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a b s t r a c t

The building and transportation sectors in the EU are progressing towards the zero-energy/emission
levels according to the EU 2050 roadmap while the H2 vehicles have recently started to be commercial-
ized. Based on these backgrounds, this paper focuses on the investigation of a hybrid zero-energy system
which consists of a zero-energy building and a H2 vehicle integrated H2 system. The focused aspects in
this paper are the impact of the ground source heat pump (GSHP), the Finnish and German climate con-
ditions, and the on-site PV and wind turbine capacities and their mix on system performance. The para-
metric analyses based on these aspects are conducted in the TRNSYS simulation environment. The results
show that the use of a GSHP helps realize the net zero-energy balance with less local generation, while
improving the overall matching capability with marginal influence on the utilization of the cogenerated
heat. Moreover, the Finnish condition has a clear preference on the wind based net zero-energy system,
whereas the German condition has a preference on the solar based system. Correspondingly, the optimal
mix of PV and wind turbine for the net zero-energy cases occurs when the PV generation percentage
reaches 20% and 60% under Finnish and German conditions, respectively.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction and background

In the EU, the building and transportation sectors combined
account for around 60% of the final energy consumption [1]. There-
fore, the efficiency enhancement and energy reduction of these
two sectors can play a significant role in meeting the EU 2050 road-
map, which defines that the EU should cut the overall emissions to
80% by 2050 below the 1990 levels [2]. Correspondingly, the EU
2050 roadmap proposes that the building and transportations sec-
tors should cut the equivalent emissions to 90% and 60% below the
1990 levels, respectively [2]. In order to meet these strict targets,
the EU parliament has introduced several directives regarding
these two sectors: the EU Directive 2010/31/EU regulates that all
new buildings built from the beginning of 2021 should be nearly
zero-energy buildings [3], while the EU Directive 2009/33/EC [4]
regulates that the purchase of the vehicles should take the energy

and environmental impacts into account in order to promote the
market for clean and energy-efficient vehicles. The ambitious road-
map and the directives also significantly stimulate research activ-
ities in the academic world for these two sectors, especially
regarding the solutions and the paths towards their continuously
reduced energy and emissions [5–9]. Representatively, the so-
called ‘‘zero-energy/emission building” (ZEB) [10–13] and ‘‘zero-
energy/emission vehicle” (ZEV) [14–17] have been intensively
studied in the recent decade, foreseeing the trend that these two
sectors are progressing towards the zero-energy/emission level.

Furthermore, a new recent trend in the transportation sector is
the commercialization of the H2 vehicle (HV), such as the ‘‘Toyota
FCHV-adv” [18], ‘‘Toyota Mirai” [19], ‘‘Hyundai Tucson Fuel Cell”
[20], and ‘‘Honda FCX Clarity” [21]. Their commercialization is
mainly based on the mature technology of the 4th generation H2

storage tank and the fuel cell: the former one is made of the
nano-carbon fibre with a thermoplastic liner which can withstand
a maximum of 700 bar [22,23], thus significantly enhancing the
portability of the H2 storages, while the latter one is normally a
proton exchange membrane fuel cell (PEMFC) for the vehicle which
enables a silent and stable oxidation process of the hydrogen fuel
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[24]. These H2 vehicles expand the horizons for the ZEVs from the
conventional bio-fuel based or battery-based vehicle to a brand-
new H2 based ZEV concept. Similar as the battery-based ZEV
[16], the H2-based ZEV should guarantee that the H2 fuel needs
to be generated by the renewable source, such as the photovoltaic
driven electrolysis process [25], rather than the fossil source, in
order to be classified as the ‘‘zero-energy/emission”. Furthermore,
the H2 refueling station should be conveniently accessed to.

Very often, the ZEB(s) and the ZEV(s) are studied separately,
whereas limited studies [26–30] have focused on the integration
and interaction between the ZEB(s) and the ZEV(s). Among these
limited studies, most commonly analysed cases are the integration
of the ZEB(s) with the electric vehicle(s), via the so-called ‘‘Vehicle
to Building (V2B)” or ‘‘Building to Vehicle (B2V)” interactions. On
one hand, part of the research focused on how the integration of
the electric vehicle (EV) alters the load and matching patterns of
the ZEB(s). For example, Munkhammar et al. conducted two stud-
ies investigating the integration of the EV into the PV supported
zero-energy building in Sweden [26] and UK [27], respectively.
They showed that by considering the EV load in the zero-energy
balance calculation of the ZEB, the self-consumption ratio of the
PV and the renewable energy fraction of the local load are respec-
tively enhanced and attenuated due to the escalation effect of the
total load during the night-time when the EV is charged and the PV
generation is insufficient. On the other hand, some other research
treated the electric vehicle(s) as the distributed storage(s) or the
additional demand response resource(s) for the smart building
energy management system. For example, Erdinc [28] and Aziz
et al. [29] integrated the EV(s) into the PV supported building
energy management system for one residential [28] and one com-
mercial building [29], respectively, and both of the studies proved
the demand response potentials of the EV(s) for shifting or regulat-
ing the load and peak power profiles of the building system. More-
over, the advantages of integrating the EV(s) have also been
noticed by Wang et al.’s research [30] for enhancing the flexibility
of the building energy and comfort management and improving
the reliability of the on-site renewable power supply.

Despite of the aforementioned work on the integration of the
ZEB(s) and the EV(s), almost no research has focused on the inte-
gration between the ZEB(s) and the H2 vehicle(s), except two for-

mer studies presented by the first author of this paper in [31,32].
Cao and Alanne [31] investigated the technical feasibility to inte-
grate one H2 vehicle with one 150 m2 zero-energy single family
house in Helsinki. The principle is to send the surplus PV or wind
turbine generation to the H2 system for charging the H2 storages,
while the vehicle fuel cell has an option to discharge the H2 stor-
ages for covering the domestic electrical energy shortage. Mean-
while, the cogenerated heat from the H2 system can be used for
domestic heating. With this principle, all the generated H2 fuel is
originated from the renewable source, and the H2 refueling station
is home-based and thus can be conveniently accessed to. The
results show that by a 14 kW wind turbine, the nearly ZEB can
be met with annual full availability of the HV, whereas by a
178 m2 PV (19.2 kW NOCT power), although the ZEB can be met,
there are 48 days’ annual unavailability for the HV due to the insuf-
ficient solar resource during the winter season in Helsinki. In a fol-
lowing study, Cao [32] refined the control strategy used in [31],
and allowed the use of grid electricity as a backup for the H2 sys-
tem in case the surplus on-site renewable generation is insuffi-
cient. This refined control is particularly beneficial for the PV
supported system in Helsinki where the solar resource is insuffi-
cient in winter. Cao [32] also compared the system performances
when the ZEB respectively integrates an HV and an EV. The results
in [32] show that the building with the HV will be more demand-
ing in meeting the net zero-energy balance which requires a 4 kW
higher wind turbine or a 35.6 m2 (3.85 kW NOCT power) larger PV,
resulting from the less efficient HV integrated system (at the mag-
nitude of 45–65%) than that of the EV integrated system (at the
magnitude of 88–90%).

Despite of the novelty for investigating the integration of the
ZEB with the HV in the first author’s former studies in [31,32],
there are still several limitations. First, the building heating system
was based on the direct electric heaters and the cogenerated heat
from the H2 system. Although around 20% of the heating demand
could be covered by the cogenerated heat from the H2 system with
the 14 kW turbine or the 178 m2 PV (19.2 kW NOCT power), the
remaining 80% of the heating demand should be still entirely cov-
ered by the direct electric heaters, which is a very inefficient solu-
tion. Therefore, in this study, the authors are keen to further
expand the hybrid system with a ground source heat pump (GSHP)

Nomenclature

AHU air handling unit
AMI averaged matching index
DHW domestic hot water
Eexp,a annual exported energy to the electrical grid (kWh/

m2�a)
Edirect,a annual net direct energy consumption (kWh/m2�a)
Eimp,a annual imported energy from the electrical grid (kWh/

m2�a)
EV electric vehicle
FSOC fractional state of charge
FSOClim a specific FSOC level of the H2 storage for the control of

the fuel cell
GSHP ground source heat pump
HV hydrogen vehicle
Lelec the total electric load power (kW)
NOCT nominal operating cell temperature condition
OEFe on-site electrical energy fraction
OEMe on-site electrical energy matching
O&M operation and maintenance
PEMFC proton exchange membrane fuel cell

Pexp exported power to the electrical grid (kW)
PFC,home the generated fuel cell power for the domestic usage

(kW)
PFC,road the generated fuel cell power for the transportation

usage (kW)
Pgen the on-site electricity generation power from wind tur-

bine and/or PV after the regulator/inverter (kW)
PHVsys the electric power sent to drive the HV integrated H2

system (kW)
Pimp imported power from the electrical grid (kW)
Quti,HVsys the utilized cogenerated heat from the H2 system (kW)
REe renewable electrical energy
rREVst the on-site renewable energy ratio for charging the H2

storages
STC standard testing condition
ZEB zero-energy/emission building
ZEV zero-energy/emission vehicle
ge the energy efficiency of the HV integrated H2 system
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