development scenarios and two European climate zones for 
five years (2012–2016). Analyzing the system over five years will give insight into the 
inter-annual variability of the cost and energy performance. To our knowledge, no 
such comprehensive study has been performed up to now. Many studies and pilot 
projects investigate stand-alone and national grid-connected renewable energy 
systems using hydrogen as energy storage and stationary fuel cells for the 
reconversion of the stored hydrogen [203–206,664]. Some studies use the produced 
hydrogen for transportation [103,207–209,211,665] or solely use the fuel cell in the 
vehicle as an electric generator [213–217] without considering hydrogen 
production. Integration of FCEVs through V2G into a local electricity network for 
operating in island mode, emergency power, or balancing local renewables has been 
done mostly on a smaller or a very large scale [218–222]. Some studies include a 
cost analysis [223,224,234], do not compare with a future scenario with improved 
cost and efficiency (scenario and trend analysis) [225], are dependent on the grid 
electricity, do not compare different climate zones nor include inter-annual 
variability [666], or do not include seasonal hydrogen storage [225]. The authors of 
[226] focus on a small-scale system in a specific region without considering 
hydrogen transportation, although includes a future cost scenario. The authors of 
[227] look into urban areas and road transportation in different regions in different 
Japanese climate zones, but the described system is not 100% renewable and does 
not include economics or consider V2G electricity services with FCEVs. A study [667] 
performs a future techno-economic 100% renewable energy analysis, including 
multi-annual variability for multiple large national and trans-national regions. 
Various energy sectors are coupled, where hydrogen is used as energy storage and 
road transportation fuel along with several other energy carriers and storage 
techniques. However, here too, but also here V2G electricity services with FCEVs are 
not considered. 
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 Materials and Methods 
6.3.1 Approach 
The techno-economic scenario analysis of a fully autonomous renewable and 
reliable integrated transportation and energy system for a smart city area is 
performed in four steps: 
1. Location selection, system design and dimensioning, technological and 

economic characterization for the system components in two technology 

development scenarios (Section 6.3.2). 

2. Developing a calculation model for hourly simulation of all energy flows for 

multiple years and sizing of system components, for two different European 

climates zones in two technology development scenarios (Section 6.3.3). 

3. Calculating the cost of energy for the two technology development scenarios 

in two climate zones based on the sizing and economic characterization of the 

system components (Section 6.3.4). 

4. Inter-annual variability analysis of wind and solar energy production on the 

cost of energy (Section 6.3.5). 

6.3.2 Location Selection, System Design and Dimensioning, System 
Components, and Scenarios 

6.3.2.1 Location Selection 
The following criteria apply to the selection of two locations in different European 
climate zones. They are listed in order of significance (Figure 6-1): 
1. Close to a large European functional urban area [624] or city with at least 

50,000 inhabitants, preferably in one of Europe’s five most populous countries 

[668]. 

2. Located in different European climate zones, as defined by the Köppen–Geiger 

climate classification [642] and supplement of [642]. 

3. Located in a region with underground salt formations suitable for 

underground gas storage [385]. 

4. One location should have a relatively high, and one location should have a 

relatively low solar global irradiation compared to European measurements 

[343,344,512]. 

5. One location should have a relatively low annual precipitation compared to 

European measurements [669]. 

6. All required statistical and hourly modeling data should be available for the 

selected locations (wind velocity, solar irradiation, precipitation, building 

energy consumption, etc.). 

 
The urban area of Hamburg in Germany and Murcia in Spain were selected, see 
Figure 6-1. Hamburg is the cooler, windier, and rainier area; Murcia is the warmer, 
sunnier, and dryer area. In Appendix A.1.1, Table A1 shows key figures 
characterizing Hamburg in Germany and Murcia in Spain and their climates. 
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Figure 6-1 Location selection steps and criteria resulted in the urban area of Hamburg in 
Germany and Murcia in Spain. 

6.3.2.2 System Design and Dimensioning 
The smart city area energy and transportation system is designed in such a way that 
it fulfills the following design requirements: 

• uses only electricity and hydrogen as energy carriers and is all-electric in end-
use 

• uses only hydrogen as seasonal energy storage and fuel to power all road 
vehicles 

• can be applied to an average European city area and is a scalable design 

• can be operated in a network of multiple smart city areas and renewable 
hydrogen and electric energy hubs or centers [459,638,670–673] 

• can be integrated into existing infrastructure and buildings 

• is not dependent on an in-urban area underground hydrogen pipeline 
transportation network 

• uses abundant renewable energy sources in Europe: local solar and large-scale 
wind only 

• is independent of high and medium voltage electricity grids, natural gas, and 
district heating grids or the expansion of these. 

 
By applying the design requirements, the integrated system design of the smart city 
area has the following seven major elements and functional energy performance 
and conversion steps (Figure 6-2 and Table 6-1): 
1. Local solar electricity and hydrogen production (orange): Local rooftop solar 

electricity and rainwater collection, purification, and storage systems (S1–S3) 
produce solar electricity (ES) and pure water (H2OS). A part of the solar electricity 
is directly consumed (EDC) in buildings and other sub-systems. The remaining 
surplus solar electricity (ES) is used with purified water (H2OS) in the hydrogen 



 

118    
 
 

C
h

ap
te

r 
6

 

production, purification, and compression system (S4–S6) for filling tube trailers 
(TT1) with hydrogen (HS). 

2. Fuel cell electric vehicle-to-grid, building electricity consumption, and smart grid 
control (yellow): The smart electric grid is managed by a controller, which 
connects all buildings, grid-connected FCEVs (FCEV1and2), the hydrogen fueling 
station (HFS1-HFS4), solar electricity and hydrogen production (S1–S6), and the 
tube trailer filling station (SHS2) at the seasonal hydrogen storage (SHS1). The 
directly consumed solar electricity (EDC) is divided amongst the all-electric 
residential and services sector buildings (EB), HFS (EHFS), and SHS (ESHS) electricity 
consumption. Any shortage of electricity is met by the electricity produced from 
hydrogen (EV2G) through parked (at home or in public or commercial spaces) 
and V2G connected FCEVs (FCEV1and2). 

3. Hydrogen tube trailer transportation (grey): Tube trailers (TT1) towed by tube 
trailer tractors (TT2) transport hydrogen from either the local solar hydrogen 
production or the SHS to the HFS, or from the local solar hydrogen production 
to the SHS. 

4. Hydrogen fueling station (blue): Hydrogen from tube trailers is further 
compressed (HFS1) and stored at high pressure (HFS2). A chiller (HFS3) cools 
the dispensed hydrogen (HHFS), including sufficient dispensers (HFS4) to provide 
hydrogen for both road transportation (Hroad) and V2G (HV2G) use. 

5. Road transportation (purple): A fleet of road transportation FCEVs, namely 
passenger cars, vans, buses, trucks, and tractor-trailers. 

6. Large-scale and shared wind hydrogen production (green): A large-scale wind 
turbine park (W1) that is not located near or in smart city areas is shared with 
other smart city areas and renewable hydrogen hubs and consumers. All wind 
electricity (EW) is used with purified water (H2OW) from local surface water or 
seawater in hydrogen production (W4), purification (W5), and compression 
system (W6), which includes a water collection and purification system (W2 and 
W3). The hydrogen produced (HW) is stored in a large-scale underground 
seasonal hydrogen storage (SHS1). 

7. Large-scale and shared seasonal hydrogen storage (red): Large-scale 
underground seasonal hydrogen storage (SHS1), including a tube trailer filling 
and emptying station (SHS2). 

8. The system design configuration is sufficiently flexible to allow other renewable 
energy sources, if present, to be used (e.g., offshore wind, biomass, or 
hydropower). However, this was not analyzed in this study. The smart urban 
area operates in a network of multiple smart urban areas, hydrogen fueling 
stations, other renewable hydrogen and electric energy hubs, and other 
hydrogen and electricity consumers (not part of this study). Hydrogen is 
produced within the smart urban areas from local surplus solar electricity and 
at large-scale wind parks. These large-scale wind parks, as well as the large-scale 
seasonal underground hydrogen storage, are jointly owned by the smart urban 
areas and other hydrogen consumers. Hydrogen is transported via tube trailers 
from the smart urban areas to hydrogen fueling stations, or the large-scale and 
shared underground seasonal hydrogen storage [385,674]. 
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Table 6-1 Components, energy, and water flow in the smart city area (Figure 6-2). 

Label Components Label Components 

S 
Local solar electricity and hydrogen 
production 

TT Hydrogen tube trailer transportation 

S1 Solar electricity system TT1 Tube trailers 

S2 Water purification (reverse osmosis) TT2 Trailer tractors 

S3 Pure-water tank FCEV Fuel cell electric vehicle-to-grid (V2G) 

S4 Electrolyzer FCEV1 
Fuel cell in fuel cell electric vehicle 
(FCEV) for V2G use 

S5 Hydrogen purifier FCEV2 V2G infrastructure 

S6 Low-pressure compressor  Energy and water flows 

W 
Large-scale and shared wind hydrogen 
production 

E Electricity 

W1 Shared wind turbine park EW Electricity from wind 

W2 Water purification (reverse osmosis) ES Electricity from solar 

W3 Pure water tank EDC Direct consumption solar electricity 

W4 Electrolyzer Esurp Surplus solar electricity 

W5 Hydrogen purifier EB Electricity consumption in buildings 

W6 Low-pressure compressor to SHS EV2G Electricity from hydrogen via V2G 

HFS Hydrogen fueling station (HFS) EHFS Electricity consumption HFS 

HFS1 High-pressure compressor ESHS Electricity consumption SHS 

HFS2 High-pressure stationary storage H Hydrogen 

HFS3 Chillers HW Hydrogen from wind electricity 

HFS4 Dispensers HS 
Hydrogen from surplus solar 
electricity 

SHS 
Large-scale and shared seasonal 
hydrogen storage (SHS) 

HHFS Dispensed hydrogen at HFS 

SHS1 
Shared seasonal hydrogen storage 
(SHS) 

HRoad Hydrogen consumed by road vehicles 

SHS2 Low-pressure compressor HV2G 
Hydrogen consumed for V2G 
electricity 

  H2O Water 

  H2OW 
Water for hydrogen production via 
wind 

  H2OS 
Water for hydrogen production via 
solar 

 
The size of a Hamburg- or Murcia-based illustrative smart city area for this study was 
determined using the dispersion of supermarkets and gas stations in Europe, 
Germany, and Spain. In the EU 28 countries, for every 2000 households, there is one 
medium-sized supermarket and one gas station [465,468,471,675]. In Germany and 
Spain, there is one gas station per 2600 and 1700 households, respectively 
[465,471,675]. Thus, 2000 households are a good indicator for dimensioning the 
smart integrated city area; see Table 6-2 (common parameters). This hydrogen 
fueling station will serve a similar vehicle population as current gasoline stations 
[386,676]. Total capital cost per capacity for large HFS (≥1500 kg/day) is lower than 
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for smaller HFS [467], thus also defining the minimum size of this scalable and 
illustrative smart city area. 
On average, 2000 households in Germany and Spain correspond to, respectively, 
4310 and 5083 people, with 2364 and 1846 passenger cars and 156 and 410 other 
vehicles, according to German and Spanish national statistical data 
[470,471,675,677–679]. See Table 6-2 (local parameters). 
The floor area of residential and services buildings is derived from national statistical 
data and scaled to 2000 households: German and Spanish average household floor 
area Shh is, respectively, 91.60 and 91.78 m2 [471,472]. Residential and service sector 
roofs will be used for solar electricity systems and rainwater collection [501–
503,550]. Solar electricity systems are installed on all technically suitable roof areas: 
9 m2 per person on residential buildings and 4 m2 per person on service sector 
buildings area [504,505]. Façades are not considered. 
For ease of comparison between Hamburg and Murcia, the roof area available for 
solar electric modules and rainwater collection in Murcia is based on the Hamburg 
parameters. 
 
Table 6-2 Characteristics of the modeled smart city areas. 

Characteristics 
Quantity 

Hamburg, Germany Murcia, Spain 

Common parameters (based on European statistics)   

Gas stations (#) [465] 1 1 

Retail food shops (#) [468] 1 1 

Households and dwellings 1 in smart integrated city (#) 
[472] 

2000 2000 

Local parameters (based on national statistics)   

People (#) [677] 4310 5083 

Passenger cars (#) [470,678,679] 2364 1846 

Vans (#) 2 [470,678,679] 115 356 

Trucks (#) [470,678,679] 27 3 31 4 

Tractor-trailers [470,678,679] 10 12 4 

Buses (#) [470,678,679] 4.1 4.5 

Floor area of residential buildings (m2) 5,6 [472] 183,200 183,550 

Floor area of services buildings (m2) 6 [471] 92,940 38,330 

Roof area available for solar electric modules (m2) 
[504,505] 

56,000 56,000 7 

1 Assuming that only one household lives in a dwelling. 2 German data [678,679] defines a van 
as a vehicle with a weight of less than 3.5 tons; the Odyssee database [470] used for Spain 
defines a van as a vehicle with a weight of less than 3 tons. 3 Including commercial vehicles of 
3.5–6.0 tons. 4 No distinction is made between trucks and tractor-trailers in [470]; therefore, 
the same relation between the number of trucks and tractor-trailers as in Germany is used. 5 
Based on the surface area of permanently occupied dwellings [472]. 6 The floor area 
represents the floor space that needs to be heated, cooled, or illuminated [680]. 7 For ease of 
comparison, the value is kept equal to the Hamburg case. 
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6.3.2.3 Technological and Economic Characterization of System 

Components in Two Scenarios 
The technological and economic characteristics of the selected components will be 
listed according to the latest available figures in two technology development 
scenarios. The two scenarios, in different time frames, can be characterized as 
follows: 

• The Near Future scenario uses current state-of-the-art renewable and hydrogen 
technology and current energy demand for buildings and transportation. It is 
an all-electric energy system, which means space heating is done using heat 
pumps, meeting the present heat demand for houses and buildings. Only 
commercially available hydrogen technologies are used. For all systems, 
including hydrogen technologies, current technology characteristics and cost 
figures are used. The Near Future scenario presents a system that could be 
implemented in 2020–2025. 

• In the Mid Century scenario, a significant reduction in end-use energy 
consumption is assumed. Hydrogen and fuel cell technologies have become 
mature with mass production and performing on the cost and efficiency targets 
projected for 2050. Also, for all the other technologies, such as solar, wind, and 
electrolyzers, the learning curves are taken into account. 

The detailed technical and cost-related parameters of the system components are 
presented in Appendix A.2 Table A2 and Table A3. The technology selection for the 
system components and sizing methods is based on the component description in 
[235]. 
 

6.3.3 Calculation Model and Hourly Simulation 
Figure 6-3 shows the simplified simulation scheme of the calculation model, 
consisting of five major steps that are executed hourly for an entire year. A detailed 
description and input data are described in Appendix A.2. 
1. Electricity consumption and production (yellow; see description in Appendix 

A.2.1) 
2. Road transport hydrogen demand (blue; see description in Appendix A.2.2) 
3. Electricity and hydrogen hourly balance (red; see description in Appendix A.2.3) 
4. Hydrogen tube trailer and tractor fleet (grey; see description in Appendix A.2.4) 
5. Wind hydrogen production and seasonal storage balance (green; see 

description in Appendix A.2.5) 
Two sets of energy balances are calculated on both an hourly and an annual basis 
(Figure 6-3 in red and green) for both hydrogen and electricity energy carriers. 
Energy consumption takes place in buildings and for mobility. Energy production is 
by roof-top solar and wind turbines and covers all energy consumption needs, taking 
into account all efficiencies of the different energy conversion and storage 
processes. 
The amount of rooftop area available for solar electricity systems is fixed in both 
scenarios and locations for ease of comparison of the system performance between 
the two climates. The amount of installed wind capacity is the degree of freedom in 
the calculation model and completes the annual energy balance. 
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The system is simulated for five years using weather data from 2012 to 2016, which 
results in varying hourly electricity production consumption profiles, as well as 
electricity production per installed capacity. For ease of comparison between the 
years, the annual building electricity demand is kept constant. 
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6.3.4 Calculating the Cost of Energy 
Three components of the cost of energy (CoE) will be calculated for each location in 
both scenarios. 
1. Smart city area total system cost of energy (TSCoESCA) in euros per year 

(Appendix A.3.1). 
2. System levelized cost of energy for electricity (SLCoEe) in euros per kWh and for 

hydrogen (SLCoEH) in euros per kg of hydrogen (Appendix A.3.2). 
3. Cost of energy for households (CoEhh) in euros per household per year 

(Appendix A.3.3). 
 

6.3.4.1 Smart City Area Total System Cost of Energy 
The TSCoESCA in euros per year is the sum of the total annual capital and operation 
and maintenance costs TCi (€/year) of the total number of components (n) in the 
smart city area. The TCi of an individual component is calculated using the annual 
capital cost CCi (€/year) and operation and maintenance cost OMCi (€/year); cost 
formulas used are listed in Appendix A.3.1. 
The cost analyses are in constant 2015 euros. An exchange rate of 0.88 USD to 1 EUR 
is used as in [235]. The website [681] is used to convert all USD values to USD2015 
values. A weighted average cost of capital WACC of 3% is used from Appendix 0 of 
[667]. 
 

6.3.4.2 System Levelized Cost of Energy 
The system levelized cost of energy, for either electricity SLCoEe (€/kWh) or 
hydrogen SLCoEH (€/kg H2), is calculated by allocating a share of the TSCoESCA 
(€/year) related to either electricity TSCoESCA,e (€/year) or hydrogen consumption 
TSCoESCA,H (€/year). These shares are then divided by either the annual electricity 
consumption ECe (kWh/year) or the annual hydrogen consumption ECH (kg H2/year), 
resulting in, respectively, the SLCoEe (€/kWh) or the SLCoEH (€/kg H2). The cost 
formulas used are listed in Appendix A.3.2. 
 

6.3.4.3 Cost of Energy for Households (Without Taxes and Levies) 
Cost of Energy for a single household CoEhh (€/hh/year), here calculated without 
taxes and levies, consists of the cost of energy for the building energy CoEhh,B 
(€/hh/year) and the transportation energy CoEhh,T (€/hh/year). The cost formulas 
used are listed in Appendix A.3.3. 
 

6.3.5 Inter-Annual Variability Analysis 
Multiple years of hourly solar global irradiation data and hourly average wind speed 
data recorded at both locations will be used to analyze the inter-annual variability 
and its impact on the smart city area total system cost of energy (TSCoESCA). 
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 Energy Balance Results and Discussion 
6.4.1 Annual Energy Balance Results 
Key energy balance parameters for FCEV2G, solar electrolyzer, and SHS usage for 
Hamburg and Murcia in the Near Future and Mid Century scenarios are summarized 
in Table 6-3. Detailed background figures that serve as input to Table 6-3 can be 
found in Appendix A.4 (Figure Figure A 1, load duration curves, Figure A 2, hourly 
electricity balance for an entire year, Figure A 3, SHS storage level, and monthly 
hydrogen flows). 
The annual energy balances of Hamburg and Murcia in the Near Future and Mid 
Century scenarios are shown in Figure 6-4 and Figure 6-5. 
The key energy balance parameters and annual energy balances of the years 2012–
2015 show similar outcomes. Several major trends can be seen when looking at the 
FCEV2G, wind and solar electricity production, direct consumption of solar 
electricity, and seasonal hydrogen storage. 

• Reliable electricity supply can be realized at all times, as extreme FCEV2G peaks 
never exceed 50% of the car fleet. Maximums of 760 and 772 cars, 32% and 42% 
of the car fleet in Hamburg and Murcia in the Near Future scenario, are reduced 
to 391 and 275 cars, 17% and 15% of the car fleet in the Mid Century scenario. 
The above maximums are extreme outliers, and values close to these occur for 
only a few hours per year (Figure A 1). 

• In the Mid Century scenario, FCEV2G usage is comparable to driving. In the Near 
Future scenario, the fleet average FCEV2G hours are 880 h/year compared to 
440 h in Mid Century scenario at 10 kW/car output for Hamburg. For Murcia, 
this is 670 h and 330 h. The Mid Century scenarios’ FCEV2G hours are similar to 
the average driving hours for passenger cars: 310 and 280 h/year for, 
respectively, Hamburg and Murcia. 

• The 87% higher solar electricity output in the Mid Century scenario in both 
locations results in less required external wind-to-hydrogen production to close 
the energy balance. This, together with more than a 30% reduction in building 
and road transportation energy consumption, and improvements in energy 
conversion processes, results in reductions of 70% and 90% of wind electricity 
production for, respectively, Hamburg and Murcia. 

• The 490% higher solar hydrogen production in the Mid Century scenario in both 
locations compared to the Near Future scenario. Due to lower building 
electricity consumption and higher solar electricity production, there is more 
solar surplus electricity for hydrogen production. In Hamburg, solar electrolyzer 
power consumption always peaks in the summer’s time, whereas, in Murcia, 
solar electrolyzer power consumption peaks in winter (Figure A 2). 

• The 40% and 56% higher coverage of electricity consumption with direct solar 
electricity production in the Mid Century scenario in, respectively, Hamburg and 
Murcia compared to the Near Future scenario. Due to higher solar radiation and 
lower building and system electricity consumption, a higher percentage can be 
met directly with solar electricity. Nighttime electricity consumption has to be 
met with FCEV2G electricity production. 
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• The 15%–25% lower seasonal hydrogen storage requirements in the Mid 
Century scenario due to a better match of higher solar electricity production 
and lower building electricity demand compared to the Near Future scenario. 
For Hamburg, the maximum storage content of hydrogen occurs in the fall for 
both scenarios, whereas, in Murcia, this period shifts from spring to fall. The 
minimum storage content occurs in winter for both locations and scenarios. In 
the Mid Century scenario, a typical salt cavern [385] (Table A3) could serve 
approximately 23 similarly operating smart city areas in Hamburg and 40 
Murcia smart city areas.  

• The 40% lower seasonal hydrogen storage and FCEV2G requirements in Murcia 
compared to Hamburg, in all scenarios. In the Mid Century scenario, solar 
electricity alone is almost able to supply all of Murcia’s energy needs for 
buildings and road transportation (despite its 21% higher consumption of road 
transportation hydrogen; Appendix A.2.2). If approximately 15% more solar 
panels were to be installed, either on facades, in public spaces, or nearby solar 
fields, the entire energy demand could be met with solar energy. The reason 
for the lower SHS and FCEV2G requirements in Murcia compared to Hamburg 
is the better match in time (daily and seasonal) between solar electricity 
production and building electricity consumption. In addition, Murcia also has a 
relatively higher solar electricity output and lower building demand compared 
to Hamburg. In the Mid Century scenario in Murcia, the same solar system 
produces 73% more electricity than in Hamburg. 

• Relatively, 70% and 30% more seasonal hydrogen storage is needed in the Mid 
Century scenario for, respectively, Hamburg and Murcia. Even though absolute 
hydrogen and electricity production, energy consumption, and seasonal 
hydrogen storage decrease in the Mid Century scenario, the higher dependency 
on solar electricity production increases the seasonal effect. Hence, there is an 
increase in relative seasonal hydrogen storage compared to the annual 
hydrogen and electricity production in the Mid Century scenario. 
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Table 6-3 Key energy balance parameters for FCEVs through vehicle-to-grid (FCEV2G), solar 
electrolyzer, and SHS usage for Hamburg and Murcia in the Near Future and Mid Century 
scenarios. 

Location Hamburg Murcia 

Scenario Near Future  Mid Century  
Near 
Future  

Mid Century  

FCEV2G     

Fleet average FCEV2G hours at 10 
kW (hours/year) 

880 440 670 330 

Annual electricity production 
(MWh) 

20,794 10,388 12,247 6112 

Max. power (MW) 7.60 3.91 7.72 2.75 

Date max. power (dd-mm)  3 January 4 January 12 June 3 September 

Max. FCEV2Gs (#) / Max fleet 
percentage (%) 

760/32.1 391/16.5 772/41.8 275/14.9 

FCEV Driving     

Average driving time passenger car 
(hours/year) 

310 310 280 280 

Solar electrolyzer     

Capacity factor (%) 4.1 8.6 7.8 15.5 

Annual electricity consumption 
(MWh) 

2680 12,428 5658 7648 

Max. absorbed power (MW) 7.43 16.47 8.26 19.05 

Date max. power (dd-mm) 27 July 27 July 
23 
February 

23 February 

SHS     

Max. H2 storage (×1000 kg H2) 191 163 122 92 

Max. H2 storage relative to typical 
SHS 3733 ton H2 (%) 

5.1 4.4 3.2 2.5 

No. similar smart city areas served 
by one typical SHS (#) 

20 23 30 40 

Date max. storage (dd-mm) 4 September 29 September 29 May 6 October 

Date min. storage (dd-mm) 24 January 15 March 3 February 17 February 

Annual hydrogen production 
(×1000 kg H2) 

1504 753 1149 640 

Max. H2 storage relative to annual 
H2 production (%) 

13 22 11 14 

Max. H2 storage relative to annual 
electricity production (%) 

8.9 15 6.7 9.3 
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6.4.2 FCEV2G Usage and Electricity Balance Discussion and Results 
Figure 6-6 provides further insight into seasonal and hourly FCEV2G usage. The 
FCEVs needed for producing V2G electricity (# cars left y-axis, % of car fleet right y-
axis) are shown by means of boxplots for every hour of the day. For both locations 
and scenarios, usage is shown separately for both the colder winter period (in blue, 
left, 1 October–31 March) and the warmer summer period (in orange, right, 1 April–
30 September). 

• Reliable electricity supply can be realized at all hours of the day, as extreme 
FCEV2G peaks never exceed 50% of the total car fleet. The number of cars 
needed to balance the system peaks in the morning (06:00–09:00) and the late 
afternoon/early evening (16:00–20:00) and correspond to driving rush hours. 
These peaks are extreme outliers, and values close to these occur for only a 
small number of hours per year (Figure A 1). 

• In Murcia, virtually no cars are required during daylight hours. This is valid in all 
scenarios and seasons, except for some moments. In Hamburg, this is only the 
case in the summer period, for both scenarios. 

• Hamburg faces a greater seasonal, and Murcia a greater day-night storage 
challenge, particularly in the Mid Century scenario. In Hamburg, peak FCEV2G 
electricity production occurs in the winter period, whereas, in Murcia, the 
production is highest in both the summer and the winter period (see also Figure 
A 2). 

• On average, less than 22% and 13% of all cars are required during peak hours 
(17:00–19:00), in, respectively, the Near Future and the Mid Century scenario 
(black crosses). 

• In Murcia, the mean FCEV2G usage is highest in summer. In Hamburg, the mean 
FCEV2G usage is highest in winter. Electricity demand in Murcia is dominated 
by space cooling, whereas, in Hamburg, it is dominated by space heating. In the 
Mid Century scenario, the mean daily FCEV2G usage in the winter period in 
Hamburg is 7.3% of all cars, whereas, in Murcia, the figure is 4.6%. In summer, 
this is 3% of all cars in Murcia and 2.7% of all cars in Hamburg. 

• Relatively more FCEV2G electricity is produced outside regular driving hours 
(20:00–06:00) [175] than during regular driving hours (06:00–20:00). In the Mid 
Century scenario, up to 60% of all FCEV2G electricity production in Murcia takes 
place during the 10 night hours (20:00–06:00); the remaining 40% FCEV2G 
electricity is produced during the 14 regular driving hours (06:00–20:00). In 
Hamburg, in the Mid Century scenario, the figures are 50% during the 10 regular 
driving hours and 50% during the 14 regular driving hours. 

  



 

132    
 
 

C
h

ap
te

r 
6

 

 
Figure 6-6 Boxplots showing the hourly average FCEVs needed for producing V2G electricity 
(# left y-axis, % of all cars right y-axis) throughout the day during the colder winter period (in 
blue, left, 1 October–31 March) and the warmer “summer” period (in orange, right, 1 April–
30 September) in the Near Future and Mid Century scenarios for, respectively, Hamburg and 
Murcia. The black crosses represent the mean values, the red lines represent the medians, and 
the green triangles represent the maxima. Based on a normal distribution, the bars represent 
the interquartile range, IQR, the difference between the first and third quartiles (Q1 and Q3), 
approximately 50%. The upper and lower whiskers represent the data points within the ranges 
[Q1–(Q1-1.5×IQR)] and [Q3+(Q3+1.5×IQR)], approximately 44%. Dots indicate outliers, 
outside aforementioned ranges, the remaining approx. 1%. 
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 Cost of Energy Results and Discussion 

6.5.1 Total System Cost of Energy 
The total system cost of energy per year TSCoE (k€/year) in the Near Future and Mid 
Century scenarios for Hamburg and Murcia is shown in Figure 6-7. The subsystems 
are grouped into hydrogen and electricity. The average component installed 
capacities and their total annual costs (TCi) are listed in Appendix A.5 and serve as 
input for Figure 6-7. The following major trends can be observed when comparing 
both locations and scenarios. 

• The 70% reduction in TSCoE in the Mid Century compared to the Near Future 
scenario for both locations. Higher efficiencies, lower final energy consumption, 
and increased favorable match between solar electricity production and final 
energy consumption significantly reduce installed capacities, thus costs. 
Economies of scale also reduce both installed capital and operation and 
maintenance costs. 

• The 20–30% lower TSCoE for Murcia compared to Hamburg for both scenarios. 
For Murcia, the TSCoE is 1.9 million euros/year in the Mid Century scenario, 
whereas, for Hamburg, it is 2.6 million euros/year. The reason for this is the 
lower final transportation and building electricity demand and lower storage 
and reconversion requirements. 

• Variations in TSCoE from year to year are very small, 2.2–4.0% (coefficient of 
variation CV in Table A 7 in Appendix A.5). This can be explained by the 
variations in daily and annual wind and solar electricity production, as well as 
the varying mismatch between solar electricity production and consumption. 
Seasonal hydrogen storage has relatively higher cost variations (8–12%) in 
comparison to other components, as the SHS is responsible for coping with all 
the above-mentioned variations. 

• The cost of hydrogen components in the Mid Century scenario drops up to 75%. 
For both locations, in the Near Future scenario, the hydrogen components 
represent about 70% of the TSCoE; this reduces to 63% on average. As hydrogen 
technology is relatively new, economies of scale have a bigger impact on future 
cost reductions than on solar and wind electricity technology. In addition, the 
increase in solar output reduces storage requirements. 

• Hydrogen transportation, seasonal hydrogen storage, and the solar system are 
the only components that share in the total costs’ relative increase compared to 
all other components. This is because the cost reductions for these components 
are relatively lower compared to the other components. The relatively higher 
use of seasonal hydrogen storage in the Mid Century scenario compared to the 
annual hydrogen production (see Section 6.4.1) is another contributing factor. 
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6.5.2 System Levelized Cost of Energy 
The levelized and system levelized cost of electricity and hydrogen for Hamburg and 
Murcia in the Near Future and the Mid Century scenario are listed in Table 6-4. The 
values represent the average of the five simulated years. The levelized cost of 
energy (LCoE) and SLCoE parameters are calculated using the total costs (TCi, 
Appendix A.5) of the various components and the corresponding energy flows 
(Figure 6-4 and Figure 6-5). Detailed calculation methods can be found in Appendix 
A.3 and [235]. 

• The system levelized cost of energy of electricity (SLCoEe) is 239 and 176 €/MWh 
in the Near Future scenario for, respectively, Hamburg and Murcia, and 104 and 
71 €/MWh in the Mid Century scenario. The SLCoEe is calculated by summing 
the costs of solar and FCEV2G electricity for buildings and dividing it by the total 
building electricity consumption. The total costs of solar electricity for buildings 
are calculated by multiplying the solar electricity consumption of buildings 
(Figure 6-4 and Figure 6-5) by the levelized cost of energy of solar electricity 
(LCoEe,S). The total FCEV2G electricity costs are calculated by multiplying the 
FCEV2G electricity for buildings by the system levelized cost of energy of 
FCEV2G electricity (SLCoEe,V2G). 

• All SLCoEe reduce by approximately 60% in the Mid Century scenario compared 
to the Near Future scenario. Also, in Murcia, the SLCoEe is about 30% lower 
compared to Hamburg. In Murcia, a larger part of the building load can be 
directly covered by cheap and abundant solar electricity (even for hydrogen 
production) in both scenarios. As a result, less hydrogen production, storage, 
dispensing, and FCEV2G electricity are required. 

• The levelized cost of energy of hydrogen from surplus solar electricity (LCoEH,S in 
€/kg H2) in this system is always higher than the levelized cost of energy of 
hydrogen from wind electricity (LCoEH,W in €/kg H2). The levelized cost of energy 
of hydrogen (LCoEH,W&S) before transportation and storage is based on 
hydrogen from both wind and solar. Even in Murcia, in the Mid Century 
scenario, the cost of solar electricity (LCoEe,S) is lower than the cost of wind 
electricity LCoEe,W. The reason for this is that a significantly higher capacity 
factor is achieved when the electrolyzer is connected to the wind turbine than 
to the solar electricity system, which only uses surplus solar electricity peaks. 

• The system levelized cost of energy of hydrogen (SLCoEH) is 70–80% higher than 
the combined levelized cost of energy of hydrogen from solar and wind 
(LCoEH,W&S). The SLCoEH includes the costs of hydrogen transportation by tube 
trailers, seasonal and fueling station storage, and dispensing on top of the solar 
and wind electricity costs, and the electrolyzers and low-pressure compressors, 
which is only the case for the LCoEH,W&S. 
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Table 6-4 Levelized (LCoE) and system levelized cost of energy (SLCoE) parameters for 
Hamburg and Murcia in the Near Future and Mid Century scenarios. 

 Hamburg Murcia 

Levelized Cost 
Parameter 

Involved Cost (TCi) of 
Components (i) 

(Table A 7 Appendix A.5) 

Near 
Future 

Mid 
Century 

Near 
Future 

Mid 
Century 

LCoEe,S [€/MWh] S1 68 31.7 37.6 17.5 

LCoEe,W [€/MWh] W1 23.5 16 26.5 18.2 

LCoEH,S [€/kg H2] S1–6 13.7 2.9 6.5 1.5 

LCoEH,W [€/kg H2] W1–6 2.3 1.2 2.7 1.4 

LCoEH,W&S [€/kg 
H2] 

W1–6 and S1–6 2.7 1.7 3 1.5 

System levelized cost parameter 

SLCoEH [€/kg H2] 
W1–6, S1–6 (surplus),  
TT1 and 2, SHS1 and 2, HFS1–4, 

4.9 3 5.2 2.6 

SLCoEe,V2G 
[€/MWh] 

W1–6, S1–6 (surplus), TT1 and 2, 
SHS1 and 2, HFS1–4, FCEV1 and 2 

307 154 332 139 

SLCoEe [€/MWh] 
W1–6, S1–6, TT1 and 2, SHS1 and 
2, HFS1–4, FCEV1 and 2 

239 104 179 71.2 

 

6.5.3 LCoE and SLCoE Comparison with Other Studies 
Studying “100% renewable energy systems” is relatively new [682], and no 
integrated transportation and energy systems are the same. Comparing the SLCOEe 
with other 100% renewable energy systems should be taken as a general indication 
since there are many differences; for example, differences in geographical locations, 
renewable energy sources, energy carriers, storage technologies, and simulation 
criteria, such as energy self-sufficiency ratios or cost input parameters. Despite such 
differences, we can, to a certain extent, compare some subsystem costs, onshore 
wind and solar electricity, stored and dispensed hydrogen, and all-time available 
system electricity costs, including daily and seasonal storage. 

• Onshore wind electricity costs (LCoEe,W) are relatively low in comparison with 
other studies. Near Future scenario 24–27 €/MWh compared to 30–50 €/MWh 
for 2025 [683], and Mid Century scenario 16–18 €/MWh with 20–35 €/MWh for 
2050 [683]. There are three reasons for this. First, the exclusion of grid 
connection costs of 11.5% [557,558] in this study, because of the direct coupling 
between the wind turbine and the electrolyzer. Second, the use of a lower 
WACC (3%) compared to other studies (3.5–10%) [683]. Third, the placement of 
wind turbines on sites with good wind conditions, resulting in good onshore 
wind capacity factors (33–38%). 

• Rooftop solar electricity costs (LCoEe,S) are comparable to the average small 
rooftop and utility-scale solar electricity costs, also known as community-scale 
or large rooftop. Near Future scenario costs of 38–68 €/MWh are similar to 20–
90 €/MWh [370,684] in 2025, and Mid Century scenario costs of 18–32 €/MWh 
to 15–44 €/MWh [370] in 2050. The aforementioned values from the literature 
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have similar global horizontal irradiation, although higher WACC (4–5%) 
[370,684]. 

• Stored and dispensed hydrogen costs (SLCoEH) are similar or lower compared to 
other studies. Near Future scenario costs of 4.9–5.2 €/kg H2 are similar to the 
4–7 €/kg H2 according to studies by the Fuel Cell Hydrogen Joint Undertaking 
(FCH JU) and United States Department of Energy (US DoE) [298,516,685,686]. 
The SLCoEH in the Mid Century scenario of 2.6–3.0 €/kg H2 is slightly lower than 
the US DoE targets of dispensed hydrogen (3.3–3.9 €/kg H2) [687]. The major 
reasons for this are the higher electricity and expensive electrolyzer costs 
assumed by the US DoE. 

• System electricity costs (SCLoEe) are similar to or lower than those in other 
studies on 100% renewable energy systems, including energy and 
transportation. The Near Future scenario SCLoEe of 179–239 €/MWh is lower 
compared to the transportation and energy system of the United States 
National Renewable Energy Laboratory (NREL) [3]. The difference can be 
explained by the system’s smaller scale, higher, and older component cost 
figures, and the use of stationary fuel cells instead of FCEV2G technology. The 
Mid Century scenario SLCoEe of 71–104 €/MWh is close to the SLCoEe of 88 
€/MWh for an average European smart city area, excluding seasonal hydrogen 
storage [235]. Several hydrogen electricity reconversion pathways in the north 
of Germany have been designed and evaluated for the year 2050, including 
underground seasonal hydrogen storage [688]. The study reports higher values 
of 176–247 €/MWh, although it confirms that the costs are dominated in all 
pathways by the costs of purchasing electricity [688]. The authors of [667] and 
[689] report similar values of 75–85 €/MWh and 100 €/MWh for 100% 
renewable and self-sufficient energy systems in 2050. Although they have 
similar system electricity costs, there are several differences: [667] and [689] 
use different storage technologies simultaneously, include more sectors 
(industry, agriculture, fishing, and forestry) and renewable energy sources, and 
either simulate for entire countries (Germany and Spain) [667] or cities in a 
different continent (North America) [689]. 

 

6.5.4 Cost of Energy for Households (Without Taxes and Levies) 
Total system costs or system levelized energy costs do not represent the combined 
effect of energy-saving measures, higher efficiencies, and decreased costs. 
Therefore, the cost of energy for an average household CoEhh (€/hh/year) is 
introduced as an example. To put the designed system into perspective, a 
comparison with today’s household energy costs would be interesting to make. This, 
however, is not as straightforward as it seems. 
The developed system and the technologies used are very different from today’s 
fossil-based energy and transportation system. Cities today are not self-sufficient: 
They import energy from both the national and the international power and fuel 
network. These national and international electricity and fuel supply chain networks 
also come at a cost. This, however, falls outside the scope of this study. 
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The analyzed size of this system is very small; one could compare it to a 
neighborhood within these big urban areas or a very small village. In addition, only 
the building and the road transportation sector are analyzed and integrated here. 
Increasing the system size and combining several different sectors would create 
more integration opportunities and reduce costs. For example, the equipment could 
be shared to avoid underutilization. 
Environmental and health savings and welfare creation (e.g., jobs) [690] compared 
to the present fossil system are difficult to express in costs for this specific and small-
scale system. In the present situation, taxes and levies on energy can represent a 
great part of the energy costs for household consumers, but future estimates of 
taxes and levies are not within the scope of this study. 
Summarizing, it is very difficult to make a fair cost comparison. Nevertheless, a very 
simple energy cost comparison for an average household is shown below, without 
any taxes or levies. The present fossil situation is compared with the designed 100% 
renewable system in the Near Future and the Mid Century scenarios. Additional 
background data for the present situation can be found in Appendix A.6. 
The cost of energy for a single household CoEhh (€/hh/year) consists of the cost of 
energy for the building energy CoEhh,B (€/hh/year) and the transportation energy 
CoEhh,T (€/hh/year); see Table 6-5. The Near Future scenario CoEhh shows an increase 
compared to the present situation, although not by several magnitudes. For Murcia, 
the increase is only 30% in the Near Future scenario. This shows that even though 
new hydrogen technologies are used, Near Future scenario costs can come close to 
the present situation costs and thus give reason to explore further. We should bear 
in mind that the Near Future scenario only changes technologies (e.g., electric water 
heating and heat pumps for heating) and has no significant energy savings as in the 
Mid Century scenario. However, in reality the installation of a heat pump often goes 
hand in hand with energy-saving measures like insulation. What’s more, any further 
integration with other sectors and increasing the system size could also further 
reduce costs. 
The cost of energy for households (without taxes and levies) in the Mid Century 
scenario is significantly lower (up to 65%) compared to the present situation—
namely 770 and 520 €/year per household for Hamburg and Murcia, respectively. 
Therefore, the designed system is not only renewable and reliable but also 
affordable. 
 
Table 6-5 The annual cost of energy for households (CoEhh) without taxes and levies for the 
Present, Near Future, and Mid Century scenarios in Hamburg and Murcia. 

 Hamburg Murcia 

Annual Cost of Energy for 
Households (Without Taxes and 
Levies) 

Present 
Near 
Future 

Mid 
Century 

Present 
Near 
Future 

Mid 
Century 

Building CoEhh,B [€/hh/year] 1050 1820 480 1120 1360 340 

Transportation CoEhh,T [€/hh/year] 460 790 290 350 570 180 

Total CoEhh [€/hh/year] 1510 2610 770 1470 1930 520 
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 Discussion 
The designed and analyzed integrated transportation and energy system is an 
extreme hypothetical scenario, because: 

1. The city area is not connected to any national electricity or natural gas grid 
or a transportation fuel network. It is self-sufficient and stand-alone. 

2. Only the residential, services, and road transportation sectors have been 
taken into account as energy consumers (e.g., not industry, agriculture, rail, 
or air transportation sectors). 

3. Space heating and hot water production are all-electric. 
4. It uses a single set of technologies for road transportation, transportation 

fuel, energy storage, and balancing, namely hydrogen, hydrogen 
production, and fuel cells (FCEVs), (no batteries or Battery Electric Vehicles, 
BEVs). 

5. The city area is relatively small, based on approximately 5000 people. 
 
In the future, a mix of multiple energy carriers, storage methods, and energy 
technologies could all work together. Cities in Europe already have connections to 
national electricity and sometimes natural gas grids. In addition, all sectors should 
be considered, not only the residential, services, and road transportation sectors. 
Increasing the system size and combining several different sectors would create 
more integration opportunities and could reduce costs. 
However, the calculated energy costs of the designed system are affordable and in 
line with other studies. This gives reason to explore whether variations in system 
designs and balancing methods can reduce total system costs even further. The 
system designs and balancing methods discussed below are a non-exhaustive 
selection of possible options. 

 

6.6.1 Other System Designs 
• A national electricity grid connection would make it possible to import 

electricity or export peaks of solar electricity to other cities or electricity 
consumers in different sectors, such as industry, for example, by importing 
lower-cost onshore or offshore wind electricity during periods of insufficient 
solar electricity production (e.g., at night). This would reduce the need for 
hydrogen storage and FCEV2G electricity. High solar output at midday in the 
Mid Century scenario results in high surplus peaks to be absorbed by the solar 
electrolyzer. Exporting these high peaks of solar electricity to, for example, 
industrial cooling warehouses would reduce solar electrolyzer installed capacity 
and costs. Using only one electrolyzer connected to the national grid and placed 
next to the hydrogen station could reduce hydrogen transportation. Smart 
placement of electrolyzers in the electricity grid could obviate electricity grid 
congestion and reduce or avoid the need for expensive capacity expansion 
[691]. 

• A hydrogen pipeline network [638,692–696] could reduce hydrogen 
transportation via tube trailers and fueling station capacity. Multiple 
electrolyzers and hydrogen fueling stations could be interconnected via a 
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pipeline network [697]. In this way, tube trailer hydrogen transportation could 
be replaced, and hydrogen transportation costs reduced. Furthermore, the 
partial re-compression of hydrogen when emptying a tube trailer could also be 
reduced or avoided altogether. The compressor could even be omitted, 
provided the electrolyzer hydrogen output pressure is higher than the pipeline 
pressure. In the case of parked FCEVs delivering V2G electricity, the fuel cell 
could be connected directly to the hydrogen distribution pipeline network, 
instead of using hydrogen from the on-board hydrogen tank [698]. Not using 
hydrogen from the 700 bar tank eliminates the need for refueling for V2G 
purposes, which in turn reduces the required capacity of hydrogen fueling 
stations. 

• Import of low-cost renewable hydrogen could partially replace, possibly costlier, 
local hydrogen production and seasonal hydrogen storage, and thus total 
system costs. Locally and at certain times of the year, there could be insufficient 
solar and onshore wind sources available to produce hydrogen. Regions with 
abundant and low-cost hydro, solar, or wind power [699–705] could produce 
low-cost hydrogen for export. This hydrogen could be imported at demand 
centers instead of being produced and stored on-site. Several ideas already 
exist, for example, producing hydrogen (far) offshore [706] from fixed or 
floating wind [435,436,638,707] and solar structures [708,709], or wave energy 
[433] and bringing the hydrogen onshore via existing natural gas or newly built 
pipelines [638] or ships [710,711]. The onshore pipeline network would then 
distribute the hydrogen to the consumers. 

• Using a lower-cost mix of renewable energy sources. In this study, the rooftop 
solar surface area was kept equal in both locations, even though solar electricity 
is more expensive in Hamburg than in Murcia. Therefore, using the lowest cost 
renewable energy source locally available could reduce total system costs even 
further. For example, hydropower, offshore wind, biomass, concentrated solar 
power, by-product hydrogen, or tidal or wave energy could result in lower-cost 
electricity than onshore wind or solar Photovoltaic (PV). 

• Tailor electricity mix and its supply pattern to local demand. In Murcia, solar 
electricity production has a better time match with electricity consumption on 
both a daily and a seasonal basis. During the day, solar electricity production in 
summer aligns well with electricity demand in buildings for space cooling. 
Therefore, a lower total system cost can be achieved by tailoring the renewable 
energy mix to allow for a better match between the production pattern and the 
demand pattern [652,653,717–721,655,667,689,712–716]. This would result in 
lower hydrogen production, storage, transportation, fueling, and FCEV 
electricity production costs. 
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6.6.2 Other Balancing Methods 
• Using a mix of FCEVs, BEVs, or fuel cell plug-in hybrid electric vehicle (FCPHEV) 

and stationary batteries [103,215,722–724]. Instead of only using hydrogen and 
FCEV2G for both daily and seasonal energy balancing, other technologies could 
be used in parallel. For example, batteries in BEVs or FCPHEV, as well as 
stationary batteries, could be used for storing or releasing peak surplus or 
shortage of electricity [725] for day-to-day storage. Especially in Murcia, this 
could result in lower total system costs, as the day-to-day storage is more 
prevalent in Murcia [726]. Capacity factors of electrolyzers could be improved, 
and so decrease costs. FCEVs and hydrogen production and storage could 
subsequently be used for energy balancing for longer periods, up to entire 
seasons [726]. 

• Using other CO2-free hydrogen carriers for energy transportation, short and 
long-term energy storage. There are several other proven and available carriers 
today, such as liquefied hydrogen [68,727–730], ammonia (NH3) [731], or liquid 
organic hydrogen carriers (LOHC) [533,732]. Transporting liquid hydrogen can 
be less costly compared to compressed hydrogen when volumes and distances 
are larger. Ammonia storage and LOHC storage are becoming commercial 
applications at scale, and both represent reasonable alternatives in the absence 
of salt caverns. 

• Increase passenger car FCEV2G power output, use other FCEVs and stationary 
fuel cells for combined heat and power. At the moment, only passenger cars 
with an output of 10 kW/car while having a 100 kW fuel cell system on-board 
are used for FCEV2G electricity. This limitation is mainly because of potential 
insufficient cooling radiator capacity when parked and providing FCEV2G 
electricity [229]. If V2G output could be increased by enhancing cooling 
capacity, then proportionally fewer passenger cars would be needed. Cooling 
capacity could be enhanced by installing, for example, a bigger radiator and 
cooling fans, or by using two-phase cooling fluids with a higher cooling capacity 
[733]. Commercial vehicles (vans, trucks, buses) are more widely used than 
passenger cars, although often not during the night. By also using commercial 
for V2G purposes [734], the number of passenger cars would be reduced. In the 
case of an underground hydrogen pipeline network, stationary fuel cells [735–
740] could provide heat and power to buildings, and when necessary, FCEV2Gs 
could provide peak power. 

• Internet Technology (IT) usage for demand response forecasting, scheduling, 
virtual power plants, and autonomous driving. Weather and electricity demand 
forecasting [741–750] in combination with demand response [631,634,751–
753] could potentially avert peaks in temporal surplus or shortage of electricity. 
This would reduce installed capacity cost. Combining the output of thousands 
of grid-connected FCEVs would create so-called virtual power plants [198,256] 
with potentially large capacities. Similar to mobility as a service (MaaS) 
[577,578,754–756], power or electricity as a service (PaaS or EaaS) could be 
introduced. To create these markets, additional pricing structures, contract 
types, and aggregators scheduling and operating the cars will be required [757–
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760]. Upcoming technologies could facilitate the scheduling of cars, for 
example, self-driving, free-floating, cloud-connected car-sharing fleets 
[310,311,576], together with inductive (wireless) self-connecting V2G 
infrastructure [270–272,580,761]. As mentioned earlier, most FCEV2G 
electricity is required at night, whereas most people travel and work during the 
day. So, even if car-sharing spreads widely and the total number of cars 
decreases, at night, car-sharing fleets will be used less and, therefore, will be 
available to provide power. 

 

 Conclusions 
The designed and modeled system for smart urban areas is based on wind, solar, 
and hydrogen, where fuel cell electric vehicles provide year-round 100% renewable, 
reliable, and affordable energy for power, heat, and transportation in two different 
European climates. 
The two locations in different climate zones—namely Murcia in Spain and Hamburg 
in Germany—were selected based on several criteria. Both are close to or in a large 
European urban area in one of the five most populated countries. Located in a 
different climate zone according to the Köppen–Geiger classification, Hamburg has 
a temperate oceanic climate (Cfb), and Murcia a hot semi-arid climate (BSh). Both 
locations have salt formations suitable for underground hydrogen gas storage. One 
location has a high level of solar radiation (Murcia), while the other has a low level 
(Hamburg). 
The two designed smart city areas have the climate characteristics of Hamburg and 
Murcia; the dimensions are based on, respectively, German and Spanish statistical 
data. The smart city areas consist of 185,000 m2 floor area of residential sector 
buildings, and for Hamburg and Murcia, respectively, 93,000 m2 and 38,000 m2 floor 
area services sector buildings. Hamburg and Murcia have, respectively, a total of 
2500 and 2250 fuel cell electric vehicles (FCEVs), of which 2360 and 1850 are 
passenger cars that can be used for producing electricity via vehicle-to-grid (V2G), 
so-called fuel cell electric vehicle to grid (FCEV2G). Two thousand households with 
a total of approximately 4300–5000 inhabitants are the minimum viable economic 
size for dimensioning the smart city area, as statistically, there is one gas station and 
one retail food shop per 2000 households. Smaller capacity fueling stations are 
relatively costlier. 
The designed smart city area system is 100% renewable. All electricity and hydrogen 
can be supplied by solar and wind to fulfill the energy demand for power, heat, and 
transportation. The transportation and energy sectors are fully integrated, and their 
final energy use is all-electric. Electricity is generated by solar modules on all roofs. 
Surplus solar electricity is converted via water-electrolysis with rainwater into pure 
hydrogen. The hydrogen is compressed and transported by tube trailer modules to 
the nearby hydrogen fueling station (HFS) or underground seasonal hydrogen 
storage (SHS). At the HFS, the hydrogen is further compressed to fuel all types of 
FCEVs, from passenger cars, vans, buses to trucks, and tractor-trailers. In the case 
of a temporary shortage of solar electricity, the fuel cells in the parked and grid-
connected passenger cars provide the necessary electricity (FCEV2G) by converting 
hydrogen from the on-board hydrogen storage tanks. At parking places at home, the 
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office, or the local shopping area, vehicle-to-grid points connect the cars to the 
smart city electrical grid. The SHS is filled with hydrogen from surplus solar 
electricity and via a very short pipeline with hydrogen produced from wind 
electricity from an onshore wind turbine park. The stored hydrogen in the SHS is 
transported via tube trailers to the hydrogen fueling station. 
The designed smart city area system is reliable at all times and independent of other 
energy systems and grid connections. The energy balance is simulated on an hourly 
basis for an entire year for a Near Future and a Mid Century scenario. Five years are 
simulated using climate data input from the years 2012–2016, although no 
significant differences in the energy balance are observed. 
Reliable electricity supply can be realized at all times, as extreme peaks in the 
FCEV2G electricity supply never exceed 50% of the car fleet. Maximums of 32% and 
42% of all cars (760 and 772 cars) in Hamburg and Murcia in the Near Future 
scenario drop to 17% and 15% of all cars (391 and 275 cars) in the Mid Century 
scenario. These maximums are extreme outliers, and values close to these only 
occur for a few hours per year. On average, less than 13% of all cars are required 
during peak hours (17:00–19:00) in the Mid Century scenario. FCEV2G usage is 
comparable to driving in the Mid Century scenario. There is an average of 440 
FCEV2G hours per year per car compared to 310 driving hours per year for Hamburg. 
For Murcia, there are about 330 FCEV2G hours per year and 280 driving hours. The 
average number of FCEV2G hours could be reduced significantly by increasing the 
output per car or using other vehicles, such as buses, trucks, or vans. The passenger 
cars are limited to 10% (10 kW) of their maximum output (100 kW). 
The underground seasonal hydrogen storage (SHS) guarantees year-round storage 
of hydrogen for driving and electricity production. A typical size SHS can serve 
around 20 smart city energy and transportation systems based on Hamburg in both 
scenarios, the equivalent of 86,000 people and 50,000 vehicles (passenger cars, 
vans, trucks, buses, and tractor-trailers). In the case of Murcia, this is about 30 smart 
city systems in the Near Future and 40 in the Mid Century scenarios. For the Near 
Future and Mid Century scenarios in Murcia, this is, respectively, the equivalent of 
153,000 and 203,000 people with 68,000 and 90,000 vehicles (passenger cars, vans, 
trucks, buses, and tractor-trailers). 
The designed smart city area system is affordable, and further cost reductions are 
possible. It is very difficult to make a fair cost comparison between today’s energy 
system and the one proposed in this study in the Mid Century scenario. 
Nevertheless, a very simple energy cost comparison for an average household 
shows that the cost of energy for households (without taxes and levies) in the Mid 
Century scenario can be 65% lower compared to the present situation—namely 770 
and 520 €/year per household for, respectively, Hamburg and Murcia. 
The developed system and the technologies used are very different from today’s 
fossil-based energy and transportation system. The designed and analyzed 
integrated transportation and energy system is an extreme hypothetical scenario 
because: 

1. The city area is not connected to any national grid; it is self-sufficient and 
stand-alone. 
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2. Only the residential, services, and road transportation sectors have been 
taken into account as energy consumers. 

3. Space heating and hot water production are all-electric. 
4. It uses a single set of technologies for road transportation, transportation 

fuel, energy storage, and balancing; hydrogen, hydrogen production, and 
fuel cells (FCEVs and no batteries or BEVs). 

5. The city area is relatively small, based on approximately 5000 persons. 
Increasing the system size and combining several different sectors would create 
more integration opportunities and could reduce costs. Environmental and health 
savings and welfare creation (e.g., jobs) compared to the present fossil system are 
difficult to express in costs for this specific and small-scale system. In the future, 
multiple energy carriers, storage methods, and energy technologies could work in 
parallel. The system levelized costs in the Mid Century scenario are 71–104 €/MWh 
for electricity and 2.6–3.0 €/kg for hydrogen. These results compare favorably with 
other studies describing fully renewable power, heat, and transportation systems. 
This gives reason to explore whether variations in system designs and balancing 
methods and technologies can further reduce total system costs. 
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7 Fuel cell electric vehicles and hydrogen balancing 
100 percent renewable and integrated national 
transportation and energy systems 

 
The research presented in this chapter has been published in [762]. The work in this 
chapter tries to address research sub-questions 2 “How can we integrate FCEVs, 
used for transport, distributing and generating electricity, into future energy 
systems?” and 3 “What impact do European regional characteristics have on the 
techno-economic system performance and the usage of FCEVs for transport, 
distributing and generating electricity?”. A combined approach of system design, 
heuristic modeling and simulation is used. 

 

 Abstract 
Future national electricity, heating, cooling and transport systems need to reach 
zero emissions. Significant numbers of back-up power plants as well as large-scale 
energy storage capacity are required to guarantee the reliability of energy supply in 
100 percent renewable energy systems. Electricity can be partially converted into 
hydrogen, which can be transported via pipelines, stored in large quantities in 
underground salt caverns to overcome seasonal effects and used as electricity 
storage or as a clean fuel for transport. The question addressed in this paper is how 
parked and grid-connected hydrogen-fueled Fuel Cell Electric Vehicles might 
balance 100 per cent renewable electricity, heating, cooling and transport systems 
at the national level in Denmark, Germany, Great Britain, France and Spain? Five 
national electricity, heating, cooling and transport systems are modeled for the year 
2050 for the five countries, assuming only 50 percent of the passenger cars to be 
grid-connected Fuel Cell Electric Vehicles, the remaining Battery Electric Vehicles. 
The grid-connected Fuel Cell Electric Vehicle fleet can always balance the energy 
systems and their usage is low, having load factors of 2.1-5.5 percent, corresponding 
to an average use of 190-480 hours per car, per year. At peak times, occurring only 
a few hours per year, 26 to 43 percent of the grid-connected Fuel Cell Electric 
Vehicle are required and in particular for energy systems with high shares of solar 
energy, such as Spain, balancing by grid-connected Fuel Cell Electric Vehicles is 
mainly required during the night, which matches favorably with driving usage. 
 

 Introduction 
The future energy and transport system in Europe will and must become 100% 
renewable, with zero emissions [14,325]. Three major aspects dominate the 
transition toward this goal: 

• A high share of electricity in generation but also in final energy 
consumption, as heating and transport shift to all-electric 

• High shares of (low cost) intermittent electricity generation mainly from 
solar and wind 

• Reliability of energy supply 
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Significant numbers of back-up power plants, as well as balancing and large-scale 
energy storage capacity are required to guarantee the reliability of energy supply in 
a fully renewable European energy and transport system. Additional back-up 
generation, energy storage and transmission requirements are driven by two key 
issues [158]. First, the shortage of dispatchable generation due to high shares of 
solar and wind energy. Second, the surplus or deficit in overall generation. Many 
studies have demonstrated that the integration of high shares of renewable energy 
(up to 95%) into the European electricity sector is both technically feasible and 
affordable [58]. The literature [58,159] mentions two solutions to the above-
mentioned key issues: 1) the coupling of electricity to other energy sectors, such as 
transport and heating, known as “sector coupling” [14]; and 2) the expansion of the 
power transmission network and its capacity; for example, through more and larger 
transnational [763] and transcontinental [764,765] power connections. 
These solutions are limited to 100% renewable energy systems in a European 
context. In this respect, the impact of various hydrogen applications, in particular, 
have not been comprehensively researched in the design of 100% renewable energy 
systems [160,766]. However, hydrogen could play an important role in the industry 
and transport sectors, as well as in the provision of electricity, heat and energy 
storage [14,161]. Hydrogen can couple energy sectors and offer another solution in 
realizing 100% renewable energy systems by converting power to hydrogen, which 
can be used as a transport fuel and for energy storage in back-up power plants [160]. 
Recent research shows that in a system with more than 70% intermittent renewable 
electricity, 10% or more needs to be converted into hydrogen [116].  
Renewable hydrogen production will be cost competitive with fossil fuels in the near 
future, as renewable electricity and electrolyzer costs have reduced significantly 
[143,767]. Today, hydrogen is already being stored on a large scale in underground 
salt caverns [768], and this is a proven and cost-effective [385,769] storage method 
applicable in many countries [179,770,771]. Large-scale seasonal hydrogen storage 
also occurs in the form of ammonia, liquid hydrogen, Liquid Organic Hydrogen 
Carriers (LOHC) [772], or in depleted gas fields. 
Present research on highly renewable European energy scenarios for 2050 use open 
cycle gas turbines (OCGTs) to balance the electricity grid [55,67], fueled by synthetic 
methane [58,162], bio-methane [164] or hydrogen [160,161]. These large, central 
and stationary power plants have low capacity factors of approximately 3.5% 
[162,164], thus contributing to higher total system costs [153,155]. The quick 
refueling of hydrogen, taking less than 5 minutes [190], makes FCEVs dispatchable 
generators similar to hydrogen-fueled OCGTs. An FCEV powertrain consists of a 
hydrogen-fueled Proton Exchange Membrane (PEM) fuel cell system and a traction 
battery. This combination makes it possible to outperform an OCGT (hydrogen 
fueled) on several parameters, such as maximum upward and downward ramp rate; 
hot, warm and cold start-up times [184,229,773]; and electrical efficiency, especially 
in part load [229]. 
Interest in the field of 100% renewable energy systems is growing [682], and no 
integrated transportation and energy systems are the same. Blanco et al. [48] 
reviewed more than 60 renewable energy system studies and made a clear 
distinction between “transition energy systems” (30-90% renewable energy) and 
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“100% renewable energy system” studies. Current research agrees that the need for 
storage and balancing will increase significantly, with higher shares of variable 
renewable power sources (e.g., > 80%) [67]. Increasing the share of variable 
renewable power sources beyond 90% will result in a sharp increase in balancing 
requirements [48,774,775]. Few studies have focused specifically on power to gas 
(P2G) or power to hydrogen (P2H) from an energy modeling perspective [48], and 
even fewer specifically look into V2G from a large system point of view. Most of the 
studies to date have included P2H [67,775], P2G [14,48,132,157] and/or V2G with 
BEVs [58,173,174] as one of the balancing or storage options, but they primarily 
focus on the energy system as a whole (or part), its transition pathways or overall 
system cost optimization.  
Research by Oldenbroek et al. [229] has demonstrated that a hydrogen Fuel Cell 
Electric Vehicle (FCEV), the Hyundai ix35 FCEV [180], can be modified and connected 
to the electricity grid, so-called Vehicle-to-Grid (V2G). The same set-up also has been 
used to power a single house [280]. In this way, an FCEV can function as a rapid-
reacting balancing and back-up power plant, known as a Fuel Cell Electric Vehicle to 
Grid (FCEV2G). As one car could power several houses [280], thousands could be 
grouped together to power entire cities [235,612] and act as Virtual Power Plants 
(VPP) [256]. Millions of cars could likely replace large stationary balancing power 
plants in countries.   
Mass production of automotive fuel cell systems will reduce costs to 40-60 USD/kW 
[96]. This is approximately ten times lower than the OCGT 2050 installed capital 
costs of 400 [58] to 600 [164] EUR/kW, with economic lifetimes of 25 [55,164,193] 
to  30 [58,159] years. With ultimate durability targets of 8,000 hours of automotive 
fuel cells [194], the economic lifetimes of these VPPs could also be over 20 years 
(400 operational hours per year). 
The power capacity sold in passenger cars is enormous, with approximately 15 
million passenger cars sold annually in Europe [776,777]. Imagine 50% of these cars 
being FCEVs and having only a V2G outlet power of 10 kW (10% of the rated fuel cell 
system power of an average FCEV). This would be the equivalent of an annual sold 
power capacity of 75 GW, much more than the total currently installed capacity of 
gas turbine power plants in Europe (approximately 15 GW [778]). Large fleets of 
future FCEV passenger cars with V2G outlet power have the potential to fully replace 
gas turbine power plants, especially because passenger cars in Europe are parked 
on average 97% of the time. In other words, they are used for driving only 3% of the 
time which, based on an estimate of the average annual driven distance of 12,000 
km per year at an average speed of approximately 45 km/h [175], is less than 300 
hours per year. 
Inspired by the concept of a green hydrogen economy [453,637,638,670], the 
question addressed in this paper is: 
 
How might parked and grid-connected (Vehicle-to-Grid, V2G) hydrogen-fueled 
FCEVs balance 100% renewable electricity, heating, cooling and transport systems 
at the national level in Denmark, Germany, Great Britain, France and Spain? 
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To find an answer to this question for each of the five countries, this study designed 
integrated national electricity, road transport and heating systems based on 
renewable electricity production and hydrogen as an intermediate energy carrier. 
The energy balances were calculated for each of these countries. Both hydrogen fuel 
cell and battery electric vehicles were considered to be in use for road transport. In 
the energy systems designed, only fuel cell electric vehicle to grid (FCEV2G), 
electrolyzers and hydrogen storage were used for balancing.  
In this article, first the methods and data used will be explained (Section 7.3), then 
the results and energy balances will be presented (Section 7.4). Subsequently, the 
results will be discussed (Section 7.5) and then the conclusions are drawn (Section 
7.6).  
 

 Materials and methods 
To analyze how grid-connected (Vehicle-to-Grid, V2G) hydrogen-fueled FCEVs could 
balance 100% renewable national electricity, space heating and road transport 
systems, energy systems are designed for several European countries that would be 
fully self-sufficient and 100% renewable. The systems are hypothetical in the sense 
that energy exchange with other countries is excluded, and to balance the energy 
systems, only fuel cell electric vehicle to grid is used, electrolyzers and hydrogen 
storage. First, several countries were selected and an analysis and synthesis of their 
existing energy scenarios for 2050 was undertaken. Data and insights gathered 
served as input for the adapted system design and the simulations; for example, any 
partial renewable energy mix in the existing energy scenarios was converted to a 
100% renewable energy mix. 
The adapted system designs consist of the electricity, heating and road transport 
sectors, with the road transport sector only consisting of battery and fuel cell 
electric vehicles, the heating sector relying on heat pump electric and solar thermal 
heating, and with all energy storage in the form of hydrogen. To address inter-
annual variability effects of renewable energy production on seasonal hydrogen 
storage and balancing using FCEV2G, several years were simulated, as 
recommended by [779]. 
The design and analysis were performed in four steps: 
1. Selection of countries, analysis and synthesis of their existing energy scenarios 

for 2050 (Section 7.3.1).  
2. Adapted system design for a 100% renewable national electricity, heating and 

road transport system (Section 7.3.2).  
3. Selection of the system components and technological characterization in a 

mid-century scenario ~2050 (Section 7.3.3). 
4. Hourly simulation of all energy flows for multiple years for the selected 

European countries and sizing of the system components (Section 7.3.4).  
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7.3.1 Selection of countries 
To verify the applicability of this concept to Europe, the analysis was applied to five 
European countries: Denmark (DK), Germany (DE), Great Britain (GB), France (FR) 
and Spain (ES). These countries already have power-to-hydrogen sites in operation 
[116]; they have large-scale underground natural gas storage facilities [57]; and they 
have significant technical potential for hydrogen storage in salt caverns [179]. All 
five countries have energy scenarios for 2050 [132,172,232,780–784], and the 
required input data and the current hourly renewable electricity generation profiles 
were readily available [472,677,793,785–792]. Table 7-1 presents key figures for the 
five selected countries. These countries combined represent approximately 52% of 
the EU-28 population in 2015, 53% of the final energy consumption, 50% of 
passenger cars and 64% of petrol stations.  
 
Table 7-1 Key figures for the selected countries 2015. 

 DK DE GB FR ES EU-28 
total 

Population (million) [794]  5.66  81.52  65.841  66.81  46.53 508.52 

Final energy consumption (TWh) 
[795] 

157  2568  1429 1824  912 13042 

Passenger cars (million) 
[470,679,777,796–798] 

2.27  43.96  30.251  31.90  16.93 251.92 

Number of petrol fueling stations 
[465] 

2007  14531  8494  11269  10947 109041 

1 Figure for the entire United Kingdom (UK). 

 
In this research, only the future energy demand is considered of the electricity, road 
transport, residential and commercial heating sectors. Which today represent 
approximately 75% of final energy consumption in the five countries [795]. Road 
transport in these countries represents, on average, 27%, residential and 
commercial heating 26%, and the electricity sector 22% [795]. Sectors such as 
industry and agriculture were not included, due to a lack of detailed information 
about energy use throughout the year, which makes it difficult to construct hourly 
consumption profiles. 
 

7.3.2 System design  
Figure 7-1 presents an overview of the generic 100% renewable national electricity, 
heating, cooling and transport system design applied to each of the five countries 
modeled. In summary, in each system: 

• Power is generated by renewable sources alone, the electricity generation mix 
is country specific but may consist of onshore and offshore wind power, solar 
photovoltaic (PV), Concentrated Solar Power (CSP), hydropower, biomass and 
waste Combined Heat and Power (CHP).  

• Generated electricity is either directly consumed and transmitted via the 
electricity grid or used to produce hydrogen (H2) via water electrolysis. 
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• Road transport consists of passenger cars, motorcycles, vans, trucks, tractor 
trailers and buses. A combination of technologies is foreseen, including: Fuel 
Cell Electrical Vehicles (FCEVs) and Battery Electric Vehicles (BEVs) or Fuel Cell 
Hybrid Electric Vehicles (FCHEV).  

• Only FCEVs connected to the grid (FCEV2G) are considered to provide balancing 
power to compensate electricity shortages. 

• The hydrogen produced is either transported directly to the hydrogen fueling 
stations for road transport and re-electrification, or hydrogen is stored in 
seasonal hydrogen storage, such as underground salt caverns.  

• From the seasonal storage, hydrogen can be transported through pipelines 
(converted natural gas pipelines or newly built pipelines, or via the road with 
tube trailer trucks). 

• Heating in the residential and commercial sectors is supplied by solar thermal 
systems and electric heat pumps. 

 

 
 
Figure 7-1 Generic 100% renewable system design applied to the national electricity, heating, 
cooling and transport systems of Denmark, Germany, Great Britain, France and Spain. Fuel 
cell electric vehicle to grid (FCEV and V2G), electrolyzers and hydrogen storage provide all of 
the necessary balancing requirements. 

7.3.3 Technological characterization of system components  
Renewable electricity is converted into hydrogen (H2) through the electrolysis of 
water, which may be groundwater, surface or seawater, all demineralized through 
reverse osmosis. The energy use for the latter is included in the electricity 
consumption of the electrolyzer. Several manufacturers have designs available for 
large-scale alkaline electrolysis plants of up to 400 MW [799]. The electricity 
consumption on the basis of a produced kilogram of hydrogen for water 
demineralization [235,546,552,800], hydrogen production [126,801], drying and 
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purification [522] at 30 bar is taken to be 47 kWh/kg H2 and is assumed to be 
constant in this model. Further compression to 120 bar for either pipeline transport 
or underground hydrogen storage requires approximately 0.9 kWh of electricity per 
compressed and transported kilogram of hydrogen [536]. Further compression from 
the underground hydrogen storage pressure to the hydrogen fueling station storage 
pressure of 880 bar [536], including pre-cooling for hydrogen dispensing of 700 bar 
[388,537], requires about 1.4 kWh of electricity per kilogram of hydrogen. 
Summarizing, to produce hydrogen from water, approximately 49.3 kWh of 
electricity is required per kilogram of hydrogen dispensed at 700 bar. This includes 
the purification and demineralization of water and the production, drying, 
compression, storage, pre-cooling and dispensing of hydrogen. With hydrogen 
having an HHV of 39.41 kWh/kg [802], the estimated HHV energy efficiency in this 
study in 2050 of producing hydrogen from water and dispensing hydrogen at 700 
bar is 80%. 
Fuel cell systems in part-load have higher efficiencies than at full-load [274]. The 10 
kW output per passenger car in FCEV2G mode corresponds to only a 10% load of 
the approximate 100 kW fuel cell system and results in high efficiency. In 2050, fuel 
cell system efficiencies of up to 60% on a Higher Heating Value basis (HHV) are 
foreseen [126]. This fuel cell system efficiency, to convert hydrogen back into 
electricity, results in 23.6 kWh of electricity production per kilogram of hydrogen 
consumed.  
Salt caverns can have geometric volumes of up to 1,000,000 m3, with operating 
pressures of up to 20 MPa and cushion gas ratios of approximately 30–50% [385]. 
For example, a salt cavern with geometric volume of 500,000 m3 has a net useable 
hydrogen storage of approximately 3,733 ton H2 (corresponding to 147 GWh, HHV 
based) [385]. 
There are various predictions of the vehicle technologies that will be in use in a zero 
or low emission 2050 road transport scenario 
[38,126,128,129,132,157,174,442,803,804]. For zero emission transport scenarios 
where only BEV and FCEV technologies are considered, and when reaching tens of 
millions of vehicles, a hydrogen fueling infrastructure demonstrates some clear 
advantages over a battery charging infrastructure [103]. Due to the widespread use 
of all vehicle types, a hydrogen fueling infrastructure is comparable to today’s 
conventional system. Such infrastructure offers quick vehicle fueling and long 
refueling intervals, combined with the relatively cost-effective and high fueling 
capacity of hydrogen stations, which all contribute to lower infrastructure costs 
[103]. A hydrogen fueling infrastructure would also match well with large-scale 
seasonal energy storage in the form of hydrogen gas [78,179,385] and the re-use of 
natural gas infrastructure [78,86,160,805–807]. Robinius et al. [103] concluded that 
a hybrid strategy for the roll-out of both infrastructures would help to maximize 
energy efficiency and optimize the use of renewable energy resources, while 
eliminating CO2 emissions over a broad range of purposes and transportation 
modes. 
The distribution of annual distance traveled per vehicle type and technology in 2050 
is presented in Table 7-2. The same distribution is used for all five countries. Table 
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7-2 also lists the estimated specific energy consumption per vehicle type and 
technology in 2050. 
 
Table 7-2 Road transport vehicle types and the share of annual distance traveled and specific 
energy consumption per vehicle type and technology in 2050 

 Distribution of annual 
distance traveled per 
vehicle type and 
technology in 2050 

Estimated specific energy consumption 
vehicle type and technology in 2050 

Vehicle type BEV FCEV BEV (kWh/km)  FCEV (kg H2/100km) 

Passenger cars 50% 50% 0.15 [808] 0.60 [126] 

Motorcycles 50% 50% 0.056 [809,810] 0.28 [126,809,810] 

Vans 40% 60% 0.206 [187,810] 0.90 [126,269,810–812] 

Trucks 20% 80% 0.818 [187,810] 3.70 [126,810,813] 

Tractor trailers 0% 100% - 5.50 [104,126,814–816] 

Buses 30% 70% 1.61 [810] 6.90 [500,817–819] 

 

7.3.4 Calculation model and hourly simulation 
Figure 7-2 displays the simplified simulation scheme of the calculation model and 
consists of four major steps, executed hourly for an entire year: 
1. Renewable electricity generation (grey, see description in Section 7.3.4.1) 
2. Electricity consumption (green, see description in Section 7.3.4.2) 
3. Road transport hydrogen and electricity demand (red, see description in Section 

7.3.4.3) 
4. Balancing electricity and hydrogen demand (blue, see description in Section 

7.3.4.4) 
 
As mentioned, the simulation is based on an hourly resolution performed for an 
entire year. The simulations were also repeated for several years to gain some 
insight into the annual variation of renewable electricity sources. At the time this 
study was conducted, four years of renewable electricity generation and electricity 
consumption data were available and simulated for Germany and Denmark, (2014-
2017), three years for France and Great Britain (2015-2017) and two years for Spain 
(2016-2017). It is assumed that the road transport demand remains constant 
throughout the years and independent of weather influences. Both an hourly and 
annual hydrogen and electricity balance were calculated. The future 2050 total 
installed capacity of renewable energy sources was calculated in several iterations, 
such that both hourly and annual electricity and hydrogen balances were met ( in 
blue and Section 7.3.4.4). 
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7.3.4.1 Renewable electricity generation 
The grey section in Figure 7-2 represents the renewable energy generation in 
simplified form. Table 7-3 shows the renewable electricity installed capacity mixes 
in 2050 per country. It was only in the case of Denmark that this could be taken 
directly from the available scenario studies [232,780,781]. For the other countries, 
a 100% renewable energy mix was constructed by omitting the fossil-fuel powered 
electricity generation capacity from low carbon energy scenarios and replacing this 
amount of electricity with an increase of renewable energy generation by wind and 
solar energy, according to the shares in the projected remaining electricity mix 
[132,172,782–784,820]. The hourly electricity generation profiles for every 
renewable energy source were collected from the Transmission System Operators 
(TSOs) and affiliated organizations and normalized with the installed capacity for 
each respective year [472,677,793,785–792]. These normalized hourly electricity 
generation profiles of solar PV, CSP, and onshore and offshore wind were then 
scaled with the installed capacity required. The installed capacity of hydropower, 
geothermal and biomass and waste-fired Combined Heat Power (CHP) should not 
exceed the values from the country scenario studies, as these energy sources are 
limited. In several iteration steps, the required installed capacity is the result of the 
annual energy balance calculation (see  and Section 7.3.4.4). 
 
Table 7-3 Renewable electricity installed capacity mixes in 2050 for Denmark (DK), Germany 
(DE), Great Britain (GB), France (FR) and Spain (ES) based on existing studies [37,58–64]. 

Renewable electricity installed capacity share DK DE GB FR ES 

Solar PV 8% 52% 42% 33% 52% 

Solar CSP 0% 0% 0% 0% 6% 

Onshore Wind 14% 37% 20% 50% 37% 

Offshore Wind 71% 8% 28% 5% 0% 

Hydropower 0% 1% 3% 12%1 5% 

Geothermal 0% 0% 0% 0% 0% 

Biomass Combined Heat and Power (CHP) 5% 2% 7% 0% 0% 

Waste Combined Heat and power (CHP) 2% 0% 0% 0% 0% 
15% run of the river and 7% reservoir. 

 

7.3.4.2 Electricity consumption 
The green sections in Figure 7-2 display the electricity consumption in simplified 
form, consisting of “classic electricity consumption,” heat pump electric heating and 
BEV charging. 
The country-specific electricity consumption data, as provided by the TSOs and 
affiliated organizations, is the “classic” electricity consumption. This consists of 
aggregated electricity consumption data from various sectors; for example, the 
services and residential building sectors (lighting, appliances, space heating and 
cooling and hot water), industry, rail, agriculture, public lighting and other sectors. 
In the case of France, the classic electric consumption profile [793] was corrected 
[820] for the share of about 18% of electric space heating [472,795]. It was assumed 
that there will be no net increase or reduction of classic electricity consumption in 
2050 compared to today. Despite efficiency increases in lighting and electrical 
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appliances, the increased number and use of these would not result in a reduction 
of total electricity consumption.  
Currently, hot water and space heating demand in most countries still heavily relies 
on fossil fuels. To decarbonize this demand, most future 2050 scenarios envisage a 
large increase in electric heat pumps and solar thermal collectors, either per 
household or coupled to a district heating network [821]. These district heating 
networks could also facilitate the use of geothermal power, community solar 
thermal, and waste or biomass-fired CHPs [822–825]. Alternatively, existing natural 
gas distribution networks could also be used for the transport of hydrogen 
[638,692,693,826–828] and use in hydrogen boilers [828–830] or CHP fuel cell 
systems [161,735]. In the scenario studies by other institutions used in this work 
[132,172,232,780–784], heat supply from electric heat pumps predominates, and 
therefore it was used in the generic model here. 
For each country, the annual total heating demand for space heating (sh) and hot 
water (hw), (Eshhw,total), [132,172,232,780–784,820], which cannot be met by solar 
thermal (Eshhw,solar) or geothermal energy (Eshhw, geo), is provided by electric heat 
pumps (ehp), Eshhw,ehp,h in equation (7.11).  
 

, , , , ,E =Eshhw ehp h shhw total shhw solar shhw geoE E− −   (7.1) 

 
The electricity required by the electric heat pumps (Eshhw,ehp,el) is calculated in 
equation (7.11) by dividing the remaining heating demand with a seasonal 
coefficient of performance (SCOP) of 3.5, based on [482–485].  

, ,

, ,

E
E =

shhw ehp h

shhw ehp el
SCOP

  (7.2) 

 
The fraction of electricity for heating demand for domestic hot water (fhw), 
compared to the total electricity for heating demand, if not specified in the scenario 
studies used, was calculated with historical data from the Odyssee database 
[471,472], see equation (7.11). 
 

, , , ,E =Ehw ehp el shhw ehp el hwf   (7.3) 

 
The fractions for domestic hot water use are 15.3% for Denmark, 14.9% for 
Germany, 22.2% for Great Britain, 12.0% for France and 13.0% for Spain. The 
aggregated electricity demand for hot water is assumed to be constant for every 
hour of the year, similar to [58].  
The aggregated hourly heat pump electricity profile for space heating electricity 
demand is dependent on the outside temperature and estimated with the use of 
Heating Degree Days (HDD). The daily (d) HDDs are calculated using equation 2.4. 
Where the daily mean temperature (Tmean)  data of the five countries [820,831] 
serves as an input. With increased insulation in 2050, a reference temperature (Tref) 
of 16ºC was used [832]. 
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( )
( )

( ) ( )
mean ref

ref mean mean ref

0 T d >T
HDD d =

T -T d T d <T

  
 
  

  (7.4) 

 
The daily heat pump electricity demand for space heating, Esh,ehp,el (d), was assumed 
to be constant over a day. In equation (7.11), the heat pump electricity demand per 
day profile throughout the year is calculated by multiplying the normalized daily 
HDD profile over a year with the annual heat pump electricity demand for space 
heating and hot water (Eshhw,ehp,el, equation (7.3)) and the fraction of the electricity 
for space heating (1−fhw). 
 

( )
( )

( )
( )sh,ehp,el , ,365

1

HDD d
E d = ×E 1

HDD d
shhw ehp el hwf −


  

(7.5) 

 

7.3.4.3 Road transport electricity and hydrogen demand 
The red section in Figure 7-2 displays the road transport energy consumption in 
simplified form, consisting of the FCEVs and BEVs. 
No increase in annual kilometers driven in 2050 was assumed in calculating the road 
transport energy demand. Some studies predict a growth in kilometers driven due 
to increasing population; other studies expect a decrease in vehicle kilometers 
driven due to car-sharing or increased use of public transport [128,833,834].  
Total annual road transport electricity and hydrogen demand was calculated using 
the distribution of annual distance traveled per vehicle type and technology (Table 
7-2), the estimated specific energy consumption vehicle type and technology (Table 
7-2), a charging efficiency for BEVs of 95% [132], 49.3 kWh of electricity required 
per kilogram of hydrogen produced and dispensed at 700 bar (Section 7.3.3), and 
the annual distance traveled per vehicle type (Table 7-4). 
 
Table 7-4 Assumed road transport vehicle use in 2050. 

 Annual distance traveled per vehicle type (millions of km) 

Vehicle type/Country DK DE GB FR ES 

Passenger cars 38,489 618,719 398,600 414,600 212,203 

Motorcycles 457 9,612 4,500 16,394 7,428 

Vans 7,221 42,569 75,000 97,455 121,154 

Trucks 977 16,366 12,060 7,960 59,378 

Tractor trailers 1,068 18,702 14,740 8,976  

Buses 612 4,378 4,300 3,420 6,132 

 
The annual amount of hydrogen dispensed for both driving and FCEV2G electricity 
consumption was based on the relative hourly profile for one week (orange line in 
Figure 7-3) and was repeated and normalized for an entire year. The relative weekly 
profile was based on the pattern used by the US DoE in their simulations [835]. The 
BEV charging profile, Figure 7-3, remains constant throughout the day, similar to the 
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scenario by the Danish Energy Agency [780]. According to Ekman [836], simple day 
and night charging schemes do not significantly contribute to balancing, and smart 
charging requires more insight into usage and charging of BEVs, and therefore they 
were not applied here.  
 
 

 
Figure 7-3 Relative hourly hydrogen fueling (orang) and BEV charging (blue) profile during a 
week based on [58,147]. 

 

7.3.4.4 Balancing electricity and hydrogen 
The blue section in Figure 7-2 displays the hourly electricity balance and hourly and 
annual hydrogen balance calculations in simplified form. 
In the system proposed, the hourly (h) electricity balance, EBalance equation (7.11), 
always has to be zero: a perfectly balanced electricity grid, subtracting total 
electricity consumption (Econsumption) from renewable electricity production 
(Eproduction). Deficits are compensated for with passenger FCEVs in V2G mode that 
convert the hydrogen produced earlier into electricity (EFCEV2G). Surplus electricity is 
converted into hydrogen, the electrolyzer electricity consumption (Eelectrolyzer), for 
both transport FCEV fueling and FCEV2G. The hydrogen produced is either used 
directly or stored seasonally. The total aggregated installed electrolyzer capacity is 
such that it operates with a minimum capacity factor of 25%. A lower capacity factor 
would result in higher hydrogen costs [837]. Remaining electricity production is 
utilized in sectors other than those dealt with in this article or it is curtailed. 
 

 ( )  ( )  ( )

 ( )  ( )

balance production FCEV2G

consumption electrolyser

E MWh h =E MWh h +E MWh h ...

E MWh h E MWh h 0− − =
  (7.6) 

 
The hourly electricity production, Eproduction, equation 2.7, is the product of the 
estimated required installed renewable electricity capacity (Pestimated) for each hour.  
 

 ( )    production estimatedE MWh h =P MWh/h ×t 1h   (7.7) 
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Here, FCEV2G electricity production, EFCEV2G equation (7.11), is the product of the 
hydrogen fueling for FCEV2G (Hfueling,FCEV2G), the fuel cell system FCEV2G efficiency 
(ηFCEV2G) of 60% (Section 7.3.3) and the HHV of hydrogen (Section 7.3.3). 
 

( )    FCEV2G FCEV2G fueling,FCEV2G 2

2

MWh
E h  = η % ×H kg H ...

h

kWh 1 MWh
...

kg H 1000 kWh
HydrogenHHV

 
 

 

   
   

  

   (7.8) 

 
The hourly hydrogen storage capacity (Hstorage) at hour h, is determined in Equation 
(7.11), where hydrogen production (Hproduction), is added and hydrogen fueling 
(Hfueling), is subtracted from the hydrogen storage capacity (Hstorage) of the previous 
hour (h-1). Hydrogen fueling consists of both hydrogen for transportation and 
FCEV2G electricity production. 
 

 ( )  ( )    ( )storage 2 storage 2 production 2 fueling 2H kg H h =H kg H h 1 +H kg H (h) H kg H h− −

  

(7.9
) 

 
Hydrogen production (Hproduction, equation 3.0) results from the absorbed power by 
the hydrogen production equipment (EH2 production ) multiplied by the hydrogen 
production efficiency (ηelectrolyzer, Section 7.3.3) and the HHV of hydrogen (Section 
7.3.3). 
 

 
   ( )H2 Production H2 Production

production 2

2

% MWh
H kg H (h)

kWh 1 MWh

kg H 1000 kWh
Hydrogen

E h

HHV

 
=

   
   

  

  
(7.10) 

 
The seasonal storage of hydrogen must also be balanced over the course of a year, 
see equation (7.11). If the storage capacity at the end of the year is lower than at 
the start of the year, the estimated installed capacity in the generation mix is 
increased in a subsequent iteration step, until the hydrogen storage capacity is 
equal to or higher than at the beginning of the year (8760 hours). In some case 
studies, the installed capacity of some renewable energy sources is limited (e.g., due 
to land space or hydropower). If the limit is reached, the installed capacity of the 
constrained energy source will increase no further, and only the installed capacities 
of the other sources increase. 
 

 ( )  ( )

 ( )  ( )
storage 2 storage 2

storage 2 storage 2 estimated

H kg H h=8760 H kg H h 1 simulation end
if

H kg H h=8760 <H kg H h 1 increase P

  = 
  =  

  (7.11) 
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 Energy balance results 
Section 7.4.1 presents the annual energy balance results and the key energy 
balancing parameters and energy flows. Balancing on an hourly resolution is done 
by the FCEV2Gs and electrolysers and the hydrogen storage. These results are 
presented in section 7.4.2 and 7.4.3. 
 

7.4.1 Annual energy balance results 
No energy balancing would be needed if renewable electricity generation always 
exactly matched electricity consumption; however, this is not the case. Table 7-5 
summarizes the key energy balancing parameters for the energy system, FCEV2G 
and electrolyzer usage for all five countries based on several years of energy data. 
Appendix B.1 shows hourly electricity consumption versus electricity generation for 
all five countries for an entire year. The annual energy balances (Sankey diagrams) 
for Denmark and Spain are shown in Figure 7-4 and Figure 7-5, respectively. The 
annual energy balances (Sankey diagrams) for Germany, Great Britain and France 
are shown in Appendix 0.  
 
- For all five countries, more than 88% of primary electricity generation originates 

from solar and wind. Spain has the highest share of solar electricity generation 
(54%, 46% solar PV and 8% solar CSP) and Denmark has the highest share of 
wind electricity generation (87%, 78% wind offshore and 9% onshore). 

- In all five countries, more than 87% of electricity consumption can be directly 
met with renewable electricity generation. FCEV2G generates the remaining 
electricity, where the highest values are seen in Denmark, at 13%. Spain has the 
lowest share of FCEV2G electricity production relative to annual electricity 
consumption, at 6%.  

- There is a significant share of unused FCEV2G capacity, up to 74%. At peak 
times, occurring only a few hours per year, 26% (France) to 43% (Denmark) of 
the FCEV2Gs are required (the FCEV2Gs only make up 50% of all passenger 
cars).  

- FCEV2G fleet usage is low, with load factors of 2.1-5.5%. Denmark has the 
highest FCEV2G fleet capacity factor of 5.5%, corresponding to an average of 
480 FCEV2G hours per car, per year. Spain has the lowest, at 2.1%, 
corresponding to an average of 190 FCEV2G hours per car, per year. The range 
of 190-480 FCEV2G hours per car has the same order of magnitude as average 
driving hours per year of approximately 300 hours per car, per year (see Section 
7.2, Introduction). Section 7.4.2 will shed more light on FCEV2G use during the 
day.  
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7.4.2 Fuel Cell Electric Vehicle to Grid and electrolyzer balancing 

results 
Large differences in the FCEV2G fleet load factors in Spain and Denmark were 
observed on an annual basis and an hourly basis. Also, here the large differences in 
wind and solar electricity generation shares are contributing to this difference in 
FCEV2G fleet load factors. 
Figure 7-6 shows average annual hourly FCEV2G balancing, expressed as a 
percentage of total annual FCEV2G balancing in the respective countries. All 
countries except Denmark show a lower percentage of FCEV2G balancing between 
10:00-18:00 compared to 18:00-10:00. This effect is also often referred as the “duck 
curve” [838]. In other words, during daylight hours, less FCEV2G balancing is 
required. This would match favorably with the usage of passenger cars, as they are 
mostly driven during the day. In particular for Spain, on average, almost no FCEV2G 
balancing is needed between 12:00-16:00. However, at the same time, Spain has 
peaks of 8.9% and 6.9% around 07:00 and 22:00, although there is still sufficient 
capacity that can easily follow the power ramps [229]. In Denmark, on average, 
FCEV2G balancing is almost constant throughout the entire 24 hours, at 3.5% to 
4.7%.  

Figure 7-6 Average annual hourly FCEV2G balancing expressed as a percentage of the total 
annual FCEV2G balancing in each country. 

Opposite patterns to the duck curve can be seen in Figure 7-7, which presents 
average annual hourly electrolyzer use as a percentage of total annual electrolyzer 
use in the respective countries. In Denmark, average hourly electrolyzer balancing 
is relatively constant throughout the day, at 3.9-4.5%. In contrast, in Spain, a clear 
pattern can be seen of approximately 1% between 22:00-08:00 and a clear peak of 
10.6% at 14:00. The pattern for Spain, resulting from the large share of solar 
electricity generation, is very similar to other studies with high solar electricity 
generation [839–841]. The other countries in this study, having lower shares of solar 
electricity generation, show a similar but milder pattern than the Spanish one. 
Currently, the average hourly BEV charging pattern is assumed to be fixed 
throughout the 24 hours (see Figure 7-3). Charging more BEVs during the 
solar/daylight hours, except for Denmark, would reduce the electrolyzer balancing 
peak [842,843], provided BEVs are available for charging during the day.  
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Figure 7-7 Average annual hourly electrolyzer balancing as a percentage of the total annual 
electrolyzer balancing in each country. 

The boxplots in Figure 7-8 and Figure 7-9 provide more insight into the hourly 
distribution of FCEV2G electricity production in Spain and Denmark over the course 
of the simulated years (million vehicles, left y-axis; % of all FCEV passenger cars, right 
y-axis). The black crosses represent the mean values. Based on a normal 
distribution, the blue bars represent the interquartile range (IQR), the difference 
between the first and third quartiles (Q1 and Q3), at approximately 50%. The upper 
and lower whiskers represent the data points within the ranges [Q1-(Q1-1.5xIQR)] 
and [Q3-(Q3+1.5xIQR)], at approximately 49%. The red pluses indicate the outliers, 
which are outside the above-mentioned ranges, and represent less than 1%. 
Appendix B.3 also contains the boxplots for Germany, France and Great Britain. 

Figure 7-8 also confirms the strong solar effect for Spain. During the daytime, 
only some outliers higher than zero occur (red pluses, approximately 1% of 
the time). These outliers could originate from temporal low solar [844–852] 
or wind generation [853–855], a combination of both [718,856–858], called 
“dark doldrums” [62–65], or peak loads [853,854,859,860]. Most of the 
FCEV2Gs are required between 18:00-09:00, with averages ranging between 
0.7%-4.5% of the FCEVs (0.6-3.8 GW). The two-year peak in Spain of 29.6% 
of the FCEVs (25 GW, red plus) occurs at 22:00 (during the simulation with 
2017 input data). The peak among the hourly averages (black cross) occurs 
at 07:00, at 4.5% of the FCEVs (3.8 GW).  
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Figure 7-8 Boxplot showing the hourly distribution of FCEV2G electricity production in Spain 
(million vehicles, left y-axis; % of all FCEV passenger cars, right y-axis) throughout the day 
(based on 2016-2017 input data). The black crosses represent the mean values, the medians 
are indicated by the red horizontal lines in the blue bars. The blue bars represent the range of 
50% of the data points. The whiskers represent approximately 49% of the data points. The red 
pluses indicate the outliers, outside the above-mentioned ranges, and represent less than 1%. 

The boxplot in Figure 7-9 shows the hourly distribution of FCEV2G electricity 
production in Denmark throughout the day. The hourly average over the modeled 
years (black crosses) is relatively constant and ranges between 4.6%-6.1% of the 
FCEV2Gs (0.05-0.07 million FCEV2Gs, 0.5-0.7 GW). A clear night (01:00-07:00) and 
day plus evening (08:00-24:00) pattern can be recognized when looking at the 
interquartile range (blue bars representing 50% of the FCEV2G hours) and the 
whiskers (49% of the FCEV2G hours). Of the FCEV2G hours (blue bars plus whiskers) 
during the night, 99% remain below 20% of the FCEV2G fleet. For 99% of the FCEV2G 
hours during the day plus evening (blue bars plus whiskers), this remains below 28% 
of the FCEV2G fleet. The four-year peak of 42.1% occurred over a period of 24 hours 
during a period of consecutive low wind electricity generation. 
 



 

166    
 
 

C
h

ap
te

r 
7

 

 
Figure 7-9 Boxplot showing the hourly distribution of FCEV2Gs needed for producing V2G 
electricity in Denmark (million vehicles, left y-axis; % of all FCEV passenger cars, right y-axis) 
throughout the day (based on 2016-2017 input data). The black crosses represent the mean 
values, the medians are indicated by the red horizontal lines in the blue bars. The blue bars 
represent the range of 50% of the data points. The whiskers represent approximately 49% of 
the data points. The red pluses indicate the outliers, outside the above-mentioned ranges, and 
represent less than 1%. 

Average monthly FCEV2G balancing, expressed as a percentage of total FCEV2G 
balancing in each country, is displayed in Figure 7-10. Once again, Denmark differs 
from the other countries. There is no clear seasonable pattern for Denmark; 
throughout the year, monthly balancing ranges between 6.2% and 13%. For 
Germany, France and Great Britain, and to a lesser extent Spain, there are clear 
peaks in January and December of up to 20%, while all are below 5% in May. In the 
case of Spain, there is relatively low combined electricity production and relatively 
higher electricity consumption for space heating during the period October-
December. The seasonal solar impact on the demand side for space heating and 
cooling, as well as solar electricity generation, is clearly reflected in hourly/diurnal 
and seasonal FCEV2G balancing. 
 

 
Figure 7-10 Average monthly FCEV2G balancing as a percentage of total FCEV2G balancing in 
each country. 
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7.4.3 Hydrogen storage and balance results 
Hydrogen could be seasonally stored in underground salt caverns or empty gas 
fields. Table 7-6 shows the Seasonal Hydrogen Storage key parameters for the five 
countries analyzed. Germany has relatively large hydrogen storage requirements 
compared to the other countries. Germany has the highest hydrogen storage 
relative to annual average hydrogen production, at 40%, while Spain has the lowest, 
at 26%. Great Britain has the lowest hydrogen storage relative to annual average 
electricity production, at 8.5%, while Germany again has the highest, at 12.8 %. 
Germany has the second highest share of solar PV electricity generation (34%), with 
most of the solar PV electricity generation concentrated during the summer months, 
while consumption is highest in the winter months (see Figure B2 in Appendix B.1). 
The current operational, under construction and planned underground gas storage 
[57] is comparable to the peak hydrogen storage modeled for all countries. It is 
noted that the volumetric density of natural gas (primarily methane) at any pressure 
is approximately three times higher than that of hydrogen gas [861]. From an energy 
point of view, as the modeled hydrogen storage is comparable to current and 
planned gas storage, one must consider that this study only includes the power, 
transport and space heating sectors. However, there are indications that the total 
dedicated underground cavern technical hydrogen storage potential, onshore and 
offshore, is several magnitudes higher [179]. 
 
Table 7-6 Seasonal Hydrogen Storage key parameters for the five countries analyzed. 

Seasonal Hydrogen Storage  DK DE GB FR ES 

Peak hydrogen storage (million kg H2) 157 2668 1162 1564 1226 

Average annual hydrogen production (million kg H2) 504 6632 4287 4234 4741 

Peak hydrogen storage relative to average annual 
hydrogen production (%) 

31% 40% 27% 37% 26% 

Peak hydrogen storage (TWhHHV) 6.2 105 46 62 48 

Maximum hydrogen storage relative to annual 
electricity production (%) 

10.3% 12.8% 8.5% 10.0% 10.3% 

Natural gas storage       

Operational, under construction and planned 
underground natural gas storage (TWh) [57] 

10.4 270 60.4 137 32.0 

 
Figure 7-11 clearly shows strong fluctuations in the total hydrogen storage capacity 
requirements for Germany (blue) based on four years of meteorological input data 
from 2014 to 2018. Germany (blue), Great Britain (yellow), France (purple) and 
Spain (green) show similar trends for most of the simulated years. A low storage 
content is observed between February and May and a high storage content is seen 
around September-October. During the summer period, energy consumption is 
relatively low and solar electricity contribution is high. This allows surpluses to be 
converted to hydrogen and stored for the winter period, during which the opposite 
occurs: high energy consumption and low solar energy contribution. For Denmark 
(orange, thicker line), no distinct seasonal pattern can be recognized in the storage 
content. Due to the large share of wind, mostly offshore, there is a better seasonal 
match between electricity generation and consumption. Both onshore and offshore 
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wind generate more electricity during the winter period, which favorably matches 
the higher winter energy consumption. 

 
Figure 7-11 Normalized hydrogen storage capacity requirements for all five countries, based 
on varying years of input data ranging from 2015 to 2018. 

 Discussion  
The focus of this study was on the role of balancing national 100% renewable energy 
systems with V2G using hydrogen-fueled FCEVs. Having this specific hydrogen focus, 
seasonal hydrogen storage and hydrogen production using downward balancing 
with electrolyzers were a logical and natural choice from an energy system modeling 
point of view. In a techno-economic energy system optimization study, Brown et al. 
[58] considered hydrogen for seasonal energy, but concluded that its role is limited. 
However, this was due to the fact that they assumed costly above-ground hydrogen 
storage, whereas underground hydrogen storage in depleted salt caverns may be 
10-30 times cheaper [58,71,862–864].  
The above example shows there is a trade-off between a number of balancing and 
storage options, various dimensions (e.g., time, cost), model complexity (regions, 
interconnections, integration, energy vectors, networks and their capacity 
constraints) and the ability to isolate and explore the maximum technical potential 
[179,865] of a specific technology within large energy systems. In this study, model 
complexity was relatively low. By not including the capacity of the electricity 
network or gas network, being “unlimited” or “copperplate,” and with no 
international connections or other balancing options, the required balancing and 
storage might be overestimated, as other studies [48,866] have also indicated. The 
focus of this study was an exploration of the technical potential of V2G with FCEVs 
(at 50% of passenger cars) and to highlight any potential operational restrictions or 
overcapacity. Both FCEV2G capacity as well as underground hydrogen storage 
potential are significantly greater than what is required, according this study, even 
if this study overestimates the requirements. 
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The results show that it is technically possible to undertake all hourly and seasonal 
balancing with FCEV2G, electrolyzers and hydrogen storage in a 100% renewable 
electricity, heating, cooling and transport system. As no integrated transportation 
and energy systems are the same, it is not possible to straightforwardly compare 
results. Many studies look to Europe as a whole, or parts of Europe 
[14,58,67,775,867], with some focusing on the same countries analyzed in this 
study. As the systems developed are sometimes difficult to compare, the 
comparison here is limited to balancing and long-term storage. The majority of the 
100% renewable energy systems analyzed in [48] include the power sector, and 
some include heating and mobility. The storage size expressed as a percentage of 
annual demand ranges between 1.5% and 5%, with some studies reporting 14% [48].  
In this study, the analysis is made for Denmark, Germany, Great Britain, France and 
Spain, with results for the countries varying; however, the hydrogen storage relative 
to annual hydrogen and electricity consumption ranges between 9% and 13% for all 
countries. Compared to [48], it could be concluded that the results might 
overestimate the storage required, due to the fact that not all possible flexibility 
options are included in the model. Moreover, in this study, FCEV2Gs were used for 
upward balancing in cases where there is a shortage of electricity and downward 
balancing with electrolyzers when electricity consumption is met. Below, the 
findings here are compared with other studies for each country separately.  
Case studies of Germany [132,173,174] have found that its upward and downward 
balancing capacities range between 40-103 GW and 23-274 GW, excluding 
interconnections to other countries. In this study, respectively 80 GW and 154 GW 
is found for Germany for upward balancing with FCEV2G and downward balancing 
with electrolyzers. In relation to long-term large-scale storage, other studies found 
24-154 TWh [132,173,174] compared to 105 TWh in this study.  
Case studies of Denmark [157,232,579] have found that upward and downward 
balancing ranges between 4.6-6.0 GW and 7.2-9.0 GW, while this study found 4.8 
GW and 11.1 GW, respectively. Seasonal long-term storage was not further specified 
in the other studies of Denmark [157,232,579], despite synthetic natural gas (SNG) 
and hydrogen production and consumption being part of the applied technologies. 
These studies [157,232,579] on the case of Denmark used approximately 60 TWh of 
biomass for primary energy use and included the industrial, aviation and shipping 
sectors. In this study, the electricity generation from CHPs and waste was fixed at 
6.8 TWh and required 6.2 TWh of hydrogen storage capacity.  
Case studies of the UK have concluded that there is not yet consensus across the 
industry about the necessary level of hydrogen storage, nor the preferred solutions 
[868]. One study found that the necessary upward balancing would be 73 GW [868], 
with 47 GW from natural gas turbine power plants with carbon capture, use and 
storage (CCUS). This study found 44 GW for FCEV2G balancing.  
In the case of France [172–174], 28-57 GW of upward and 23-177 GW of downward 
balancing were found, excluding interconnections to other countries. In 
comparison, this study found 42 GW of FCEV2G and 94 GW of electrolyzer capacity. 
Furthermore, while 3-92 TWh of hydrogen and/or SNG storage was reported by the 
other case studies of France [172–174], this study found 62 TWh. 
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Finally, case studies of Spain [173,174] have reported 14-23 GW for upward and 12-
117 GW for downward balancing. In comparison, this study found 25 GW FCEV2G 
and 97 GW electrolyzer capacity. The two studies of Spain [173,174] also reported 
a range of 3-92 TWh of storage. In comparison this study found 32 TWh hydrogen 
storage. 
In summary, the results of this study are of similar magnitude to other studies. The 
large range in the findings across studies is the result of a multitude of different 
modeling and technology choices. These range from the level of renewable energy 
sources and fossil energy resources used, interconnections, import of energy, 
energy mix, parallel use of balancing and storage technologies and the number of 
sectors included, which all make it difficult to draw detailed comparisons. 
This study assumed a “copperplate” electric grid within each country: an electric 
grid with unlimited capacity, with all renewable electricity sources, FCEV2Gs and 
electrolyzers coupled to the electric grid. In reality the electric grid has a limited 
capacity, locations have to be selected carefully according to the local grid capacity. 
The usage of a gas (hydrogen) pipeline grid for energy or hydrogen transportation 
was not considered, nor any synergies between the electric grid and gas grid.  
The designed country systems are hypothetical in the sense that energy exchange 
with other countries is excluded. Currently European countries are connected to 
each other via electric cables and gas pipelines. Renewable energy supply deficits in 
one country can be balanced with surpluses in other countries. The current EU 
interconnection targets for 2030 aim that each country should have in place 
electricity cables that allow at least 15% of the electricity produced by its power 
plants to be transported across its borders to neighboring countries [763]. Increased 
interconnection will in certain times with favorable renewable electricity and 
consumption patterns reduce the balancing volumes and peaks by the FCEV2Gs and 
electrolyzers. At the same time, increased interconnection, also means that grid-
connected FCEVs in one country could provide balancing for another country in case 
their cars would not be available. Instead of a regional or national pool of FCEV2Gs, 
there could be a European pool of FCEV2Gs balancing the European electricity grid 
and fully replace balancing power plants on a large scale. 
Instead of transporting the renewable electricity via cables, also hydrogen could be 
produced first and transported via hydrogen pipelines. Eleven gas grid operators 
have recently published their plans in the “European Hydrogen Backbone” study, 
outlining how a dedicated hydrogen infrastructure can be created [869]. The study 
also highlights potential connections to North Africa for the import of green 
hydrogen [78]. Having such a hydrogen pipeline network in place, it would create 
the possibility for countries without large underground gas storage facilities, but 
with large renewable energy sources, to produce hydrogen and export it via pipeline 
to a neighboring country. The hydrogen then can be stored in underground facilities 
in other countries and transported back to the country of origin when needed for 
balancing. 
Instead of domestic hydrogen production, the importation of hydrogen might also 
be considered [173,174,704]. In the current energy system, most energy for 
transport is imported. The imported hydrogen could be distributed via the gas 
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pipeline grid for electricity generation and refueling. In this way, it could avoid 
energy transport via the electric grid [638,693]. 
FCEV2Gs could be distributed close to load centers and help to reduce peak load on 
electricity transmission and distribution grids. In contrast to large stationary gas 
turbine plants located far from load centers. Hydrogen fueling stations supply 
hydrogen for both driving and FCEV2G, with hydrogen for FCEV2G potentially 
requiring large peak capacities. A hydrogen pipeline distribution network (e.g., 
converted natural gas distribution network) close to demand centers would avoid 
large dispensing peaks at hydrogen stations due to FCEV2G. FCEV2Gs could be 
supplied directly with low pressure hydrogen from a hydrogen pipeline distribution 
network. This would also avoid emptying the on-board hydrogen tank during 
FCEV2G electricity generation and thus the driving range would not be affected. 
Smart placement and dedicated hydrogen production at renewable energy sources 
close to gas storage and the gas pipeline grid also have the potential to reduce the 
load and further capacity expansion of the electricity grid.  
Looking further into FCEV2G, electrolyzer and hydrogen storage usage in this study, 
several methods could improve their use. For example, although the peak FCEV2G 
capacity required never exceeded 43% of the FCEV2G passenger car fleet, lower 
capacity peaks will ease operational aspects, such as scheduling, and improve the 
guaranteed supply of electricity, as well as potentially reduce costs (not considered 
in this study). Based on the findings of this study, a 100% renewable power, heating 
and road transport energy system is possible, but there remain various 
opportunities for further optimization, outlined below: 
 
Reducing total produced FCEV2G electricity and changing the time of FCEV2G use, 
which could be achieved: 

• By a better match of renewable electricity generation with electricity 
consumption. A carefully selected mix of solar PV and wind electricity 
generation, combined with (partially) dispatchable renewable energy sources 
such as hydropower, solar CSP and CHP, could more favorably match the 
seasonal and daily patterns of consumption. As cars are mostly used during the 
day for driving, large amounts of solar energy (duck curve) could almost 
completely shift FCEV2G to the night hours. With some other renewable energy 
sources, such as wind, solar CSP and hydropower, FCEV2G balancing during the 
early morning and late afternoon driving peak hours could also be avoided 
almost completely. 

• Through the demand response of electrical devices, space heating or BEV 
charging, such that the consumption pattern better matches electricity 
generation and thus impacts the time of use of FCEV2G. 

• Through the importation of electricity from other countries at times of 
shortage; although, when relying on wind and solar energy, shortages and 
surpluses might occur at similar times. However, other research mentions that 
interconnecting large areas reduces this effect. 
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Reducing the number of participating FCEV2G, which could be possible: 

• By reducing FCEV2G electricity generation. Several ways have been mentioned 
above in this section. 

• By increasing the FCEV2G output per car, which is now limited to 10 kW of the 
100 kW on-board capacity. Currently, the limitation is due to the cooling 
capacity of the fuel cell system radiator when the vehicle is parked. Increasing 
FCEV2G output per car would require a better understanding of the cooling 
capacity of the parked radiator [229]. 

• By increasing capacity through the use of other vehicles, such as FCEV vans, 
buses or trucks, in addition to passenger cars. Although these commercial 
vehicles might be used more during the day, at night they could also provide 
FCEV2G electricity. 

• By using the batteries in BEVs for (short-term) storage and upward and 
downward balancing. 

 
Increasing the electrolyzer capacity factor and reducing peak capacity, which could 
be possible: 

• Through electricity consumption by other sectors not included in this study, 
such as industry and agriculture. 

• By exporting temporary surplus electricity to other countries. 

• Through the demand response of electrical devices, space heating or BEV 
charging, such that the consumption pattern better matches electricity 
generation. 

 
Reducing the hydrogen storage capacity, which could be achieved: 

• By reducing FCEV2G electricity generation and thus hydrogen consumption and 
storage. Several ways were mentioned above under “Reducing total produced 
FCEV2G electricity.” 

• By (temporarily) importing or exporting low-cost renewable hydrogen from or 
to other regions, or only at times when storage requirements would otherwise 
be high. Import or export of hydrogen could involve distant or neighboring 
countries and use tankers or hydrogen pipelines.  

• By producing hydrogen for driving with renewable energy sources that have 
relatively constant output during the year. This would mean that a minimal 
amount of hydrogen needs to be stored, as hydrogen consumption for driving 
has no distinct seasonal patterns. 
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Similar to other studies, the five country cases were analyzed here as greenfield 
models [866], which generate a perfect outcome from a specific foresight [870]. V2G 
infrastructure and the use of BEVs are increasingly expanding [195,871]. Here, V2G 
with FCEVs could piggyback on BEV V2G infrastructure developments and standards. 
The specific role of V2G and how large it will become in balancing energy systems 
should be addressed in future work. Questions about the development path – for 
example, will it be incremental versus disruptive, distributed versus central – remain 
open and depend on whether or when widespread adoption of passenger car FCEVs 
occurs.  
There is an ever-increasing interest in the role of hydrogen in renewable energy 
system studies, as the cost of hydrogen technology is decreasing faster than 
expected [73]. Therefore, thorough cost analysis should be addressed in future 
work. Also cost optimizations of using FCEV2G for balancing versus other upward 
balancing technologies, like hydrogen fueled gas turbines, distributed or large-scale 
fuel cell based CHP systems could be investigated to shed light on the optimal mix 
of technologies in relation the balancing needs. As well as the influence of several 
parameters and others designs such as the use of BEVs for V2G purposes, distributed 
and large-scale stationary batteries, the distribution between the number of BEVs 
and FCEVs, type of renewable energy sources could be of further interest in 
analyzing future cost of similar type of energy systems. 
 

 Conclusion  
The future energy and transport system in Europe will and must move to zero 
emissions. Significant numbers of back-up power plants, as well as balancing and 
large-scale energy storage capacity are required to guarantee the reliability of 
energy supply. Here, hydrogen can offer a solution in highly renewable systems by 
converting power to hydrogen to be used as a transport fuel and in energy storage 
for back-up power plants. 
Parked and grid-connected (Vehicle-to-Grid, V2G) hydrogen-fueled FCEV passenger 
cars (FCEV2G) can fully balance a 100% renewable national electricity, heating and 
transport system. Combined with hydrogen production using electrolyzers and 
large-scale hydrogen storage, energy supply can be guaranteed at all times. There is 
more than sufficient power capacity available from FCEV passenger cars, with no 
more than 43% of the FCEV passenger car fleet required, even with a restricted 
output of 10 kW per car and with 50% of passenger cars considered to be FCEVs. 
This applied to all five countries modeled: Denmark, Germany, France, Great Britain 
and Spain.  
FCEV2G fleet usage is low and matches favorably with driving usage. For example, 
especially in systems with larger shares of solar electricity, FCEV2G balancing is 
required during the night. As cars are mostly driven during the day, they will 
generally be parked at night when this balancing capacity is needed. Moreover, the 
large overcapacity, in combination with the low usage of already purchased electric 
power capacity in passenger cars, would make it possible to fully replace large-scale 
stationary balancing plants. The capacity of millions of distributed FCEV2G can be 
combined into Virtual Power Plants. 
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In the five countries modeled, 88% or more of the electricity generation originated 
from solar and wind, where Denmark has the highest share of wind electricity 
generation (87%) and the lowest share of solar electricity generation (2%) and Spain 
has the highest solar (54%) and lowest wind electricity generation (39%). The 
FCEV2G fleet capacity factor is highest in Denmark, at 5.5% (average of 480 hours 
per car, per year) and lowest in Spain, at 2.1% (190 hours per car, per year). 
Nevertheless, these capacity factors are both very low and comparable to driving 
usage (European average, 300 hours per car, per year). 
Spain and Denmark also showed the most contrasting patterns in daily average 
FCEV2G and electrolyzer balancing. In Denmark, FCEV2G and electrolyzers may be 
needed at any time of the day during the year. FCEV2G is needed somewhat more 
during daylight hours and electrolyzers slightly more during nighttime hours. In 
Spain, however, FCEV2G balancing, on average, is mainly required outside daylight 
hours (17:00-10:00) and electrolyzers during daylight hours (08:00-20:00). By 
producing hydrogen from solar electricity during daylight hours, the duck curve 
phenomenon can be reduced. Especially in summertime, hydrogen can be produced 
and contained in large-scale gas storage for the winter period in, for example, 
underground salt caverns or empty gas fields. The calculated hydrogen storage 
capacities ranged between 6-105 TWh and were not more than 76% of the existing, 
under construction and planned underground gas storage capacity. Other research 
has reported that the total dedicated underground cavern technical hydrogen 
storage potential onshore and offshore is several magnitudes higher.  
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8 Conclusions and Recommendations for future 

research 
 

 Conclusions 
The main research question addressed in this thesis is: “How can we design and 
analyze future 100% renewable integrated transport and energy systems, based on 
electricity and hydrogen as energy carriers, using fuel cell electric vehicles for 
transport, distributing and generating electricity?”. The main question is answered 
through the three research sub-questions in sections 8.1.1, 8.1.2 and 8.1.3. Section 
8.1.4 describes the impact of the different sizes and types of systems on the usage 
of FCEVs providing balancing electricity.  
 

8.1.1 Suitability of commercially available FCEVs to act as balancing 

power plants 
In Chapter 1 and 1, the experimental work was carried out to answer the first sub-
question: “Are current commercially available FCEVs suitable to act as balancing 
power plants?”. The results show that the FCEV can be used for mobility and to 
generate power when parked. Grid-connected FCEVs are capable of functioning as 
balancing power plants. Virtual power plants composed of many grid-connected 
FCEVs can provide both small and large balancing power requirements at different 
aggregation levels. In this way they could reduce the number of large-scale 
stationary balancing power plants in hot standby and reduce overall system costs. 

Chapter 1 describes the experimental set-up and tests of a connected 
commercially available Hyundai ix35 FCEV (production year 2013, available in the 
Netherlands 2015) to the Dutch national electric grid via a Vehicle to Grid 
connection on the car and a variable power discharger.  
Tests in the range of 0–10 kW DC power (0-9.5 kW AC power) with the same set-up, 
show that 10 kW gives the highest V2G efficiency [280]. At a hydrogen consumption 
rate of 0.55 kg/h at 10 kW DC power, on a full tank, approximately 10 hours of power 
can be delivered to the grid. The grid-connected FCEV has an AC electric power 
efficiency of 43% on a HHV basis (51% LHV). The measured AC efficiency is close to 
the reported FC system DC efficiency of 46.8% on a HHV basis (55.3% LHV) by 
Hyundai Motor Company [68]. Operating at 10 kW DC power in V2G mode, results 
in 0-15 kW delivered by the fuel cell system or 0-10kW by the High Voltage (HV) 
battery. To recharge the High-Voltage (HV) battery (depending on the state of 
charge of the HV battery) and power the balance of plant components from the fuel 
cell system while delivering 10 kW DC power in V2G mode, requires up to 15kW 
power of the fuel cell system. This corresponds to 10–15 % of the fuel cell system 
maximum power capacity of 100 kW.  
The fuel cell and high voltage battery systems in the FCEV respond faster than 
conventional fast-reacting thermal power plants, which have maximum values of 
1.67 %/s for hot starts [236–238] . At 10 kW V2G DC power, the measured maximum 
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downward and upward power gradients of the fuel cell system were –47 kW/s (–
470 %/s relative to 10 kW max. power) and +73 kW/s (+730 %/s), for the high voltage 
battery 76 kW/s (–760 %/s) and +43 kW/s (+430 %/s). In other words, within less 
than ¼ of second, both battery and fuel cell system can ramp up or down 10kW. In 
our V2G tests, we measured fast cold start-up times of less than 5 s at ambient 
temperatures. Driving to cruising speed can already be achieved within 11 s at –20 
°C [60], which is comparable to V2G power of 10 kW (10 % of the rated FC power). 
The combination of power sources of the FCEV, the fuel cell system and the HV 
battery, would be suitable to offer fast frequency reserve services [773]. Such as 
upward and downward Automatic Frequency Restoration Reserve (aFRR) and 
Frequency Containment Reserve (FCR). This was investigated in experiments with 
the same set-up by other researchers from the same research group [759]. 
Further research done with the same set-up [280] looks into the power supply for a 
grid connected house in the Netherlands with an electric heat pump and solar 
panels. A modelling study based on the experimental results is performed and 
simulates 10 houses and 5 FCEVs during the course of a year. The load-following 
mode is the most cost-efficient operation, here the 5 FCEVs produce on a year basis 
32,690 kWh and 13,137kWh is imported from the electricity grid. If also the 
imported electricity would be provided by the 5 FCEVs (10kW per car), this would 
result in an average capacity factor of 11%. According to European statistics 
(Chapter 1), 10 houses would on average own 11.5 cars. If all 11.5 cars would be 
FCEVs with V2G functionality, then the fleet capacity factor would be reduced to 5%. 

Chapter 1 investigates which usage parameters related to driving and V2G 
services could be used to establish a correlation between them and the average fuel 
cell stack voltage degradation. The voltage degradation negatively impacts the fuel 
cell system efficiency and economic lifetime and so increasing the cost of produced 
electricity. Measurements have been conducted for four Hyundai ix35 FCEVs, where 
only one is used for both driving and V2G services. The FCEVs have driven between 
7917 and 27459 km in 531 up to 1167 trips (one trip defined as a fuel cell system 
start-up and shut-down cycle). Both driving and V2G services resulted in 184 up to 
872 hours of operation, of which the fuel cell system was idling (producing no 
power) for 28 up to 457 hours. The total produced fuel cell stack electricity was 
between 1970 and 5610 kWh. The mean fuel cell stack voltage degradation relative 
to the beginning of measurements based on operating time was between 1.4-2.3% 
and based on total produced electricity was between 1.4-2.4%. The FCEVs were 
already driven between 4924-22875km before the measurements were conducted. 
The impact of the type of usage before conducting measurements could have had 
an impact on the degradation during the measurements. There is no consistent 
correlation observed between the usage parameters such as fuel cell operating 
time, distance driven, fuel cell stack produced electricity and the mean fuel cell stack 
voltage degradation. Prolonged testing with a larger number of FCEVs without any 
usage before the start of measurements could potentially provide sufficient and 
complete data to establish such a correlation. A durability indicator expressed solely 
in operating hours, or distance driven or produced energy is not relevant for an FCEV 
used for both driving and V2G services due to the large variation of usage. A 
durability indicator consisting of several usage parameters is recommended, such 
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as the operating and ‘idling’ hours, produced energy, driven distance, number of 
start-ups and shutdowns. Alternatively, using the same data, an approach by 
analyzing the frequency of specific voltages, currents and voltage transient cycles, a 
better comparison between the different types of usage could be established [872]. 
A better correlation between usage and performance degradation could be 
established, provided the impact of these specific voltages, currents and voltage 
transient cycles on the performance degradation can be measured. 
 

8.1.2 Integration of FCEVs into future energy systems 
Chapter 1 and 1 treat the sub-question “How can we integrate FCEVs, used for 
transport, distributing and generating electricity, into future energy systems?”. Two 
integrated, 100% renewable, transport and energy systems where designed. Four 
design criteria were applied. First, systems where cars are naturally parked near 
demand centers. Second, these systems should be scalable.  Third, applicable in all 
European countries, i.e. not serving niche markets. Fourth, having a large 
replicability in Europe, i.e., the system designs should be replicable at least 1,000 
times.  
The first designed future energy system is a hospital, the second an urban area. Both 
100% renewable energy systems show that FCEVs can be integrated into current 
energy systems for driving and providing dispatchable balancing power without 
significant change to end-user energy patterns. If scheduled smartly, providing 
dispatchable balancing power does not significantly limit the use of the FCEVs for 
driving. The integration can be done on a piecemeal basis, partially, distributed and 
scaled over time.  

Chapter 1 describes a 100% renewable integrated transport and energy 
system for a 526-bed hospital is designed using only local energy sources. A heuristic 
approach is applied to the modeling and system design for a Mid Century energy 
scenario (approximately around 2050). A Rooftop solar, wind energy at the 
municipal wastewater treatment plant (WWTP) site as well as biogas from the 
municipal WWTP, together with future estimated energy savings of a hospital 
compared to today’s state of the art, closes the annual energy balance. Via 
electrolysis, temporary surplus electricity is converted into hydrogen for energy 
storage and transport fuel. The system is always balanced, by converting stored 
hydrogen into electricity by less than 250 grid connected FCEVs (2.5 MW, 10 kW 
V2G power each). The car park at the hospital with 500 places can easily host the 
FCEVs if needed.  
According to European statistics, for every community of 100,000 inhabitants there 
is a 526-bed hospital and approximately 49,000 passenger cars. If all these cars in 
the community together would provide the 6556 MWh/year of required balancing 
power for the hospital, that would result in a fleet average capacity factor of 0.15%. 
Assuming the car park (500 places, each 10kW) would be operated as a power plant 
with maximum output of 5 MW with a dedicated fleet of 500 cars, it would operate 
at a capacity factor of 15%. 
Current hospitals have two emergency power systems. Here, the uninterruptable 
power supply system could be replaced by approximately 95 grid connected FCEVs. 
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The diesel power generator system provides 6 days of autonomy. The high-pressure 
hydrogen storage at the designed hospital hydrogen fueling station provides 
sufficient hydrogen for 1 day of autonomy. Additionally, 250 grid connected FCEVs 
could provide sufficient peak power and enough energy for another day of 
autonomy. If required, an additional 4 days of autonomy can be guaranteed by 
trucking in 5-6 hydrogen tube trailers, carrying each up to 1350 kg of hydrogen 
[383]. 

Chapter 1 describes a conceptual design framework for an average urban 
smart city area in Europe having an average solar radiation, mild winter and 
moderate summer temperatures. The area is sized based on a European statistic 
average of residential and services sector buildings and fuel cell powered road 
transport vehicles. 2000 households with 4700 inhabitants are an appropriate size 
for dimensioning the smart city area as statistically there is one petrol station and 
one food-retail shop. 
An energy balance and cost analysis are performed for a Near Future (towards 2025) 
and Mid Century (around 2050) technology cost development scenarios. Solar and 
wind electricity together with fuel cell electric vehicles as energy generators and 
distributors and hydrogen as energy carrier, can provide a 100% renewable, reliable 
and cost-effective energy system, for power, heat, and transport. The smart city 
area energy supply is independent of other energy systems and grid connections. 
Reliability of energy supply is always guaranteed by dispatchable electricity supply 
from hydrogen fuel cell electric passenger cars. Electricity produced from V2G 
connected FCEVs is 25,553 MWh/year in the Near Future scenario and 9,465 
MWh/year in the Mid Century scenario. With 2,300 passenger cars FCEVs in the 
smart city area, each providing 10kW power per car, this would translate into a fleet 
average capacity factor 13% and 4.7% in respectively the Near Future and Mid 
Century scenario. Hydrogen is stored and generated from temporary surplus solar 
and wind electricity. For a day without any solar power in the Mid Century scenario, 
only 865 cars providing 10 kW each (10% of the fuel cell system maximum power of 
100kW) would be required, representing 38% of the car fleet.  
The fuel cell electric vehicle and renewable energy based smart city area can provide 
a future cost-effective energy supply, as the average annual cost (without taxes and 
levies) for power, heat and mobility is 600 €/year per household in the Mid Century 
scenario. In the Near Future scenario system levelized cost of hydrogen for 
transportation is 7.6 €/kg, system levelized cost of electricity is 0.41 €/kWh and the 
specific cost of hydrogen for passenger cars is 0.08 €/km. In the Mid Century 
scenario however, this is 2.4 €/kg, 0.09 €/kWh and 0.02 €/km. System levelized 
electricity costs are difficult to compare to other studies as system boundaries and 
type differ. Nevertheless, the hydrogen cost per kilometer for the Near Future 
scenario for passenger cars is lower than the 0.10-0.31€/km calculated by NREL 
[393] for a smaller integrated power and transport system with electricity grid 
connection. The levelized cost of electricity including storage and reconversion of 
0.40€/kWh as calculated by NREL [393] is comparable with the 0.41€/kWh in the 
Near Future scenario in this work. The Mid Century system levelized cost of 
electricity of 0.09€/kWh is of similar magnitude as the 100% renewable system 
electricity cost 0.10€/kWh in 2050-2055 in [873]. 
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8.1.3 Impact of European regional characteristics on the techno-

economic system performance, where FCEVs are used for 

transport, distributing and generating electricity?  
Chapter 1 and 1 address the third sub-question: “What impact do European regional 
characteristics have on the techno-economic system performance and the usage of 
FCEVs for transport, distributing and generating electricity?”. 

Chapter 1 treats, in contrast to Chapter 1 which uses European average 
statistics, two climatically different locations in Europe, being Hamburg in Germany 
and Murcia in Spain. Murcia has a high solar global horizontal irradiation (1855 
kWh/m2/year), very mild winter (854 Heating Degree Days) and one of the highest 
average daily high temperatures (25.5 °C) in Europe. In contrast, Hamburg has a low 
solar global irradiation (1020 kWh/m2/year), relatively cold winters (3066 Heating 
Degree Days) and lower average daily high temperatures (13.4°C). Also, in the model 
of Chapter 1 underground seasonal hydrogen storage in salt caverns is added. The 
simulation is performed with an hourly time step, based on five consecutive years 
of climate and renewable energy data, whereas in Chapter 1 only an annual energy 
balance is made. Multi-annual and hourly modelling provides a greater insight into 
when FCEVs need to provide balance power. Based on national statistics, the 2000 
households in Hamburg and Murcia have respectively 2360 and 1850 passenger 
cars, here it is assumed all cars are FCEVs. 
In Murcia there is a better match in time (daily and seasonal) between solar 
electricity production and building electricity consumption (dominated by space 
cooling in summer) than in Hamburg (dominated by space heating in winter). This 
results in a 40% lower seasonal hydrogen storage and FCEV2G requirements in 
Murcia than in Hamburg, in all scenarios. In Hamburg in respectively the Near Future 
and Mid Century scenario, the fleet average FCEV2G capacity factors are 10% and 
5.0%, for Murcia these are 7.6% and 3.7%. These numbers are comparable to the 
average capacity factor of driving of 3.5 and 3.2% for passenger cars in Germany and 
Spain (310 and 280 hours/year/car). The peak seasonal underground hydrogen 
storage for Hamburg is in the Mid Century scenario up to 70% higher than in Murcia 
(163,000 kg versus 92,000 kg). 
In the Mid Century scenario in Murcia, if next to the rooftop solar approximately 
15% more solar panels were to be installed, the entire system energy demand could 
be met with solar energy. In Murcia, year-round, virtually no cars are required 
during daylight hours. In Hamburg, this is the case in the summer period in the Mid 
Century scenario, but not in the near future scenario.  
The system levelized energy costs in the Mid Century scenario are 71 and 104 
€/MWh for electricity and 2.6 and 3.0 €/kg for hydrogen, for respectively Murcia 
and Hamburg. Due to the higher solar radiation in Murcia and better match between 
solar electricity generation and consumption, system levelized costs for electricity 
and hydrogen are lower than in Hamburg. Murcia also benefits lower average cost 
of energy for households (without taxes and levies) in the Mid Century scenario than 
in Hamburg, respectively 520 and 770 €/year per household. Here, also the lower 
energy consumption in Murcia per household contributes. 
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Further research based on the same system looks into the optimal mix of using both 
Battery Electric Vehicles (BEVs) and FCEVs for V2G services for both locations and 
the solar-wind supply ratio versus the total system cost [726]. Systems operating in 
sunnier regions in Europe with low space heating needs during the winter are likely 
to have lower total systems costs compared to colder regions in the North of Europe. 
Applying more solar energy capacity and using more BEVs compared to FCEVs and 
hydrogen storage. The research also indicates complete elimination of hydrogen 
storage for systems in sunny and warm regions in Europe might not results in the 
lowest total system cost. 

In Chapter 1, future 100% renewable national electricity, heating and 
transport systems of Denmark, Germany, France, Great Britain and Spain in 2050 
are designed and analyzed. The total passenger car fleets range between 2.3 and 44 
million, of which 50% are considered to be FCEVs and the other 50% being BEVs. 
BEVs are not used for V2G electricity production. 0.5 to 8 million (5-80 GW at 10kW 
each) parked and grid connected (Vehicle-to-Grid, V2G) hydrogen fueled FCEV 
passenger cars (FCEV2G) have the potential to fully balance these integrated and 
100% renewable national energy systems. Together with hydrogen production via 
electrolyzers (11-154 GW) and large-scale hydrogen storage (6.2-105 TWhH2 HHV, 
160-2700 million kg H2), energy supply is always guaranteed. There is sufficient 
FCEV2G power capacity available, the peak requirement never exceeds 43% of the 
car fleet. Considering the restricted output of 10kW per car and 50% of the 
passenger cars being FCEVs.  
In systems with larger shares of solar electricity systems, FCEV2G balancing is 
primarily required during the night when cars are parked, whereas mostly cars are 
driven during the day. The FCEV2G fleet capacity factor is highest in Denmark, 5.5% 
and lowest in Spain 2.1%. The large overcapacity in combination with the low usage 
of already being purchased electric power capacity in passenger cars, would make 
it possible to fully replace large scale stationary balancing plants.  
 

8.1.4 Impact of system size and type on the usage of FCEVs 

providing balancing electricity 
Via the concept of so-called Virtual Power Plants or Car Park Power Plants as 
described in the ‘car as a power plant’ vision [2] and in work done by others 
[773,874], the capacity of tens, hundred, thousands or millions of distributed 
FCEV2Gs could be combined and used.  

When introducing 100% renewable integrated transport and energy 
systems based on hydrogen and FCEV2G, the minimum technical and commercially 
viable size of subsystems have to be taken into account. The minimum technically 
viable size theoretically of FCEV2G is one FCEV providing at least 5-10kW power. 
When assuming one commercially available FCEV with a fuel cell of 100 kW. Below 
5 kW the 100kW fuel cell system efficiency drops significantly due to the balance of 
plant power consumption, i.e. parasitic losses. Although introducing one FCEV2G 
could work, an integrated transport and energy system also requires a refueling 
system for the FCEV. The minimum commercially viable size then will be larger than 
just one FCEV. Refueling systems containing small scale hydrogen production via 
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electrolysis and refueling systems for one car per day exist but are on a capacity 
basis relatively costly, compared to a larger station serving, for example, 2000 cars 
per day. The same applies to the cost of electricity from solar or wind electricity 
production, larger systems result in a lower cost of electricity and so lower cost of 
hydrogen. Underground seasonal hydrogen storage systems have storage capacities 
of 3,000-6,000 ton hydrogen and so demand even larger volumes of hydrogen to be 
commercially viable.  Although not modeled in this work, the overseas import of 
hydrogen could reduce or eliminate the local production of hydrogen and required 
solar and wind farms. Nevertheless, also then large-scale infrastructure such as 
pipelines or tankers, off-loading terminals in ports and hydrogen distribution 
infrastructure are required or adapted. The minimum size of these infrastructures 
demands even larger volumes of hydrogen to reach commercially viability.  

The designed and analyzed integrated transportation and energy systems 
are greenfield models showing a perfect outcome of a specific foresight. The cases 
studied are hypothetical scenarios. As they use a single set of technologies for 
energy storage and balancing, namely hydrogen, hydrogen production, and fuel 
cells (FCEVs) and are based on a significant share of FCEV passenger cars (50%) or 
exclusively FCEVs. There is a trade-off between a number of balancing and storage 
options, various dimensions (e.g., time, cost), model complexity (regions, 
interconnections, integration, energy vectors, networks and their capacity 
constraints) and the ability to isolate and explore the maximum technical potential 
[179,865] of a specific technology within large energy systems. In this study, model 
complexity was relatively low. By not including the capacity of the electricity 
network or gas network, being “unlimited” or “copperplate,” and with no 
international connections or other balancing options, the required balancing and 
storage might be overestimated, as other studies [48,866] have also indicated. The 
focus of this study was an exploration of the technical potential of V2G with 
passenger car FCEVs and to highlight any potential operational restrictions or 
overcapacity.  

Nevertheless, a comparison of the capacity factor outcomes of the 
designed and analyzed systems is made. Relatively larger systems with a more mixed 
type (residential and commercial) electricity consumption face less peaks in power 
consumption (relative to the average power consumption) and so less peaks in 
FCEV2G balancing power. Depending on the definition of the FCEV2G fleet size and 
the technology development year modelled (2015/2020/2025), the capacity factors 
mostly range from 2% to 11%. Here the hospital case study in Chapter 1 represents 
the outliers of 0.15-15% and could also be considered as part of the smart city area. 
When comparing only the outcomes of systems modeled on an hourly basis and 
representing a technology development scenario of the year 2050, the FCEV2G 
capacity factor ranges between 2.1-5.5%, see Table 8-1.  This is in the same order of 
magnitude of the driving capacity factor of approximately 3%, as a European 
passenger car drives on average 12,000 km per year at a speed of 45 km/h (3% 
capacity factor). 

In the range of 2% to 11%, the numbers above 5.5%, originate from 
integrated systems based on state-of-the-art technology of 2015, 2020 or 2025. 
Meaning end-users such as buildings have higher energy consumption and 
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technologies such as solar panels, fuel cells, electrolyzers, compressors having lower 
efficiencies compared to estimated efficiencies of state-of-the-art technology in 
2050. Due to the higher energy consumption, lower load factors of solar panels, the 
degree of solar energy self-sufficiency is lower and more balancing and energy 
storage is required. But regions facing stronger seasonal effects in energy 
consumption and (solar) energy production will always need long term, seasonal, 
energy storage. Systems having a larger share of solar energy compared to the wind 
energy and less seasonal space heating requirements, require mostly FCEV2G 
balancing power during the night or early mornings and evenings and face lower 
FCEV2G capacity factors (2.1 and 3.7% in sunny Spain or Murcia versus 5.5 and 5.0% 
in colder and windy Denmark or Hamburg). Simply said, the energy production and 
consumption match better and so less FCEV2G balancing as well as seasonal 
hydrogen storage and energy conversion steps are needed. A higher FCEV2G 
balancing need during the night in systems with higher shares of solar energy 
production, would also better match the regular driving usage of passenger cars.  
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Table 8-1 FCEV2G fleet average full load hours (hours/car/year) or expressed as capacity 
factor (%) of systems modelled on an hourly basis and representing a technology 
development scenario of the year 2050. 

Chapter System 
analyzed 

Fleet size 
(cars) 

Percentage 
FCEV 
passenger cars 

Fleet average full 
load hours 
(hours/car/year) 

Capacity 
factor (%) 

4 Hospital 49,000 100% 14 0.15% 

6 Smart city 
Murcia/ 
Hamburg 

1850 - 2360 100% 330 / 400 3.7% / 
5.0% 

7 Countries  2.3 – 44 
million 

50% 480-190 5.5-2.1 % 

 
The available FCEV2G capacity in all case studies is significantly greater 

than what is required. The FCEV2G fleet average capacity factor or full load hours is 
an outcome of specific chosen model inputs and is highly dependent on several 
inputs, which all can significantly reduce the capacity factor: 

1. Fleet size. The more vehicles participating the lower the capacity factor. 
Next to passenger cars other vehicles such as vans, buses, trucks, and trains 
could also be used. With 35 million commercial vehicles and buses in 
Europe next to the 243 million passenger cars [875], the capacity factor 
could be reduced substantially. 

2. Power output per vehicle. Now the capacity factors are calculated based 
on 10 kW per passenger FCEV, which is only 10% of the 100kW available 
power. Running at higher powers means often lower efficiencies but could 
reduce the capacity factor by a factor 10. Assuming the 28 million vans in 
Europe [875] could provide 100kW V2G power each, this would total a 
power of 2800 GW, being more than 243 million passenger cars at 10kW 
(2430 GW).  

3. Usage of other balancing methods like for example stationary or 
automotive batteries could eliminate or significantly reduce the usage of 
vehicles for V2G balancing.  
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 Recommendations for future research 
This work has been a first exploration of the techno-economic potential of the ‘Car 
as a Power Plant’ concept, Vehicle-to-Grid with hydrogen fueled Fuel Cell Electric 
Vehicles (FCEVs). Socio-economic [876] and control [877] aspects have been 
explored in other work part [666] of the same ‘Car as a Power Plant’ project. 
Renewable energy generation and other storage and mobility technologies next to 
hydrogen related technologies and applications are currently being improved, 
expanded, scaled up and costs being reduced. These parallel developments of clean 
energy technologies will spur new system designs, increase synergies and accelerate 
the deployment.  
This work treats experimental, techno-economic system design and analysis aspects 
of the ‘Car as a Power Plant’. The recommendations for future research are 
combined into three sections, in-line with the three sub-questions. Section 8.2.1 
gives recommendations with respect to the suitability of commercially available 
FCEVs acting as balancing power plants. Section 8.2.2 provides further suggestions 
regarding the integration of FCEVs used for transport, distributing and generating 
electricity in future energy systems. Section 8.2.3 highlights several 
recommendations for future research on the impact of European regional 
characteristics on the techno-economic system performance and FCEVs providing 
balancing power. 
 

8.2.1 Suitability of commercially available FCEVs acting as balancing 

power plants  
The Hyundai ix35 FCEV used in this research was a first-generation commercial FCEV 
from Hyundai, which was not designed for V2G purposes, but for driving use only. 
Via a relatively simple V2G modification, to maintain the road access permit, the 
behavior with various V2G loads was analyzed. This first-generation commercial 
FCEV from Hyundai was suitable to act as a balancing power plant. Nevertheless, 
several recommendations with respect to the powertrain its efficiency, 
management, operation, and performance degradation are listed next. 
 
Mapping optimal FCEV efficiency point in V2G power production 
Tests at different constant DC powers in the range of 0–10 kW done with the same 
set-up, show that 10 kW gives the highest V2G efficiency.  Conducting further tests 
at DC powers above 10 kW would provide full insight into the partial load and 
optimum V2G efficiency. Efficiency of specific V2G profiles could be of interest too. 
 
Impact of Vehicle to Grid power production on Fuel cell performance degradation  
The impact of additional V2G power production in combination with driving usage 
on the durability of the combined fuel cell and battery system is yet to be quantified. 
Many studies focus primarily on V2G impact on batteries in BEVs, but little is known 
about how the V2G mode will impact fuel cell degradation in FCEVs and 
maintenance cycles. Different power management and performance degradation 
mitigation strategies might need to be developed to minimize additional 
performance degradation and maintenance. 
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Dynamic FCEV power management tailored to V2G power production profiles and 
driving use 
The current FCEV power management system of both the fuel cell and high voltage 
battery system is developed for driving usage and uses a ‘feed forward’ control. In 
other words, once the brake or accelerator pedal is used, the FCEV power 
management responds to it. Whereas in V2G mode in the built set-up in this work, 
the FCEV power management is ‘blind’ to what load it will need to serve and so 
reacts on the load, ‘feedback’ controlled. Dynamic power management strategies 
are relevant future research topics, think of smart hybridization between HV battery 
and FC in response to V2G loads. Especially if the V2G power production profile is 
known upfront it could be included in the FCEV power management. Also the FCEV 
power management could be incorporated and operated from the energy system 
where it is integrated in. 
 
Tailored powertrains and components, hybrid V2G and G2V 
The FCEV used in the experiments performed uses the fuel cell system as main 
power supplier and the high voltage batter as an auxiliary support for acceleration 
when driving or storing a small amount of braking energy. The size and capacity of 
the fuel cell, hydrogen tank and battery could be optimized for the combined usage 
of driving and V2G power production. Instead of the battery or next to the battery, 
also a so-called supercapacitor could be used [878,879]. Then depending on the 
duration and power ramp, either the supercapacitor, battery or fuel cell could be 
activated. Also the option of charging the on-board high voltage battery via the 
electricity grid (Grid to Vehicle, G2V), similar to the Mercedes Benz GLC F-Cell [723], 
might be worth researching.  
 
Increase of V2G power output of commercially available FCEVs 
It is possible for FCEVs to generate more than 10 kW DC V2G power as the fuel cell 
system maximum output is 100 kW. Although this would require a better 
understanding of the cooling capacity of the radiator when parked and the 
maximum operating temperature of the fuel cell system.  This V2G power is 
currently limited because of potential insufficient cooling radiator capacity when 
parked and producing power at elevated ambient temperatures. V2G output could 
be limited depending on the heat dissipation to the environment. Alternatively, the 
cooling capacity could be increased by installing a bigger radiator and cooling fans, 
by using two-phase cooling fluids with a higher cooling capacity or by an increased 
fuel cell system operating temperature. 
 
V2G equipment improvements and shared usage 
Inductive discharging instead of conductive discharging (by cable as in the set-up in 
this work) and could automate and reduce any further grid connection time. The 
current V2G discharger as-built uses a DC-AC grid-tie inverter designed for small 
scale wind turbines. Here a specialized FCEV V2G inverter with reduced reaction 
time and tailored Maximum Power Point Tracking/pre-loaded battery and fuel cell 
current-voltage curves could be integrated. Also combining the V2G inverter with 
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on-site available solar photo-voltaic inverters could maximize utilization of existing 
assets (night or cloudy day usage by V2G, solar during the day). 
 
Establishing a correlation between combined driving and V2G usage and 
performance degradation 
As commercial FCEVs have not been sold on a large scale, durability data and 
correlations between driving usage and performance degradation of the fuel cell 
system in specific FCEV models is extremely scarce in literature. To express the 
usage of the fuel cell system in a FCEV, the indirect durability indicator driven 
distance only makes sense for cars used for driving only. The electricity produced by 
the fuel cell seems a relevant durability indicator for FCEVs in V2G mode, but also 
has its limitations in ‘idling/spinning reserve’ mode. Where the fuel cell system is 
operating but not producing any electricity. Therefore, a durability indicator 
expressed solely in operating hours, distance or produced energy is not relevant for 
combined driving and V2G services. An indicator consisting of several usage 
parameters is recommended. A combination of parameters, but not limited to, are 
the operating and ‘idling’ hours, produced energy, driven distance, number of start-
ups and shutdowns. To establish usable correlations could require extensive and 
long-term testing under real circumstances with multiple FCEVs or would require 
other measurement techniques than used in this work.  
 

8.2.2 Integration of FCEVs used for transport, distributing and 

generating electricity in future energy systems   
Hydrogen, fuel cell and V2G technologies are still relatively new and have not 
deployed much yet, in particular not yet for passenger cars. The designed and 
analyzed integrated transportation and energy systems specifically focus on the 
potential with V2G with FCEVs. How the technology development scenarios and the 
deployment of these technologies in the future will look like still has to be seen.  
The systems are not connected to any national electricity or natural gas grid or a 
transportation fuel network. They are self-sufficient and stand-alone and they only 
consider the residential, services, and road transportation sectors (e.g., not industry, 
agriculture, rail, or air transportation sectors). 
When considering the hydrogen technologies used in the models and calculations, 
other hydrogen technologies are existing or being developed which could have the 
potential to be more energy efficient and/or cost effective.  
 
Integration into other case studies and integration of other vehicles than 
passenger cars 
A fully autonomous hospital, smart city area and countries are only considering the 
road transport and building energy sectors, where wind and solar energy are the 
dominant energy sources. Other integrated case studies as farms, datacenters, 
airports, bus depots, offices, (cooling) warehouses, distribution centers, mines or a 
combination of these and using other vehicles than passenger car FCEVs, such as 
buses, trucks, vans, trains, construction and other purpose-built work vehicles, are 
worthwhile to explore. 
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V2G infrastructure, development pathways, integration and adoption of FCEVs 
Like other studies, the developed models in Chapters 1 to 1 are greenfield models 
showing a perfect outcome of a specific foresight. V2G infrastructure and the use of 
BEVs is increasingly being built out. Here, V2G with FCEVs could piggyback on BEV 
V2G infrastructure developments and standards. What specific and how large the 
role of V2G will become in balancing energy systems, is something which should be 
addressed in future work. Questions as what the development paths will be, e.g. 
incremental versus disruptive, distributed versus central are open questions and 
depend on whether or when widespread adoption of (passenger car) FCEVs will take 
place. The potential success of FCEVs (for passenger cars) will depend much more 
on the overall success of the broader so-called ‘green hydrogen economy’.  Creating 
the demand, the fueling infrastructure and the availability of cost competitive green 
hydrogen, either produced locally or imported from outside Europe. 
 
Availability and scheduling of cars and other upcoming technologies regarding the 
integration of cars 
This work only investigated the technical potential and with some qualitative checks 
on the realizable potential. In other words, we only simulated when V2G balancing 
power would be needed and verified if the required number of cars did not exceed 
the assumed fleet size. Some additional checks have been done, such as sufficient 
overcapacity and whether V2G usage was not conflicting too much with the average 
hours and times of driving. We did not investigate how to schedule the cars nor 
checked or estimated the (future) availability. We limited ourselves to the physical 
integration only, assuming instant availability, perfect communication, regulations, 
markets and infrastructures. However, the prospects of shared mobility, self-
driving, cloud- and grid-connected cars with inductive charging and discharging 
technologies in the future could facilitate the scheduling of cars. Data pertaining to 
car parking locations, parking durations and tank fuel levels for a large number of 
cars, in combination with local grid imbalance data, could throw light on the 
problem of scheduling cars and shed some lights on the realizable potential. 
 
Hydrogen pipeline network for hydrogen fuelling stations and V2G via FCEV 
A hydrogen pipeline network could reduce hydrogen transportation via tube trailers 
and fueling station capacity. Multiple electrolyzers and hydrogen fueling stations 
could be interconnected via a pipeline network. In this way, tube trailer hydrogen 
transportation could be replaced, and hydrogen transportation costs reduced. 
Furthermore, the partial re-compression of hydrogen when emptying a tube trailer 
could also be reduced or avoided altogether. The compressor could even be 
omitted, provided the electrolyzer hydrogen output pressure is higher than the 
pipeline pressure.  
In the case of parked FCEVs delivering V2G electricity, the fuel cell in the car could 
be connected directly to the hydrogen distribution pipeline network, instead of 
using hydrogen from the on-board hydrogen tank. Not using hydrogen from the 700 
bar tank eliminates the need for refueling for V2G purposes.  
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Integration of other sectors, energy networks and renewable energy sources 
The designed and analyzed integrated transportation and energy systems are 
hypothetical scenarios with limited model complexities and focused to explore the 
maximum technical potential of FCEVs balancing renewable energy. A fully 
autonomous hospital, smart city area and countries are only considering the road 
transport and building energy sectors, where wind and solar energy are the 
dominant energy sources. However, in reality these developed energy systems will 
be interconnected with other countries, city and rural areas, industrial and 
agricultural sites and other transport sectors. Demand patterns and peak use will 
vary and in certain cases deviate from the national or regional averages.  
Currently as well as in future, several other factors could influence the use and 
integration of FCEVs. In contrast to this study, electricity networks do have limited 
capacities. In addition to that, new purpose-built, or if present natural gas grids, 
could be re-used for hydrogen transport. Smart integration of renewables with 
present heat grids and heat storage are just another factor to consider. Larger 
system integration involving more sectors, sources and energy carriers will result in 
more complex systems, but likely with higher synergies leading to lower system 
costs and higher reliability.  
 
Integration with upcoming hydrogen technologies  
In the developed and analyzed systems, electricity and hydrogen are the only energy 
carriers considered with a limited set of technologies with high Technology 
Readiness Levels (TRLs >7). In the future, a mix of multiple hydrogen energy carriers, 
storage methods, and conversion technologies could all work together and have an 
influence on the integration and use of FCEVs and the total system cost of energy.  
  When considering the hydrogen technologies used in the models and calculations, 
other hydrogen technologies are existing or being developed which could have the 
potential to be more cost efficient.  
For example, research being performed in the field of reversible unitized PEM and 
solid oxide fuel cells, combining an electrolyzer and fuel cell in one device, or direct 
ammonia and LOHC fuel cells.  
Storing and distributing gaseous hydrogen will always require compressors. Here, 
electrochemical hydrogen compression with purification could (partially) replace 
mechanical compressors and purification systems.  
Several types of hydrogen storage technologies applications and technologies are 
being investigated next to gaseous hydrogen. From liquid hydrogen and metal 
hydrides to ammonia and liquid organic hydrogen carriers. All having their specific 
cost and integration advantages and disadvantages.  
When it comes to electrolyzers, high temperature solid oxide or proton conducting 
electrolyzers and alkaline membrane electrolyzers have the potential to become 
cheaper or more efficient than current alkaline or proton exchange membrane 
electrolyzers. Direct solar to hydrogen technologies could even replace solar panels 
and electrolyzers.  
How fast, at what scale and how generally applicable these technologies will 
become or what niches they will serve, still must be seen.  
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8.2.3 Impact of European regional characteristics on the techno-

economic system performance and FCEVs providing balancing 

power 
The designed and analyzed integrated transportation and energy systems are not 
connected to any national electricity or natural gas grid or a transportation fuel 
network. They are self-sufficient and stand-alone, where also today many regions 
rely on the import of energy. They use a single set of technologies for energy 
storage, and balancing, namely hydrogen, hydrogen production, and fuel cells 
(FCEVs). For road transportation and transportation fuel in Chapter 1 50% BEV 
passenger cars are considered, although do not participate in V2G services. 
In the future, a mix of multiple energy carriers, storage and balancing methods and 
energy technologies could all work together. Alternatively, depending on the 
European regional characteristics, only the most cost-effective methods and 
technologies could be applied. 
The calculated energy costs of the designed system in this work are affordable and 
in line with other studies. This gives reason to explore whether variations in system 
designs and balancing methods technologies can reduce total system costs even 
further. The system designs and balancing methods discussed below are a non-
exhaustive selection of possible options. 
 
Optimum ratio of BEVs and FCEVs, stationary batteries, hydrogen and fuel cells 
Depending on the climate, the energy demand and chosen energy mix, a more day-
to-day or season-to-season energy storage is needed in integrated transport and 
energy systems. could reduce total system costs In systems with a more profound 
day-to-day short term energy storage requirement, total system costs could be 
lowered by a larger share of BEVs than FCEVs participating into V2G energy and 
storage services. Also charging BEVs during the solar/day-light hours for their daily 
driving consumption would reduce the midday balancing peak by electrolyzers in 
solar dominated energy systems (reducing the ‘duck curve’ [838,840,852]).  
Provided BEVs would be available for charging during the day. As BEVs might be in 
use during the day, also stationary batteries could be charged during the day and 
discharged during the night, here BEVs only would be charged or discharged when 
stationary batteries are full/empty, in other words avoid peaks and increase 
capacity factors of stationary batteries. 
Hydrogen storage is more suitable for large scale seasonal energy storage. 
Depending on the ratio between the required electricity or heat and the profile of 
the required electricity and /or heat in time, a mix of different hydrogen conversion 
technologies could be applied. Stationary Combined Heat and Power (CHP) units, 
either fuel cell, turbine or combustion engines are more suitable to use the waste 
heat if needed. Turbines and combustion engines provide relatively more heat than 
electricity in comparison to fuel cells, so could be better suited for end-users with 
higher heat demands. Combustion engines, turbines and solid oxide fuel cells 
operate at higher temperatures than PEM fuel cells and could provide high 
temperature heat. 
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End-users with a high electricity and or heat base load demand might also consider 
a hybrid-solution of both stationary (fuel cell) based CHP systems where FCEVs 
provide peak electricity demand.  
Summarizing, depending on the requirements and available assets, the most 
operational, secure and cost-efficient solution most likely consists of a tailored 
combination of FCEVs, BEVs, or fuel cell plug-in hybrid electric vehicles (FCPHEVs), 
stationary batteries and CHP systems providing heat and electricity. 
 
Energy sources, storage and carriers 
In this study the number of storage technologies and energy sources is limited. The 
choice is fixed irrespective of the climate related type of energy demand (heating, 
cooling, power, transport fuel) and pattern. Other renewable energy sources, (e.g. 
biomass, hydro and geothermal power, solar thermal) and natural energy storage 
possibilities (aquifer thermal energy storage, pumped hydro storage) could better 
match specific climate related energy storage and demand patterns. Choosing 
different energy carriers than electricity and hydrogen, such as other thermal and 
chemical energy carriers and storage methods could potentially result in a more 
operational, secure and cost-effective energy systems. 
 
International hydrogen import and pipeline network 
Instead of generating and storing hydrogen in European countries or in Europe as a 
region, hydrogen could be imported from regions with other hydrogen demand and 
generation patterns. Via this way, large scale hydrogen storage could be reduced to 
a level of strategic hydrogen storage only. Hydrogen could be produced in regions 
with the lowest-cost renewable electricity and imported to Europe via international 
pipelines or vessels. Like today’s international natural gas and oil trade. Either in the 
form of gaseous hydrogen, liquid hydrogen, ammonia or liquid organic hydrogen 
carriers. For example, via pipelines from the sunny regions in Southern Europe to 
Northern Europe or even from Northern Africa and the Middle-East. Alternatively, 
via vessels from Iceland, South or Central America, Africa or Australia. 
 
Demand response, storage, autonomous driving and Internet of Things 
In this work hourly and daily demand patterns are based on the current energy 
demand patterns. Considering a future estimated higher efficiency and reduced 
building energy use. Sophisticated weather and electricity demand forecasting in 
combination with demand response could potentially avert or reduce temporal 
surplus or shortage of electricity. With an increasing presence of various forms of 
energy storage (e.g. electricity in batteries, hot water reservoirs) on various levels 
(e.g. domestic, neighborhood), connectivity of devices (e.g. Internet of Things, IoT), 
market triggers (time of use and capacity based pricing schemes), demand and 
supply could be better matched and existing assets better used. This could reduce 
the need for balancing by FCEVs, depending on the scale, type and climatic region 
of the energy system.  
Self-driving, cloud controlled [310,311,576], wireless power transfer [271,272,580] 
and V2G self-connecting [761] cars would facilitate the use and scheduling of them 
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[424,880]. The distribution of hydrogen via road transport could benefit from self-
driving and cloud connected trucks. 
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A Fuel Cell Electric Vehicle as a Power Plant: 
Techno-Economic Scenario Analysis of a 
Renewable Integrated Transportation and Energy 
System for Smart Cities in Two Climates 
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 Locations Selection, System Design, Dimensioning, and 

Components 

A.1.1 Location Selection 
Table A1 shows some key figures characterizing Hamburg in Germany and Murcia in 
Spain and their climates. Respectively, 1.8 and 1.5 million inhabitants live in urban 
areas [881–883]. Hamburg has a temperate oceanic (Cfb), and Murcia a hot semi-
arid (BSh) climate, according to the Köppen–Geiger climate classification [642,884–
887]. Local weather station data from 2012 to 2016 [888–890] are used to calculate 
the five-year average (µ) and annual coefficient of variation (CV, also known as the 
relative standard variation) of the average annual wind speed, solar global 
horizontal irradiation, precipitation, air temperature, daily maximum and minimum 
air temperatures, heating degree days (HDD) [680,891], and cooling degree days 
(CDD) [647,648].  
Table A1 Key figures, characterizing the climate of the two locations, Hamburg and Murcia. 

Key Figures 

Locations 

Hamburg, 
Germany 

Murcia,  
Spain 

No. of inhabitants of urban area (# x 1,000,000) [881–
883] 

1.8 1.5 

Climate zone (Köppen–Geiger) (-) [642,884–887] 
temperate 
oceanic (Cfb) 

hot semi-arid 
(BSh) 

Weather station data   

Weather station height above sea-level (m) 1 [888,889] 11 61 

Weather station location 1 [888,889] 53°38′ N, 9°59′ E 38°0′ N, 1°10′ W 

Weather data 2012–2016 means and standard 
deviations 

µ (CV) µ (CV) 

Wind speed at 10 m above ground (m/s) 1 [888,892] 4.1 (4.3%) 3.9 (4.3%) 

Solar global horizontal irradiation (kWh/m2/year) 
[888,890] 

1020 (4%) 1855 (1.8%) 

Precipitation (l/m2/year) [888,890] 735 (4.9%) 255 (24%) 

Air temperature (°C) [888,890] 9.9 (5.9%) 19.1 (2.8%) 

Daily maximum air temperature (°C) [888,890] 13.4 (5.1%) 25.5 (2.2%) 

Daily minimum air temperature (°C) [888,890] 6.3 (8.7%) 13.7 (4.4%) 

Heating Degree Days (°C·day/year) 2 [888,890] 3066 (6.5%) 854 (16%) 

Cooling Degree Days (°C·day/year) 2 [888,890] 101 (24%) 1245 (6.9%) 
1 Wind speeds measured at the nearby Almeria Airport weather station are used [892,893] 
because, at the Murcia weather station [889,890], wind speeds are economically less 
favorable for wind turbines. The non-wind weather data of the Murcia weather station is more 
complete than that of the Almeria Airport weather station. The Almeria Airport weather 
station is 21 m above sea-level and has the following coordinates: 36°50′ N, 2°21′ W. The 
Murcia weather station five-year average (2012–2016) and coefficient of variation of the 
average annual wind speed at 10 m above ground are 2.4 m/s and 2.8%, respectively. 2 
Calculated with a base temperature of 18 °C as in [647,648,680]. 
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A.1.2 Technological and Economic Characterization of System 

Components in Two Scenarios 
Table A2 lists the specific energy consumption and production (SEC and SEP) 
(kWhe/kg H2) in the Near Future and Mid Century scenarios for the different energy 
conversion processes, from rainwater collection to hydrogen production, fueling, 
and reconversion to electricity. Alkaline water electrolysis technology is chosen as, 
at the moment, it is cheaper than Proton Exchange Membrane (PEM) electrolysis 
technology [298,518]. The electrolyzer is coupled directly to the direct current 
renewable energy source, so there is no AC/DC conversion needed at the 
electrolyzer [894]. Current state-of-the-art alkaline electrolysis technology can 
respond sufficiently fast [298,895,896] to short-term solar and wind power 
fluctuations [897–903]. The alkaline water electrolysis part-load efficiency curve is 
used from [519], and its maximum efficiency point (higher heating value (HHV)-
based) is 88.8% [904–906] for the Near Future and 92.6% for the Mid Century 
scenario [906,907]. SEC for hydrogen purification is, respectively, 1.3 and 1.1 
kWhe/kg H2 in the Near Future and the Mid Century scenario [521,522]. After 
purification, drying, and oxygen removal, the hydrogen meets the purity required 
for FCEVs [245] at a pressure of 15 bar and 30 bar in, respectively, the Near Future 
and the Mid Century scenario [298,904,905,907]. Compression SEC for all 
compressors (S6, W6, HFS1, and SHS2) in the Near Future scenario is in the range of 
0.5–3.1 kWhe/kg H2, and in the Mid Century scenario 0.4–2.5 kWhe/kg H2 [379–
382,386]. The reduction in SEC in the Mid Century scenario is due to the increase in 
isentropic efficiency from 60% to 80% [379] and, for compressors S6 and W6, also 
the higher hydrogen output pressure of the electrolyzers. The compressor at the 
wind park (W6) has an outlet pressure of 180 bar, the maximum SHS operating 
pressure [385], which is assumed to be constant in this study. The operating 
pressure range of hydrogen tube trailers in both scenarios is 30–500 bar with an 
effective storage capacity of 1014 kg H2 [298,536,908,909]. By applying a smart 
consolidation strategy for emptying and filling tube trailers at the SHS 
[379,380,910,911], the net electricity consumption is simplified as compressing 
hydrogen from 180 bar to 500 bar (SHS2). The electricity consumption of 
compressor S8 is modeled as the compression of hydrogen from the hydrogen 
purification output pressure of 30 bar to 500 bar. The combined compressor 
capacity at the HFS (HFS1) is the largest of all compressors and is modeled with a 
variable inlet pressure of 30–500 bar (emptying the tube trailers) and fixed outlet 
pressure of 875 bar of the storage (HFS2). Hydrogen cooling SEC for fueling at 700 
bar is 0.20 and 0.15 kWhe/kg H2 in, respectively, the Near Future and the Mid 
Century scenario [177,178], and is assumed to be constant over the entire operating 
range of the chiller. In this study, no reduction in specific electricity consumption is 
foreseen in the Mid Century scenario for reverse osmosis [546,552,800]. The specific 
energy production SEP by the FCEV is, respectively, 20.3 and 23.6 kWhe/kg H2 in the 
Near Future and the Mid Century scenario. These values correspond to a tank-to-
grid efficiency, ηTTG, [640] (analogous to tank-to-wheel, ηTTW, efficiency when 
driving) of, respectively, 51.5% and 60% (HHV) [126,194]. Furthermore, it is assumed 
that the SEC and SEP of the conversion processes are location independent. 
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Table A2 Specific energy consumption SEC or production SEP (kWhe/kg H2) of the energy 
conversion processes in the smart city area for both scenarios and locations. 

Label 
(See 

Figure 2 
and Table 

2) 

Energy Conversion Processes 

Specific Energy 
Consumption/Production 

(SEC/SEP) 

Near Future 
[kWhe/kg 

H2] 

Mid Century 
[kWhe/kg 

H2] 

W4 and S4 Alkaline water electrolysis [519,895,904–907] 44.4–50.0 1,2 42.6–47.7 1,2 

S5 and W5 Hydrogen purification [521,522] 1.3 1.1 

S6 Compressor at local solar (500 bar) [379–382,386] 3.0 3 1.8 3 

W6 Compressor at wind turbine park to SHS (180 bar) 
[379–382,386] 

1.9 3 1.0 3 

HFS1 Compressor at HFS ([30–500]–875 bar) [379–
382,386] 

0.5–3.1 1 0.4–2.5 1 

SHS2 Compressor at SHS (180–500 bar) [379–382,386] 0.8 0.6 

HFS3 Chiller [388,537] 0.20 0.15 

S2 and W2 Reverse Osmosis—rainwater/surface water 
[546,552,800] 

0.006 0.006 

FCEV1 FCEV hydrogen to electricity [126,194,912] 20.3  23.6 
1 Direct current electrical consumption [907] at 15–100% load in the Near Future scenario and 
10–100% load in the Mid Century scenario. 2 15 and 30 bar hydrogen outlet pressure in, 
respectively, the Near Future and the Mid Century scenario. 3 15 and 30 bar hydrogen inlet 
pressure in, respectively, the Near Future and the Mid Century scenario. 
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 Detailed Description and Background Data of the 

Calculation Model and Hourly Simulation 

A.2.1 Electricity Consumption and Production 
The yellow rectangle in Figure 6-3 includes the electricity consumption of the 
services and residential buildings (EB), the HFS compressor and chiller (EHFS), the SHS 
compressor (ESHS), and the solar electricity production (ES). EHFS and ESHS are 
calculated by multiplying the hourly hydrogen throughputs by the specific energy 
consumption component values SEC (kWhe/kg H2) from Table A2. 
The electricity consumption of the services and residential buildings (EB) in the Near 
Future and the Mid Century scenario is based on the energy consumption at 
present, called the Present Situation. Therefore, first, the Present annual specific 
energy consumption of the residential and services buildings SECB (kWh/m2/year) is 
defined for each location. The method described is applicable to any location within 
Europe. 
Building energy consumption is divided into six energy consumption categories: 

1. Space heating 
2. Space cooling 
3. Water heating 
4. Cooking 
5. Lighting 
6. Electrical appliances 

 
Space heating and cooling depend on the ambient temperature, which is reflected 
in the number of annual heating and cooling degree days (HDD and CDD; see Table 
A1). Hamburg and Murcia differ greatly in this regard. Also, within the respective 
countries (Spain and Germany), locally, the number of HDDs and CDDs 
[647,648,913] can differ greatly from the national weighted average [677]. Due to a 
lack of recent and complete studies on building energy demand relations with 
respect to climatic parameters, a similar method is developed as in [647,648]. For 
space heating for both the residential and the services sector, a relation between 
the specific thermal heating demand and the number of HDDs per country is 
established using [471,472,677]. The specific thermal heating demand is derived 
from the used fuel mix, useful thermal energy per fuel type, fuel demand, and floor 
space [471,472,677,680]. The value used as specific thermal demand for space 
heating in Murcia and Hamburg is taken from countries with a similar number of 
HDDs as Murcia and Hamburg. For Murcia, the specific thermal demand is based on 
the specific thermal heating demand of Cyprus, Malta, and Portugal of the available 
years 2010–2015. For Hamburg, it is based on the specific thermal demand of 
Germany, Sweden, Finland, and Lithuania. 
For space cooling, the relations between CDDs, specific thermal cooling demand, 
and specific electricity demand from [647,648] are used. For water heating, cooking, 
lighting, and electrical appliances, it is assumed the local consumption in the Murcia 
and Hamburg regions does not differ from the national average values [471,472]. 
Table A4 shows the specific annual energy consumption for buildings SECB 
(kWh/m2/year) per energy consumption category, and annual electricity 
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consumption in buildings EB (MWh/year) for the residential and services sector for 
the Hamburg- and Murcia-based smart city areas in the Present Situation and in the 
Near Future and Mid Century scenarios. For the Present Situation in Hamburg and 
Murcia, this is 194 and 173.6 kWh/m2/year and 98.6 and 223.5 kWh/m2/year for the 
residential and the services sector, respectively. Combining the SECB values with the 
floor areas from Table A4 results in total annual energy consumption of 51,617 
MWh and 26,672 MWh for Hamburg and Murcia, respectively. 
SECB values in the Near Future and the Mid Century scenario are fully electric in its 
end-use and are defined by applying specific energy consumption savings (Table A5) 
to the Present SECB. Space heating SECB in the Near Future scenario for both 
residential and services buildings is a conversion of the Present Situation SEC with 
its fuel mix [471,472] and corresponding useful thermal energy fractions [680] and 
a heat pump Coefficient of Performance (COP) of 3.5 [482–485] into the electrical 
equivalent energy. For the Mid Century scenario, savings for, respectively, the 
residential and the services sector of 95% and 85% are achieved, based on [486]. 
Space cooling SECB in the Near Future remains equivalent to the Present SEC 
[647,648], whereas, in the Mid Century scenario, savings of 70% are realized for 
both sectors [482,483,486]. In the Near Future scenario, water heating and cooking 
SEC is realized by electrification of the Present SEC fuel mix [471,472], with the 
useful thermal energy fractions [680] into the electrical equivalent energy [680]. 
Only for water heating, savings of 50% are used in the Mid Century [486], due to the 
combined application of electrification, heat pump usage, solar thermal heating, 
and other heat recuperation techniques. By extensive use of LED technology for 
lighting and LED efficiency increase, savings of 20% and 80% are assumed for, 
respectively, the Near Future and the Mid Century scenario in both sectors [914–
916]. A total of 0% of net savings are assumed for the SECB of electrical appliances. 
Although energy savings will be significant, the net savings will be zero due to an 
increased number and use of electrical appliances, home automation, and IT 
services [917–919]. 
Hamburg residential and services total SECB values in the Near Future are 83.2 and 
103.3 kWh/m2/year, respectively, resulting in total energy consumption of 24,838 
MWh/year. In the Mid Century scenario, SECB values decrease to 49.8 and 74.2 
kWh/m2/year, and the energy consumption to 16,020 MWh/year. Murcia 
residential and services total SECB values in the Near Future are 82.9 and 170.5 
kWh/m2/year, resulting in total energy consumption of 21,760 MWh/year. In the 
Mid Century scenario, SECB values decrease to 51.3 and 90.8 kWh/m2/year, and the 
energy consumption to 12,901 MWh/year. 
  



 

   201 
 

 

Table A4 Specific annual energy consumption SECB (kWh/m2/year) per energy consumption 
category and total annual energy consumption EB (MWh/year) in buildings for the 
residential and the services sector for the Hamburg- and Murcia-based smart city areas at 
Present and the Near Future and Mid Century scenarios. 

Energy Consumption  
Category 

Specific Energy Consumption Buildings SECB [kWh/m2/Year] 

Hamburg, Germany Murcia, Spain 

Present 
Situation 

Near 
Future 

Mid 
Century 

Present 
Situation 

Near 
Future 

Mid 
Century 

Residential sector       

Space heating [472] 131.1 1 29.2 6.6 13.8 1 2.7 0.7 

Space cooling [648] 0.9 b 0.9 0.3 30.2 2 30.2 9.1 

Water heating [472] 32.3 1 24.5 16.2 16.4 1 13.7 8.2 

Cooking [472] 7.8 1 7.4 7.4 7.7 1 6.7 6.7 

Lighting [472] 2.9 2 2.3 0.6 4.9 2 3.9 1.0 

Electrical appliances 
[472] 

18.9 2 18.9 18.9 25.7 2 25.7 25.7 

Total 194.0 83.2 49.8 98.6 82.9 51.3 

Services sector       

Space heating [471] 80.3 1 18.3 12.1 48.3 1 11.4 7.2 

Space cooling [647] 3.4 2 3.4 1.0 43.0 2 43.0 12.9 

Water heating [471] 8.3 1 7.3 4.1 7.7 1 6.4 3.8 

Cooking [471] 13.1 1 11.5 11.5 4.1 1 3.5 3.5 

Lighting 3 [471] 28.8 2 23.0 5.8 71.5 2 57.2 14.3 

Electrical appliances 
[471] 

39.7 2 39.7 39.7 49.0 2 49.0 49.0 

Total 173.6 103.3 74.2 223.5 170.5 90.8 

 Total annual Energy consumption buildings EB [MWh/year] 

 Hamburg Murcia 

 
Present 
Situation 

Near 
Future 

Mid 
Century 

Present 
Situation 

Near 
Future 

Mid 
Century 

Residential 35,541 15,241 9127 18,105 15,225 9422 

Services 16,130 9597 6893 8567 6535 3479 

Total 51,671 24,838 16,020 26,672 21,760 12,901 
1 Fuel mix [471,472] and useful thermal energy fractions, electricity: 0.97, heat: 0.95, gas: 
0.80, oil: 0.72, coal: 0.65, wood 0.55 [680]. 2 electrical energy. 3 Including the electricity used 
for public lighting [920]. 
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Table A5 Specific energy consumption savings for the Near Future and Mid Century scenarios 
compared to the Present Situation. 

Energy Consumption 
Category 

Specific Energy Consumption Savings Compared 
to Present Situation 

Residential Sector Near Future Mid Century 

Space heating [482–486] 71% 1 95%  

Space cooling [482,483,486,648] 0% 70% 

Water heating [471,472,484,486,680] 24/16% 2 50%/50% 3 

Cooking [471,472,680] 5/13% 2 5/13% 2 

Lighting [914] 20% 80% 

Electrical appliances [917–919] 0% 4 0% 4 

Services sector   

Space heating [482–486] 71% 1 85% 

Space cooling [482,483,486,647] 0% 70% 

Water heating [471,472,486,680] 12/17% 2 50%/50% 3 

Cooking [471,472,680] 12/15% 2 12/15% 2 

Lighting [914–916] 20% 80% 

Electrical appliances [917–919] 0% 4 0% 4 
1 Savings due to heat pump usage, conversion of the Present Situation fuel mix [471,472] with 
the useful thermal energy fractions (electricity: 0.97, heat: 0.95, gas: 0.80, oil: 0.72, coal: 0.65, 
wood 0.55) [680] and a heat pump COP of 3.5 [482–485] into the electrical equivalent energy. 
2 Hamburg/Murcia savings due to the electrification of existing primary fossil energy demand 
for thermal purposes. Conversion of the Present Situation fuel mix [471,472] with the useful 
thermal energy fractions (electricity: 0.97, heat: 0.95, gas: 0.80, oil: 0.72, coal: 0.65, wood 
0.55) [680] into the electrical equivalent energy for the thermal demand [680]. 3 
Hamburg/Murcia combined savings due to the application of electrification, heat pump 
usage, solar thermal heating, and other heat recuperation techniques. 4 Although energy 
savings will be significant, the net savings will be zero due to an increased number and use of 
electrical appliances, home automation, and IT services [917–919]. 
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Hourly profiles for an entire year are constructed for each energy consumption 
category, type of building sector, modeled location, and scenario by multiplying the 
SECB values from Table A4 by normalized profiles: 
1. Space heating SECB is multiplied by the normalized hourly profile of aggregated 

natural gas consumption profiles for space heating, only in the residential [921] 
and the services sector [922], and the daily HDD profile with base temperature 
18 °C [832]. The natural gas consumption profiles for space heating only are 
made by subtracting the natural gas consumption for water heating from the 
total natural gas consumption profiles. 

2. Space cooling SECB is multiplied by the hourly CDD profile with base 
temperature 21 °C [832,891]. 

3. Water heating SECB is multiplied by the normalized hourly profile of the 
aggregated gas consumption profiles for water heating only. The natural gas 
consumption for water heating is extracted from the total aggregated natural 
gas consumption profiles during the period of 3 summer weeks (day 205 of the 
year onwards) with ambient temperatures above 18 °C, where it is assumed no 
space heating is taking place [921,922]. As the profiles are based on aggregated 
values, it is assumed that holiday effects are excluded. 

4. Cooking, lighting, and electrical appliances SECB values are multiplied by the 
normalized aggregated electricity consumption profiles for residential [923] 
and services sector buildings [924]. 

 
The solar electricity production (ES) is calculated [925,926] using the hourly global 
horizontal irradiation values from both Murcia and Hamburg [888–890]. The 
irradiation values are assumed to be equal in both scenarios. With the given fixed 
roof area available for solar electric modules (Table 6-2) and the solar electricity 
system performance ratio and efficiency of, respectively, 0.80 and 0.20 kWp/m2 in 
the Near Future scenario and 0.90 and 0.33 kWp/m2 in the Mid Century scenario 
[370,507–509,927,928], 11.20 and 18.67 MWp of solar power is installed in the Near 
Future and Mid Century for Hamburg and Murcia. The solar system inclination is 34° 
and 39° for, respectively, Murcia and Hamburg [929], both with an azimuth of 0°. 
 

A.2.2 Road Transportation Hydrogen Demand 
Annual hydrogen consumption for road transportation Hroad (kg H2/year) (blue 
rectangle in Figure 6-3) of the passenger cars, vans, trucks, tractor-trailers, and 
buses is calculated in Table A6 using the German and Spanish national average 
annual distance driven d [470,678,679] and the estimated vehicle fuel economy, 
specific energy consumption SECT (kg H2/100 km), in the Near Future and the Mid 
Century scenario [235]. For Hamburg, this results in Hroad of 479,909 kg H2/year in 
the Near Future scenario and decreases to 316,129 kg H2/year in the Mid Century 
scenario. For Murcia, this results in Hroad of 545,192 kg H2/year in the Near Future 
scenario and decreases to 381,732 kg H2/year in the Mid Century scenario. Hroad is 
then multiplied by a normalized repeating weekly fueling profile [521]. 
In the Near Future and the Mid Century scenario, the average annual distance driven 
is assumed to remain constant. The number of tube trailer tractors for hydrogen 
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transportation and their driven kilometers are assumed to be included in the 
number of road tractors and the number of kilometers they are driven each year. 
The road vehicles are owned by either the residential or the services sector, and the 
road transportation energy is consumed in or between smart city areas. The final 
energy consumption for motorcycles is not included as it currently represents only 
about 1% of the total road transportation final energy consumption. 
At an average annual speed of 45 km/h for passenger cars [175] in Europe and the 
average annual distance driven d (Table A6), there are only about 305 and 280 
driving hours per year per car for, respectively, Hamburg and Murcia, mostly 
occurring during daylight hours [175]. For most of the non-driving time, passenger 
cars are mostly parked at home, the office, or close to a services sector building like 
a supermarket or hospital [175,342]. 
 
Table A6 The average annual distance driven d and Near Future and Mid Century scenario-
specific energy consumption of transport (SECT) for van, truck, tractor-trailer, and bus type 
FCEVs. 

 
Specific Energy Consumption 
Transportation SECT [kg H2/100 
km] 

Average Annual Distance 
Driven  
d [km/year/vehicle] 

Vehicle Type Near Future [235] 
Mid Century 
[235] 

Hamburg, 
Germany 
[678,679] 

Murcia, 
Spain [470] 

Passenger car 1.0 0.6 13,728 12,535 

Van 1.3 0.9 19,388 17,704 a 

Truck 4.6 3.7 31,870 b 37,077 

Tractor-trailer 6.9 5.5 96,211 151,513 

Bus 8.6 6.9 55,883 147,398 

 Hamburg, Germany Murcia, Spain 

Annual hydrogen 
consumption Hroad 

Near Future Mid Century Near Future Mid Century 

Hydrogen 
[kg H2 /year] 

479,909 316,129 545,192 381,732 

Hydrogen Energy c 
[MWhHHV/year] 

18,913 12,459 21,486 15,044 

a No data is present for vans in [470]; therefore, the same relation between the average 
annual distance driven of cars and vans as in Germany is used. b Including commercial vehicles 
3.5–6.0 tons. c Based on a higher heating value (HHV) of 39.41 kWh/kg H2. 

 

A.2.3 Electricity and Hydrogen Hourly Balance 
The red rectangle, in Figure 6-3, includes both the electricity and the hourly balance. 
First, the electricity consumption of the services and residential buildings (EB), the 
HFS compressor and chiller (EHFS), SHS compressor (ESHS) is subtracted from the solar 
electricity production (ES). Any surplus solar electricity (Esurp) is converted via 
electrolysis and water (H2OS) into “solar” hydrogen (HS). If there is a shortage of 
electricity, this is compensated for by electricity from the FCEV2Gs (EV2G) by 
converting hydrogen (HV2G). The amount of hydrogen consumed for V2G (HV2G) is 
added the next day to the hydrogen fueling profile for road transportation (Hroad) 



 

   205 
 

 

and follows the same hourly pattern. HV2G and Hroad combined make up the total 
hydrogen dispensed at the HFS (HHFS). 
 

A.2.4 Hydrogen Tube Trailer and Tractor Fleet 
The grey rectangle, in Figure 6-3, shows the hydrogen tube trailer transportation. 
Once a tube trailer (TT1) is filled with “solar” hydrogen (HS), tube trailer tractors 
(TT2) transport the tube trailers to the HFS and unload them if the high-pressure 
storage tank (HFS2) is not full. If HFS2 is full, the tube trailer is emptied at the 
seasonal hydrogen storage (SHS1). If there is insufficient HS, and HFS2 is not full, 
tube trailers are filled at the SHS with the compressor (SHS2) and transported to the 
HFS. 
Transportation of the tube trailers is modeled as one hour of unavailability; tube 
trailer tractor averages driving speed of 50 km/h with a single trip distance of 50 km. 
With a 2-h loading and unloading time [533] and 8 working hours per shift, one 
tractor can make two roundtrips per shift. The number of tube trailers at the three 
locations (solar hydrogen production, HFS, and SHS), together with the maximum 
number of tube trailers transported at the same time, defines the total number of 
tube trailers needed. 
 

A.2.5 Wind Hydrogen Production and Seasonal Hydrogen Storage 

Balance 
Wind hydrogen production and the seasonal hydrogen storage balance is shown in 
the green rectangle in Figure 3. As the amount of solar electricity consumption 
variation is limited due to the limited amount of suitable roof area, the amount of 
installed wind capacity, together with energy storage, closes both the hourly and 
the annual energy balance. The large-scale wind turbine park shared with other 
smart urban areas produces electricity (EW) and is directly connected to a water 
electrolysis and compression system (W2–W6) and has no connection with any 
other electricity grid. The wind energy production is sized such that the net amount 
of consumed hydrogen from the seasonal hydrogen storage in underground salt 
caverns is zero on a yearly basis. There is no curtailment of wind electricity (EW), and 
all electricity produced is used for the production and compression of “wind” 
hydrogen (HW) from water (H2OW). 
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The wind turbine park performance is based on the 4.2 MW land-based Enercon E-
141 EP4 [391] for the Near Future scenario, and, for the Mid Century, it includes 
future power curve improvements based on [392]. In both scenarios, the hub height 
is 159 m, and the rotor diameter 141 m. The wind electricity production (EW) is 
calculated using the hourly wind speed values from both Almeria (see Table A1, 
footnote 1) and Hamburg [179–182]. The wind speeds are assumed to be equal in 
both scenarios and are scaled [930] to the aforementioned hub height with a 
roughness factor z0 of 0.13 m [931]. 
 

 Calculating Cost of Energy 

A.3.1 Smart City Area Total System Cost of Energy 
The TSCoESCA in euros per year, Equation (A.1), is the sum of the total annual capital 
and operation and maintenance costs TCi (€/year) of the total number of 
components (n) in the smart city area: 

( )
n

SCA i

1

TSCoE € year = TC   (A.1) 

The TCi of an individual component is calculated in Equation (A.2) using the annual 
capital cost CCi (€/year) and operation and maintenance cost OMCi (€/year): 

( )i i iTC € year =CC +OMC   (A.2) 

The CCi (€/year) of a component is calculated in Equation (A.3) using the annuity 
factor AFi (%), installed component capacity Qi (component-specific capacity), and 
investment cost ICi (€ per component-specific capacity): 

( )i i i iCC € year =AF×Q ×IC   (A.3) 

Where the annuity factor AFi [460,461], Equation (A.4), is based on the weighted 
average cost of capital WACC (%) and the economic lifetime of a component LTi 
(years): 

( )

( )

i

i

LT

i LT

WACC× 1+WACC
AF =

1+WACC -1 
 

   (A.4) 

The annual operation and maintenance costs OMCi (€/year), Equation (A.5),are 
expressed as an annual percentage OMi (%) of the Qi and ICi: 

( )i i i iMC € year =OM ×Q ×ICO    (A.5) 
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A.3.2 System Levelized Cost of Energy 
The system levelized cost of energy, for either electricity SLCoEe (€/kWh) or 
hydrogen SLCoEH (€/kg H2), is calculated by allocating a share of the TSCoESCA related 
to either electricity TSCoESCA,e or hydrogen consumption TSCoESCA,H. These shares 
are then divided by either the annual electricity consumption ECe (kWh/year) or the 
annual hydrogen consumption ECH (kg H2/year), resulting in, respectively, the 
SLCoEe, Equation (A.6), or the SLCoEH, Equation (A.7): 

( ) SCA,e

e

e

TSCoE
SLCoE € kWh =

EC
   (A.6) 

( ) SCA,H

H 2

H

TSCoE
SLCoE € kgH =

EC
   (A.7) 

 

A.3.3 Cost of Energy for Households (Without Taxes and Levies) 
Cost of energy for a single household CoEhh (€/hh/year), Equation (A.8), here 
calculated without taxes and levies, consists of the cost of energy for the building 
energy CoEhh,B (€/hh/year) and the transportation energy CoEhh,T (€/hh/year). 

( )hh hh,T hh,BCoE € year =CoE +CoE   (A.8) 

The cost of energy for transportation energy CoEhh,T (€/hh/year), Equation (A.9), is 
calculated by multiplying the SLCoEH by the average annual distance driven by 
passenger cars dpassenger car (km/year/vehicle), the number of passenger cars per 
household nhh,passenger cars (#/hh), divided by the SECT,passenger cars (kg H2/100 km). 

( )
passenger car

hh,T H hh,passenger cars

T,passenger car

d
CoE € year =SLCoE × ×n

SEC
  (A.9) 

The cost of energy for building energy CoEhh,B (€/hh/year) is calculated in Equation 
(A.10) by multiplying the SLCoEe by the residential building SECB,residential 
(kWh/m2/year) and the German and Spanish average household floor area Shh from 
Section 6.3.2.2. 

( )hh,B e B,residential hhCoE € year =SLCoE ×SEC ×S    (A.10) 
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 Energy Balance Figures 

 
Figure A 1 Load duration curves for the simulation, based on 2016 weather data for Hamburg 
(top) and Murcia (bottom) for the Near Future (left) and Mid Century scenarios (right). Direct 
solar use (purple), FCEV2G electricity (red), combined FCEV2G and direct solar use (blue), and 
the solar electrolyzer power consumption (green). 
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Figure A 2 Hourly electricity balances for an entire year based on 2016 weather data. From 
top to bottom, Hamburg in the Near Future and Mid Century and Murcia in the Near Future 
and Mid Century. 
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Figure A 3 Seasonal hydrogen storage content over the year (black line), from top to bottom 
Hamburg Near Future and Mid Century and Murcia Near Future and Mid Century. The annual 
maximum and minimum are indicated by an upward (orange) and downward (green) facing 
triangle. For every month, the bars on the left side (in) represent the monthly inflow of 
hydrogen from either solar (yellow) or wind (blue), and the bar on the right (out) shows the 
monthly outflow to the hydrogen fueling station. 
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 Background Figures Cost of Energy for a Household 
Results from previous sections serve as input for the cost of energy for a single 
household CoEhh (€/hh/year) in Table 6-5 in Section 6.5.4 the SECT and average 
annual distance driven d from Table A6, the specific energy consumption in buildings 
(SECB) from Table A4, the number of passenger cars and households from Table 6-2, 
the average household floor area (Shh) from Section 6.3.2.2, and the SLCoEe and 
SLCoEH from Table 6-4. 
For the Present scenario, additional parameters are used as given in the previous 
sections. An average gasoline fuel consumption of a passenger car in the European 
Union is approximately 5.6 L/100 km [932]. Gasoline prices without taxes and levies 
in Germany and Spain in 2017 were 0.500 €/L and 0.544 €/L [933]. For this 
comparison, it is assumed that natural gas is used for space heating, water heating, 
cooking, and electricity for space cooling, lighting, and appliances. Average 
electricity prices without taxes and levies for households in Germany and Spain in 
2017 were 164 €/MWh (1000–2500 kWh annual consumption) and 150 €/MWh 
(5000–15,000 kWh annual consumption), and natural gas prices without taxes and 
levies were 45 €/MWh (20–200 GJ annual consumption) and 80 €/MWh (<20 GJ 
annual consumption) [934,935].  
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B Fuel cell electric vehicles and hydrogen balancing 
100 percent renewable and integrated national 
transportation and energy systems 

 Hourly electricity generation and consumption figures 

 
Figure B1 Hourly electricity consumption (orange) versus the renewable electricity 
generation (blue) for Denmark. 

 
Figure B2 Hourly electricity consumption (orange) versus the renewable electricity 
generation (blue) for Germany. 
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Figure B3 Hourly electricity consumption (orange) versus the renewable electricity 
generation (blue) for Great Britain. 

 
Figure B4 Hourly electricity consumption (orange) versus the renewable electricity 
generation (blue) for France.  
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Figure B5 Hourly electricity consumption (orange) versus the renewable electricity 
generation (blue) for Spain. 
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 Annual energy balance figures 
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 Hourly distribution of Fuel Cell Electric Vehicle to Grid 

electricity production figures 

 
Figure B9 Boxplot showing the hourly distribution of FCEV2G electricity production in Germany 
(million vehicles left y-axis, % of all FCEV passenger cars right y-axis) throughout the day 
(based on 2014-2017 input data). The black crosses represent the mean values, the medians 
are indicated by the red horizontal lines in the blue bars. The blue bars represent the range of 
50% of the data points. The whiskers represent approximately 49% of the data points. The red 
pluses indicate the outliers, outside the above-mentioned ranges, and represent less than 1%. 

 
Figure B10 Boxplot showing the hourly distribution of FCEV2G electricity production in France 
(million vehicles left y-axis, % of all FCEV passenger cars right y-axis) throughout the day 
(based on 2014-2017 input data). The black crosses represent the mean values, the medians 
are indicated by the red horizontal lines in the blue bars. The blue bars represent the range of 
50% of the data points. The whiskers represent approximately 49% of the data points. The red 
pluses indicate the outliers, outside the above-mentioned ranges, and represent less than 1%. 
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Figure B11 Boxplot showing the hourly distribution of FCEV2G electricity production in Great 
Britain (million vehicles left y-axis, % of all FCEV passenger cars right y-axis) throughout the 
day (based on 2015-2017 input data). The black crosses represent the mean values, the 
medians are indicated by the red horizontal lines in the blue bars. The blue bars represent the 
range of 50% of the data points. The whiskers represent approximately 49% of the data points. 
The red pluses indicate the outliers, outside the above-mentioned ranges, and represent less 
than 1%.  
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Nomenclature 
AC  Alternating Current 
aFRR  automatic Frequency Restoration Reserves 
BEV  Battery Electric Vehicle 
BHDC  Bi-directional High-voltage DC-DC Converter 
CAN  Controller Area Network 
CSD  Cold Shut Down 
ΔmH2  Hydrogen Consumption / kg 
ΔmH2 Δt-1 Hydrogen Consumption Rate / kg h-1  
ΔP Δt-1

  Upward or Downward Electric Power Gradient / kW s-1 or % s-1
 

ΔSOC  Difference State of Charge High Voltage Battery / % 
DD  Day 
DC  Direct Current 
η  Efficiency / % 
ηDCAC  Direct Current to Alternating Current Efficiency / % 
ηT2G-AC  Higher Heating Value Tank-to-Grid Alternating Current Efficiency 
/ % 
ηT2G-DC  Higher Heating Value Tank-to-Grid Direct Current Efficiency / % 
EAC  Alternating Current Electrical Energy / kWh 
EDC  Direct Current Electrical Energy / kWh 
EHV Bat, max High Voltage Battery Maximum Electrical Energy / 0.95 kWh 
EV  Electric Vehicle 
EU  European Union 
EUR  Euro 
FC  Fuel Cell 
FCEV  Fuel Cell Electric Vehicle 
FCEV2G  Fuel Cell Electric Vehicle to Grid 
FCR  Frequency Containment Reserves  
h  hours 
H2  Hydrogen 
HHV  Higher Heating Value of Hydrogen / 39.41 kWh kg-1 
HV  High Voltage 
HVJB  High Voltage Junction Box 
Icomponent,gross Gross Current of Component (Fuel Cell or High Voltage Battery) / 
A 
LED  Light Emitting Diode 
LHV  Lower Heating Value of Hydrogen / 33.3 kWh kg-1 
MM  Month 
NEDC  New European Driving Cycle 
OCV  Open Circuit Voltage 
p  Pressure / Pa 
Pcomponent,e,gross Gross Electric Power of Component (Fuel Cell or High Voltage 
Battery) / kW 
PV2G DC max Maximum Vehicle to Grid Direct Current Electric Power / 10 kW 
PEM  Proton Exchange Membrane 



 

224    
 
 

PEMFC  Proton Exchange Membrane Fuel Cell 
PHEV  Plug-in Hybrid Electric Vehicle 
ρ  Density / kg m-3 
RDW  Dutch National Vehicle and Driving License Registration Authority 
RGB  Red-Blue-Green 
SAE  Society of Automotive Engineers 
SOC  State Of Charge High Voltage Battery / % 
tend  Test End Time / h 
tGC/D  Grid Connect/Disconnect Time / h 
tgrid  Grid connection time / h 
tstart  Test Start Time / h 
ttest  Test Start Time / h 
T  Temperature / °C 
T2G  Tank-to-Grid 
T2G-AC  Tank-to-Grid Alternating Current 
T2G-DC  Tank-to-Grid Direct Current 
Ucomponent Voltage of Component (Fuel Cell or High Voltage Battery) / V 
USD  United States Dollar 
V2G  Vehicle-to-Grid 
V2G-DCAC Vehicle-to-Grid Direct Current to Alternating Current 
V2L  Vehicle-to-Load 
V2H  Vehicle-to-Home 
Vtanks  Volume Capacity Hydrogen Tanks / 0.144 m3 

YY  Year  
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