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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A H2-based interactive energy sharing 
network with microgrid and hydrogen 
vehicles. 

• A cabin thermal model for cabin tem-
perature and energy consumption of 
vehicle HVAC. 

• A fuel cell degradation model for dy-
namic estimation for multiple 
applications. 

• Trade-off strategy to compensate fuel 
cell degradation cost with import cost 
saving. 

• Hydrogen energy for the carbon- 
neutrality transition in a residential 
community.  
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A B S T R A C T   

Hydrogen-based (H2-based) interactive energy networks for buildings and transportations provide novel solu-
tions for carbon-neutrality transition, regional energy flexibility and independence on fossil fuel consumption, 
where vehicle fuel cells are key components for H2-electricity conversion and clean power supply. However, due 
to the complexity in thermodynamic working environments and frequent on/off operations, the proton exchange 
membrane fuel cells (PEMFCs) suffer from performance degradation, depending on cabin heat balance and 
power requirements, and the ignorance of the degradation may lead to the performance overestimation. In order 
to quantify fuel cell degradation in both daily cruise and vehicle-to-grid (V2G) interactions, this study firstly 
proposes a two-space cabin thermal model to quantify the ambient temperature of vehicle PEMFCs and the power 
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supply from PEMFCs to vehicle HVAC systems. Afterwards, a stack voltage model is proposed to quantify the fuel 
cell degradation for multiple purposes, such as daily transportation and V2G interactions. Afterwards, the two 
models are coupled in a community-level based building-vehicle energy network, consisting of twenty single 
residential buildings, rooftop PV systems, four hydrogen vehicles (HVs), a H2 station, community-served micro 
power grid, local main power grid, and local H2 pipelines, located in California, U.S.A. Comparative analysis with 
and without fuel cell degradation is conducted to study the impact of dynamic fuel cell degradation on the energy 
flexibility and operating cost. Furthermore, a parametrical analysis is conducted on the integrated HV quantity 
and the grid feed-in tariff to reach trade-off strategies between associated fuel cell degradation costs and grid 
import cost savings. The results indicate that, in the proposed hydrogen-based building-vehicle energy network, 
the total fuel cell degradation is 3.16% per vehicle within one year, where 2.50% and 0.66% are caused by daily 
transportation and V2G interactions, respectively. Furthermore, in the H2-based residential community, the total 
fuel cell degradation cost is US$6945.2, accounting for 33.4% of the total operating cost at $20770.61. The 
sensitivity analysis results showed that, when the HV quantity increases to twenty, the fuel cell degradation of 
each HV decreases to 2.50%, whereas the total fuel cell degradation cost increases to 42.8% of the total operating 
cost. Last but not the least, the cost saving by V2G interactions can compensate the fuel cell degradation cost 
when the grid feed-in tariff is reduced by 40%. Research results can provide basic modelling tools on dynamic 
fuel cell degradation, in respect to vehicle power supply, vehicle HVAC and V2G interactions, together with 
techno-economic feasibility analysis, paving path for the development of hydrogen energy for the carbon- 
neutrality transition.   

1. Introduction 

1.1. Background 

Buildings and vehicles account for the largest share of total energy 
consumption for meeting people’s living needs (such as energy use for 
space cooling in summer [1,2] and space heating in winter [3]) and 
supporting daily travelling activities [4,5]. In the U.S.A., buildings and 
vehicles consume 28% and 37% of the total end-use energy, respectively 
[6]. In Europe, buildings and vehicles consume 60% of the total energy 
consumptions [7]. The considerable amount of energy consumption in 
buildings and vehicles causes a heavy burden on current energy in-
frastructures (e.g., power grid and vehicle refilling stations) with power 
damage and power failure, together with energy shortage crisis and 
global warming due to the over-used fossil fuels. 

Due to the high energy density and clean by-product of water, 
hydrogen energy systems are promising and the deployment of 
hydrogen-based (H2-based) building-vehicle energy networks is critical 
to enhance regional energy flexibility and reduce the reliance on fossil 
fuels. Specifically, H2-based building-vehicle energy networks can be 
deployed in office buildings [8], single residential houses [9], and even 
communities with different building types [10,11]. In recent years, due 
to the environmental friendliness and sustainability, H2 energy tech-
nologies, infrastructures, and market are under fast development [12]. 
Fuel-cell-driven hydrogen vehicles (FCHVs, in short, HVs), as one of the 
typical commercial H2 energy products, have been well-designed and 
promoted by many famous commercial companies like Toyota [13] and 
Honda [14]. Unlike traditional fossil fuels which produce multiple 
pollutants, H2 energy has little pollution since the byproduct is water. H2 
energy also has high sustainability since it can be produced through the 
electrolysis process with electricity from renewable energy systems, 
such as solar photovoltaic (PV) systems and wind turbines [15,16]. The 
integration of the HVs with regional communities, forming interactive 
building-vehicle energy networks with distributed renewable systems, 
can not only cover building energy demands, but also produce H2 for 
energy storage. The stored onsite-renewable-generated H2 can be used 
to charge HVs for daily transportation or be reversely converted into 
electricity by proton exchange membrane fuel cells (PEMFCs) of HVs for 
powering buildings. Compared to building-vehicle-isolated networks 
which strongly rely on the local power grid, building-vehicle-integrated 
energy networks with H2 production and storage reduces both the in-
dependence of buildings on local power grid and the fossil fuel con-
sumption by vehicles, which enhances regional grid stability, energy 
flexibility, and carbon neutralization [17,18]. Moreover, compared to 
normal oil-fueled vehicles, in regional building-vehicle energy 

networks, HVs not only act as an energy consumer, but also an energy 
storer (H2 stored in vehicle tanks) and backup power unit (PEMFCs as 
power suppliers for buildings or electric grid) for regional energy sys-
tems. The positive effects of H2 energy infrastructures and HVs on 
regional energy systems will motivate and attract more stakeholders 
(building owners, vehicle owners, electric power companies, H2 gas 
companies, governments, and more) to promote the development and 
application of clean and sustainable energy. 

Recently, exploiting and quantifying the benefits of H2-energy-based 
building-vehicle energy networks are gaining popularity in the 
academia. Mehrjerdi et al. [19] designed a building-vehicle energy 
network integrating a single house, PV panels, wind turbines, an elec-
trolyzer, and HVs. They pointed out that, if the traditional oil-fueled 
vehicles can be replaced by HVs, and the distributed renewable sys-
tems can support onsite H2 production, more than 10% of the total en-
ergy use of the building-vehicle network can be reduced. Cao and Alanne 
[20] established a building-vehicle network consisting of a residential 
house, PV panels, wind turbines, an electrolyzer, and a HV. They found 
that deploying 8-kW wind turbines or 12-kW PV panels can actualize the 
net-zero energy use for the whole energy network. Similarly, Farahani 
et al. [8] proposed a H2-supported building-vehicle energy network, 
which integrates an office building, battery-driven electrical vehicles 
(EVs), and HVs, with wind turbines and PV panels. They claimed that the 
energy network can be 100% supported by renewable energy through 
the onsite renewable energy production and energy storage by vehicles. 
In order to actualize regional energy flexibility and grid stability, Sahu 
et al. [21] studied the possibility of integrating 1000 residential houses 
and 500 HVs with vehicle-to-grid (V2G) interaction. The results showed 
that 80% of the building energy demand can be covered by renewable 
systems rather than by the local grid. The HVs play significant roles in 
relieving the pressure of regional power grids. Maroufmashat et al. [22] 
established a mathematical model for optimal planning and operation of 
H2-based micro-grids for communities. They found that the distributed 
H2 generation is more economic and environmental-friendly than the H2 
delivery. Mukherjee et al. [23] proposed a renewable H2-based powered 
micro-grid design for a community integrated with PV systems, wind 
turbines, electrolyzers, H2 tanks, and HVS, in Canada. With the H2- 
storage, the micro-grid can provide backup electricity and support the 
community for two days after being disconnected from the local power 
grid. Felgenhauer et al. [24] investigated a building-vehicle energy 
network consisting of 8000 houses, HVs, and distributed renewable 
systems located in California, U.S.A. They found that 80% of the H2 for 
transportation was produced by renewable electricity, which contrib-
uted to reducing more than 40% of the regional carbon emission as 
compared to the case with oil-fueled vehicles. Oldenbroek et al. [25] 
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investigated a city-scale building-vehicle energy network which in-
tegrates residential houses, H2 stations, and HVs. The network is sup-
ported by distributed PV systems and wind turbines in the city. Due to 
the high penetration of renewable energy into the building and trans-
portation sectors, the whole energy network realizes low energy costs 
for buildings (0.09 €/kWh) and HVs (0.02 €/km). After reviewing more 
than 100 existing studies, Lin et al. [26] pointed out that H2-based smart 
grid is gaining popularity and the society is moving towards a H2-sup-
ported future. But the H2-based grid is still faced with many technical 
problems, including long-term H2 storage and energy management 
strategies. 

The enormous potential benefits of H2-supported building-vehicle 
energy networks in enhancing regional energy flexibility and reducing 
environmental pollution, have attracted the attention of researchers, 
entrepreneurs, and government officers, promoting the development of 
H2 infrastructures and commercial products. For example, in 2020, the 
U.S.A. proposed an ambitious plan, i.e., Road Map to a Hydrogen Econ-
omy, to stimulate its national-wide H2 energy development and appli-
cation [27]. One of this plan’s medium-term goals it to enhance clean H2 
energy application in the transportation sector, aiming to sell at least 
one million commercial HVs and build at least 5000 H2 stations in the U. 
S.A. by 2030. One of this plan’s long-term goals is to actualize clean H2 
energy supporting 14% of the national end-use energy of the U.S.A. by 
2050, providing 4, 8, and 27 million tons of H2 for supporting power grid 
regulation, buildings, and vehicles, respectively. This plan will finally 
formulate a comprehensive H2 energy network, systematically con-
necting industries, buildings, and vehicles. The H2 energy network will 
become the second most important network following the current grid 
network. 

Within local H2-supported building-vehicle energy networks, vehicle 
PEMFC is the key component which actualizes the H2-electricity con-
version for supporting transportation and covering building energy 
shortage. PEMFCs are widely used due to the high power density, 
moderate operating temperature (60–80 ◦C), and strong resistance to 
corrosion compared to other types of fuel cells [28]. Nonetheless, a 
common issue of vehicle PEMFCs is the performance degradation 
(namely, the fuel cell degradation). To be specific, in practice, after a 
long-time use, the components of PEMFCs, such as the membrane, 
electrodes, sealing gasket, and more, will have different degrees of 
degradation due to mechanical, thermal, chemical, electrochemical, and 
structural failures [29]. As a result, the energy efficiency of PEMFCs will 
decrease over time. When the fuel cell degradation increases to a certain 
level, vehicles’ PEMFCs need to be replaced [30], which causes the 
additional operating cost of the vehicles (namely, the fuel cell degra-
dation cost). Previous studies have proposed some theoretical or semi- 
empirical methods to quantify the vehicle fuel cell degradation. For 
example, electrochemical impedance spectrometry (EIS) is widely used 
in fuel cell performance diagnosis due to its simply non-invasive 
approach [31]. Specifically, EIS imposes special-designed electrical 
disturbance on the diagnosed fuel cell to test its response and pertur-
bation. Different levels of fuel cell degradation as well as their operation 
conditions will produce different spectrum shapes, which reflect the fuel 
cell performance changes [32]. In practice, EIS adopts scaling-up tech-
nique which simulates the impedance of a full stack but only needs to 
test a single cell or part of a full stack [33]: the actual experimental data 
of a single cell or part of a full stack is extended by adopting physical 
reasoning and phenomenological modelling. Thus, EIS can significantly 
simplify the test process of fuel cells and lower the testing cost. Mean-
while, the fuel cell degradation can be also estimated through some 
data-driven models such as echo-state networks [34] and adaptive 
neuro-fuzzy inference systems [35]. The data-driven models are robust 
for predicting fuel cell degradation since they are built with the data 
from practical fuel cell operations. It should be noted that the EIS esti-
mation and the data-driven models are hard to be widely applied in 
dynamic calculation or simulation of fuel cell degradation, since abun-
dant onsite-measured data is required with cost-worthy, time- 

consuming, and labor-intensive characteristics. 
Stack voltage degradation model [30] provides an easy-to- 

implement method for predicting fuel cell degradation, which corre-
lates fuel cell degradation to the output power of fuel cells. In practice, 
the most significant performance change of fuel cells is the stack voltage 
drop [36], and it mainly brings two main effects: (1) the decreased 
maximum output power for driving vehicle motors and supporting other 
energy consumers like buildings under vehicle-to-building interaction 
[30], and (2) the decreased energy efficiency, which means the 
decreased output power with the same H2 consumption rate of fuel cells 
[37]. Using the stack voltage degradation can directly quantify the fuel 
cell performance change. Besides, the stack voltage drop model calcu-
lates the fuel cell degradation (the stack voltage drop) by using output 
power parameters, i.e., the large load changing cycles, start-stop cycles, 
idling time, and maximum power time, which can be easily obtained 
through theoretical calculations or onsite measurement. Although the 
stack voltage degradation model is semi-empirical, it provides a prac-
tical way to quantify the fuel cell degradation with easy-to-measure 
parameters. Nonetheless, since the fuel cell degradation models in cur-
rent academia are only for evaluating the lifetime of PEMFCs serving 
daily transportation only, more investigations are needed to quantify the 
fuel cell degradation when being applied in dynamic energy interactions 
of interactive building-vehicle energy networks. 

1.2. Scientific gaps 

The literature review above indicates that integrating buildings, 
HVs, and H2 systems can enhance regional energy flexibility and grid 
stability, in respect to the intermittent renewable power supply, di-
versity and randomness of district energy demands. PEMFC is a key 
energy conversion component in building-vehicle energy networks, and 
the dynamic degradation has significant effects on the energy-efficiency 
and cost of the networks. Nonetheless, some critical issues still remain 
unclear:  

(1) vehicles’ fuel cell degradation is common in practice, and it leads 
to reductions in both the PEMFCs’ maximum output power and 
H2-electricity conversion efficiency [30], together with the in-
crease in energy operating cost. Considering that the economic 
costs of vehicles’ PEMFCs are still high (e.g., PEMFCs are $11000 
for each Toyota HV [38]), the fuel cell degradation cost should 
not be ignored, which will otherwise lead to the overestimation 
on techno-economic performance. Furthermore, some models, 
such as that in reference [30], have been proposed to evaluate 
PEMFCs’ degradation but only for transportation applications. 
The quantification on dynamic HVs’ fuel cell degradations in 
building-vehicle energy networks with V2G interactions, is still 
rare in the academia. 

(2) since vehicle PEMFCs are installed in cabin spaces, the cabin in-
door temperature affects PEMFCs’ heat balance which dominates 
PEMFCs’ heat released to the ambient cabin environment and 
PEMFCs’ thermal management system. The cabin indoor tem-
perature also affects vehicles’ electrical energy balance which 
dominates the additional energy from vehicle PEMFCs to support 
vehicle heating, ventilation, and air conditioning (HVAC) sys-
tems for maintaining comfortable cabin environments. Therefore, 
the cabin thermal environment of HVs affects the energy con-
sumption of vehicle PEMFCs as well as the fuel cell degradation. 
However, few relevant studies study the effects of cabin thermal 
environments on the thermodynamic and energy performances in 
building-vehicle energy networks.  

(3) with the ambitious goal of H2 infrastructure development of the 
U.S.A [27], HVs are expected to gain popularity in the near 
future, and a large amount of HVs will emerge in local commu-
nities. On the one hand, more HVs in a community can provide 
V2G services for covering building energy demand, which helps 
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enhance grid stability and reduce each HV’s V2G-caused fuel cell 
degradation. On the other hand, more HVs need more energy for 
daily transportation and thus lead to a higher total fuel cell 
degradation (including both transportation and V2G in-
teractions). The fuel cell degradation with the increased HV 
quantity will significantly affect the energy flexibility and energy 
operating cost of a local community, but this issue is usually 
ignored in the existing studies.  

(4) with the rapid increase of installed renewable capacity, the world 
is experiencing a decreasing price of distributed renewable 
electricity [39], and the declining economic earning will inevi-
tably become a tendency for exporting renewable electricity to 
the local power grid. Such a feature will lead to an increased 
operating cost of a community energy system without building- 
vehicle energy interactions, whereas promising economic po-
tentials are given to building-vehicle energy interactions for the 
enhancement in grid independence and renewable penetration. 
Contradiction between the increase of fuel cell degradation cost 
and the associated operating cost saving for the interactive 
building-vehicle energy system, has not been studied and 
addressed. In other words, if the fuel cell degradation is consid-
ered and the interactive building-vehicle network is still 
economically feasible, stakeholders will be highly motivated to 
deploy building-vehicle integration in practice. However, few 
studies give clear indications towards the impact of grid feed-in 
tariff on economic motivations of HVs’ owners in interactive 
energy sharing networks with the consideration on fuel cell 
degradation. 

This study aims to fill the abovementioned scientific gaps. To be 
more specific,  

1) a two-space cabin thermal model is developed to calculate (1) the 
cabin indoor temperatures for passengers and PEMFCs; (2) energy 
consumption of vehicle HVAC systems under the effects of PEMFCs’ 
heat release, outdoor climates, vehicle air changes, driving and 
parking schedules, and so on;  

2) a fuel cell degradation model is proposed to quantify the decreased 
performance of vehicle PEMFCs caused by daily transportation and 
V2G interactions, based on a fuel cell stack voltage model in trans-
portation [30]. The impact of V2G interactions on the fuel cell 
degradation is quantitatively and exclusively characterized;  

3) a community-level electricity-H2 hybrid energy network for the 
carbon-neutrality transition in California, U.S.A., is formulated, 
integrating low-rise single houses, rooftop PV systems, HVs, a H2 
station, local power grid, and local H2 pipelines. The developed fuel 
cell degradation model and the two-space cabin thermal model are 
integrated in the energy network for techno-economic feasibility 
analysis;  

4) in terms of the V2G interactions, trade-off strategies between the 
associated fuel cell degradation costs and the grid import cost savings 
are explored, through the parametrical analysis on HV quantity and 
grid feed-in electric tariff. 

The analysis will show the importance of fuel cell degradation to 
avoid the techno-economic performance overestimation of regional 
energy systems. The paper structure is organized as follows: the research 
methodology is shown in Section 2. Results and discussion are in Section 
3. Applications of research results and limitations are given in Section 4. 
Finally, the conclusion is presented in Section 5. 

2. Methodology 

2.1. Scenario, location, and climate 

This study establishes a scenario of a residential community (20 

single houses and 4 HVs with a nearby H2 station), located in San 
Francisco (37 ◦N, 122 ◦W), California, U.S.A. California is a pioneer of 
clean energy application in the U.S.A., and it has established an ambi-
tious target of increasing the renewable share ratio from current 30% to 
60% of the total regional energy consumption by 2030 [40]. One of 
California’s measures for actualizing the above target is to widely deploy 
H2 energy infrastructures and commercial products with cleaner energy 
rather than fossil fuels in the transportation sector. Currently, California 
has built 42 H2 stations for charging HVs [41], and plan to have at least 
one thousand H2 stations and one million HVs by 2030, which can 
roughly achieve a reduction of around 2.63 million m3 gasoline in the 
current transportation sector [42]. In the proposed community, the 
houses are connected to the local electric grid, and the H2 station is 
connected to the local H2 pipelines. The small quantity of HVs is for 
matching the current status that HVs and H2 infrastructure are still 
under development [27]. 

San Francisco is characterized with cool climate and sufficient solar 
radiation. As shown in Figure 1 (originally from our previous study 
[43]), the mean outdoor temperatures are 10–16 ◦C throughout the 
whole year, and the corresponding relative humidity is 70–80%. The 
local solar radiation is strong in summer (higher than 200 kWh/m2 

monthly from May to August), and it is relatively weak in winter (lower 
than 100 kWh/m2 monthly from November to February). Similarly, the 
local wind speed is high in summer (higher than 5 m/s from May to 
August), and relatively low in winter (below 4 m/s from November to 
February). 

2.2. Buildings, renewable systems, local grid, and hydrogen station. 

The detailed design and configuration of the buildings, renewable 
systems, local grid, and H2 station have been presented in our previous 
study [43], and this section gives a concise description to show the key 
information. 

2.2.1. Residential houses 
The investigated buildings are single two-floor residential houses. 

Each floor is 200 m2 with the internal heights at 3.0 m and 4.5 m for the 
ground and top floors, respectively. The houses adopt light-weight ma-
terials for walls, floors, ceilings, and roofs, and their thermal charac-
teristics comply with the requirements of ASHRAE Standard 90.2 [44]. 

Each house has four occupants with 1.2-met metabolic rate (126 W) 
per person. The largest internal heat gains from the artificial lighting and 
electrical equipment indoors are 2 and 15 W/m2, respectively. Due to 
the local cool climate, the houses only have electrical space heating from 
November to February, with the indoor set-point temperatures at 20 ◦C 
for the ground floor (mainly living rooms and kitchens) and at 18 ◦C for 
the top floor (mainly bedrooms). The air change of the investigated 
houses is actualized by natural ventilation. The air change rates (ACR) 
are 0.5 h− 1 when the outdoor environment is higher than 20 ◦C and 0.1 
h− 1 when it is below 20 ◦C. Moreover, in each house, the daily hot water 
consumption is 0.24 m3 [45], with the supplying water temperature at 
49 ◦C (120 ◦F) [46]. 

2.2.2. Rooftop photovoltaic systems 
Each house is installed with 40-m2 high-efficiency PV panels with the 

reference efficiency at 0.22 [47]. The corresponding temperature coef-
ficient is − 0.3%/◦C. The tilted angle of PV panels is 45◦, and the gap 
between the PV panels and the roof is 0.1 m. The detailed parameters of 
the rooftop photovoltaic systems will be shown in Section 2.7. 

2.2.3. Local grid 
Pacific Gas and Electric Company (i.e., PG&E) is one of major electric 

power providers in California. This study adopts its Time-of-Use Plan (E- 
Tou-D) [48] which uses different electric prices during different periods. 
To be specific, the peak period is 17:00–20:00 during weekdays, and the 
rest hours of the week belong to the off-peak period. Also, the electricity 
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price is somewhat different between cool and warm seasons (as listed in 
Table 1). Meanwhile, PG&E has established a solar energy project to 
reduce house electricity cost, which is for promoting renewable energy 
application in California [49]. To be specific, the grid-imported elec-
tricity cost of a house can be compensated by exporting PV-generated 
electricity to the grid. Before the annual grid-imported electricity cost 
is fully compensated, the compensation price of PV-generated electricity 
is the same as that listed in Table 1. However, if a house with PV panels 
exports more electricity than the imported electricity from the grid 
within a year, the surplus grid-exported electricity will not be paid by 
the electric grid company. But the house owner who exports more 
electricity than the imported electricity can receive an additional reward 
from the local government. The reward quantity is dependent on the 
amount of annual net surplus electricity exported to the grid with the 
price at $0.03 per kWh [50]. 

2.2.4. H2 station 
In the current situation, California’s H2 stations only supply H2 to 

HVs for regional transportation, without any energy interactions with 
local buildings and other energy infrastructures. This study establishes 
multidirectional interactions between the H2 station and its ambient 
buildings and vehicles to present the promising benefits of H2-supported 
building-vehicle energy networks. 

The investigated H2 station is designed to have a daily dispensation 
of 100 kg H2 for supporting local transportation. The H2 station is 
connected to the local H2 pipelines which supply H2 gas, and the H2 
price for charging HVs is $16.51 per kg [51]. The integration of the 
community and the H2 station is established by deploying a H2 system in 
the H2 station, which includes an electrolyzer with the maximum power 
of 150 kW for H2 production and a compressor for compressing the 
produced H2 to 700 bar. The surplus PV-generated electricity of the 
houses can be absorbed by the H2 system to produce H2 gas, which also 
helps release the grid burden through reducing the amount of grid- 

exported electricity. It should be noted that the H2 system does not 
absorb any grid-imported electricity. Thus, the onsite-produced H2 is 
100% renewable. After deploying the H2 system, the H2 station has two 
sources of H2: (1) the electrolyzer in the H2 station and (2) the local H2 
pipelines. For the electrolyzer, the idling power is 30 kW, which means 
that the input electric power for producing H2 gas must be at least 30 
kW. Moreover, the H2 station is designed to store 500 kg onsite- 
renewable-produced H2 at most. 

Furthermore, a heat recovery system with a 6-m3 water tank is 
deployed to recover heat from both the electrolyzer (when producing H2 
gas) and PEMFCs (during V2G interactions) for partly covering the hot 
water load of the houses. The detailed design of the heat recovery system 
is presented in our previous study [43] and the key parameters of the H2 
system are listed in Section 2.7. 

2.3. Hydrogen-related parameters of vehicles 

This study established a simplified HV model with the reference to a 
famous commercial product “Toyota Mirai 2016” [52], whose H2 stor-
age capacity, maximum storage pressure, maximum travel range, and 
maximum fuel cell power are 5 kg, 700 bar, 502 km, and 114 kW, 
respectively. In the investigated community, the HVs leave houses 
during the daytime (8:00–18:00) and park near houses at night 
(18:00–8:00) during weekdays. The HVs usually leave houses in the 
morning (9:00–12:00) during weekends. The daily travel distance (forth 
and back) is 50 km/vehicle with one hour (30 min for each trip, forth or 
back), and the H2 consumption for transportation is 0.00996 kg/km. 

Similar with our previous study [43], some assumptions are made to 
simplify the simulation work:  

(1) The HVs are simplified as a combination of a storage system (i.e., 
a H2 tank) and an energy consumption system (i.e., a PEMFC).  

(2) HV tanks can be charged at the H2 station (a) half an hour before 
HVs leave houses or (b) half an hour after HVs come back to 
houses.  

(3) HV tanks are only discharged during transportation and V2G 
interaction processes. For transportation, due to the fast PEMFC 
power changes happening within seconds [30], the H2 con-
sumption of HVs is simply determined according to the actual 
distance and vehicle HVAC power (see Section 2.4). The output 
power of PEMFCs for transportation is simplified and determined 
according to the empirical model based on the H2 consumption 
rate [53]. 

Fig. 1. Climate of San Francisco: (a) temperatures and humidity; (b) solar radiation and wind velocity (originally from our previous study [43]).  

Table 1 
Cost information on the local grid.  

Month Electricity price 
($/kWh)  

Annual net surplus electricity 
reward ($/kWh)  

Peak period Off-peak 
period  

0.03 

Jun-Sep 0.36540 0.27044  
Jan-May & 

Oct-Dec 
0.29153 0.27415   
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(4) For the PEMFCs, the idling power is 4.7 kW [54], which means 
that the lowest V2G power is 4.7 kW. If the building energy 
shortage power is lower than 4.7 kW, the PEMFCs will be 
inactive.  

(5) The lowest fractional state of charge (SOC) of HV tanks must 
guarantee the tank safety (inner pressure must be at least 2 bar 
higher than the atmospheric pressure) and at least one-day 
transportation energy demand. Therefore, the lowest SOC of 
HV tanks (the lower SOC limit, i.e., SOC lower, limit) is 0.11. When 
the SOC lower, limit is lower than 0.11, HVs will be charged to the 
SOC level at 0.95 (the upper SOC limit, i.e., SOC upper, limit) at the 
H2 station. Also, the V2G interaction only works when the SOC of 
HV tanks is higher than the SOC lower, limit. 

The detailed parameters of PEMFCSs are shown in Section 2.7. 

2.4. Cabin thermal model 

Cabin thermal environments have significant effects on the PEMFCs’ 
performance. As described in Section 1.2, cabin thermal environments 
dominate the amount of vehicle PEMFCs’ heat released to the ambient 
environment and the PEMFCs’ cooling system. Besides, a comfortable 
cabin environment for drivers and passengers requires additional energy 
from vehicle PEMFCs for powering vehicle HVAC systems to regulate the 
cabin temperature. Therefore, it is needed to adopt a cabin thermal 
model for evaluating the real dynamic performance of PEMFCs. 

A previous study on EVs developed a car-level lumped capacitance 
thermal network model for calculating cabin indoor temperatures and 
energy consumption of vehicle HVAC systems [55]. The original model 
is expressed as follows: 

Mc
dTc

dt
= Kac(Ta − Tc)+Kbc(Tb − Tc)+ qsolar + qhvac (1)  

where Mc is the thermal mass of vehicle cabin (J/K); Tc is the cabin 
indoor temperature (◦C); Ta is the outdoor air temperature (◦C); Tb is the 
electrochemical battery temperature (◦C), with the assumption that the 
electrochemical battery is attached to the passenger cabin; Kac is the 
convective heat transfer coefficient between the outdoor air and vehicle 
cabin (W/K); Kbc is the heat transfer coefficient between the electro-
chemical battery and vehicle cabin (W/K); qsolar is the solar heat entering 
the cabin (W); qhvac is the heat added or removed by the vehicle HVAC 
system (W); t is the time step (h). 

With the reference to the mode for EVs [55], a two-space cabin 
thermal model of HVs is proposed for computational efficiency herein 
(Figure 2), corresponding to the design of the referenced commercial 
product “Toyota Mirai 2016” [52]. The HV thermal model has two 
spaces (cabins): one is for the driver and passengers (Cabin 1), and 
another is for PEMFCs (Cabin 2, with a realistic assumption that the 
PEMFCs are not attached to Cabin 1). Therefore, for Cabins 1 or 2, the 
heat balance involves the heat transfer from the outdoor environment 
and the adjacent cabin. 

The two-space model includes the effects of vehicle ventilation with 
different air change rates during driving and parking processes. The two- 
space cabin thermal model for HVs is expressed as follows: 

Mc1
dTc1

dt
= Kac1(Ta − Tc1)+Kc1c2(Tc2 − Tc1)+ nachmair,c1cair(Ta − Tc1)

+ qsolar + qpassenger + qhvac (2)  

Mc2
dTc2

dt
= Kac2(Ta − Tc2)+Kc1c2(Tc1 − Tc2)+ qFC (3)  

where Mc1 is the thermal mass of Cabin 1 (J/K); Mc2 is the thermal mass 
of Cabin 2 (J/K), which is assumed to be 30% of Mc1; Tc1 is the indoor 
temperature of Cabin 1 (◦C); Tc2 is the indoor temperature of Cabin 2 
(◦C); Kac1 is the convective heat transfer coefficient between the outdoor 

air and Cabin 1 (W/K); Kac2 is the convective heat transfer coefficient 
between the outdoor air and Cabin 2 (W/K), which is assumed to be 30% 
of Kac1; Kc1c2 is the convective heat transfer coefficient between Cabin 1 
and Cabin 2 (W/K); qpassenger is the heat generated by the driver and 
passengers (W), and each person is 126 W; qFC is the heat of PEMFCs 
entering Cabin 2 (W); nach is the air change rate of Cabin 1, which is 5 
h− 1 during driving and 1 h− 1 during parking [56]; mair, c1 is the air mass 
of Cabin 1 (kg), with the assumption that Cabin 1 has an inner space of 6 
m3 and the air density is 1.293 kg/m3; cair is the air specific heat capacity 
(1003 J/kg⋅K). Since the reference commercial product “Toyota Mirai 
2016” has a very similar cabin size as that of “Toyota Prius” which was 
adopted in study [55], this study adopts the same or similar thermal 
values for the HV model. Moreover, it should be noted that this study 
adopts the different heat transfer coefficients between the cabin and 
outdoor air (Kac1 and Kac2) during the driving and parking procedures. 
To be specific, according the estimation method of the study [57], the 
heat transfer coefficient between the cabin and outdoor air during the 
driving procedure (50 km/h) is about double that during the parking 
procedure. Therefore, this study adopts 22.6 W/K [55] and 45.2 W/K for 
Kac1 for the parking and driving modes, respectively. The detailed pa-
rameters are listed in Table 2. 

In the mode above, one import factor affecting the cabin environ-
ment is solar heat gain (qsolar). The study [55] does not provide a 
detailed method of calculating vehicle’s solar heat gain. With the 
reference to our previous study on indoor solar radiation in buildings 
[58], a simplified method is adopted to calculate vehicle solar heat gain. 
To be more specific, when calculating heat gain from solar radiation, the 
HV geometry is simplified as a horizontal plate which has a size of the 
cabin’s projected area on the horizontal ground (see Fig. 2(b)), with the 
assumption that the HV size is negligible when comparing with the sky 
and sun. The solar heat has two approaches entering the cabin: one is 
through the semi-transparent windows, and the other is through heat 
conduction by the heated cabin envelope (including vehicle rooftops, 

Fig. 2. The two-space cabin thermal model: (a) the lumped capacitance ther-
mal network, and (b) the overhead view. 
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windows, doors, and other surfaces). The total solar heat transfer coef-
ficient will be decided by the characteristics of cabin envelope. The 
assumption above significantly reduces the computational complexity 
with the complicated vehicle driving and parking conditions with 
various locations and directions. The method of calculating vehicle solar 
heat gain is proposed as follows: 

qsolar = Ihorizontal × αoverall × feff × dwheelbase × dwidth (4)  

where Ihorizontal is the total solar radiation intensity at the horizontal 
plate outdoors (W/m2); αoverall is the overall solar heat absorptivity of 
Cabin 1; feff is the effective surface fraction of Cabin 1 directly exposed to 
strong solar radiation, which is 0.7 herein (for example, when the sun-
shine is from the left side of Cabin 1, the right side of Cabin 1 receives 
much less solar radiation, and thus the effective cabin surface exposed to 
strong solar radiation is reduced); dwheelbase is the wheelbase of the HV, 
which is almost the same as the length of Cabin 1 (2.78 m); dwidth is the 
width of Cabin 1 (1.82 m). Moreover, αoverall is calculated as follows: 

αoverall = fwindow(τwindow + 0.5αwindow)+ 0.5fshellαshell (5)  

where fwindow is the surface fraction of Cabin 1 windows, which is the 
ratio of the window surface area to the total surface area of Cabin 1, and 
it is 0.4 herein; fshell is the surface fraction of Cabin 1 shell (the non- 
transparent envelope), which is the ratio of the shell surface area to 
the total surface area of Cabin 1, and it is 0.6 herein; τwindow is the 
transmittance of Cabin 1 windows (0.4 [59]); αwindow is the absorptivity 
of Cabin 1 windows (0.4 [59]); αshell is the absorptivity of Cabin 1 shell 
(0.26 [59]); 0.5 represents that 50% of the solar heat absorbed by the 
windows or shell enters the cabin indoor environment, while the rest is 

dissipated into the outdoor environment (the solar-heated windows and 
shell have two-direction heat transfer: one towards the cabin indoor 
environment, and the other towards the outdoor environment). 

Besides, the coefficient of performance (COP) of the vehicle HVAC 
system is set at 2.5 [55]. The maximum cooling power of the vehicle 
HVAC systems is 4500 W, and the maximum heating power is 4000 W 
[55]. Another assumption is that the vehicle HVAC system can directly 
use the heat from the PEMFCs’ cooling system for heating Cabin 1, and 
the maximum heat recovery power is 3000 W. Namely, when it is 
needed to heat the Cabin 1, only when the heating load is higher than 
3000 W, the HVAC system will start and consume extra electricity from 
PEMFCs. Thus, the actual maximum heating power (vehicle HVAC sys-
tem + heat recovery from the PEMFCs) is 7500 W herein. 

Moreover, the cabin cooling set-point is set at 26 ◦C, and the heating 
set-point is 20 ◦C. To be specific, during the driving process (key-on), 
when temperature in the Cabin 1 is higher than 26 ◦C or lower than 20 
◦C in the previous time step, the vehicle HVAC system will be turned on. 
The HVAC load (qhvac, load) is calculated as follows: 

qhvac,load = Kac1(Ta − Tc1)+Kc1c2(Tc2 − Tc1)+ nachmair,c1cair(Ta − Tc1)

+ qsolar + qpassenger (6) 

A positive value of qhvac, load means that the Cabin 1 needs cooling, 
and a negative value means that Cabin 1 needs heating. 

When the HVAC is on and the load does not exceed the maximum 
heating or cooling capacity, it is assumed that the indoor temperature of 
the Cabin 1 is maintained at the set-point, and the heat balance of the 
Cabin 1 is expressed as follows: 

When cooling : 0 = Kac1(Ta − 26)+Kc1c2(Tc2 − 26)+ nachmair,c1cair(Ta − 26)
+ qsolar + qpassenger + qhvac (7)  

When heating : 0 = Kac1(Ta − 20)+Kc1c2(Tc2 − 20)+ nachmair,c1cair(Ta − 20)
+ qsolar + qpassenger + qhvac (8) 

When the HVAC is on but the load exceeds the maximum heating or 
cooling capacity, the heat balance of the Cabin 1 is expressed as follows: 

When cooling : Mc1
dTc1

dt
= Kac1(Ta − Tc1)+Kc1c2(Tc2 − Tc1)+ nachmair,c1cair(Ta − Tc1)

+ qsolar + qpassenger − 4500 (9)  

When heating : Mc1
dTc1

dt
= Kac1(Ta − Tc1)+Kc1c2(Tc2 − Tc1)+ nachmair,c1cair(Ta − Tc1)

+ qsolar + qpassenger + 7000 (10)  

2.5. Fuel cell degradation model 

As described in Section 1.2, the fuel cell voltage drop brings two 
main effects: (1) the decreased maximum output power [30], and (2) the 
decreased energy conversion efficiency which means the decreased 
output power with the same H2 consumption rate of fuel cells [37]. This 
study adopts the stack voltage degradation model [30] for evaluating 
the fuel cell degradation due to transportation, and revises it to evaluate 
the degradation caused by both daily transportation and V2G in-
teractions. In the original model [30], during the transportation process, 
the fuel cell degradation is caused by large load changing cycles, start- 
stop cycles, idling time, and maximum power time. The fuel cell 
degradation rate by transportation (rd, HVtran, %/h) is calculated as 
follows: 

rd,HVtran = kp × (P1n1 +P2n2 +P3t1 +P4t2) (11)  

where kp is the accelerating coefficient at 1.72 [30]; P1 (%/circle), P2 
(%/circle), P3 (%/h), and P4 (%/h) are the performance deteriorate rates 
caused by the large-range load change cycling, start-stop cycling, idling 

Table 2 
Key parameters of the two-space cabin thermal model.  

Parameter Description Value 

Mc1 Thermal mass of Cabin 1 101771 J/K 
Mc2 Thermal mass of Cabin 2 0.3 × Mc1 J/K 
Ta Outdoor air temperature Situation dependent, 

◦C 
Tc1 Indoor temperature of Cabin 1 Situation dependent, 

◦C 
Tc2 Indoor temperature of Cabin 2 Situation dependent, 

◦C 
Kac1 Convective heat transfer coefficient between 

outdoor air and Cabin 1 
45.2 W/K during 
driving   
22.6 W/K during 
parking 

Kac2 Convective heat transfer coefficient between 
outdoor air and Cabin 2 

0.3 × 45.2 W/K 
during driving   
0.3 × 22.6 W/K 
during parking 

Kc1c2 Convective heat transfer coefficient between 
Cabin 1 and Cabin 2 

3.468 W/K 

qpassenger Heat generated by the driver and passengers 126 W/person 
qFC Heat of PEMFCs entering Cabin 2 Situation dependent 
nach Air change rate of Cabin 1 5 h− 1 during driving   

1 h− 1 during parking 
mair, c1 Air mass of Cabin 1 7.758 kg 
cair Air specific heat capacity 1003 J/kg⋅K 
qhvac Heat added or removed by the vehicle HVAC 

system 
Max 4500 W for 
cooling   
Max 4000 W for 
heating 

Ihorizontal Total solar radiation intensity at the 
horizontal plate outdoors (W/m2) 

Situation dependent, 
W/m2 

feff Effective surface fraction of Cabin 1 exposed 
to strong solar radiation 

0.7 

dwheelbase Wheelbase of the HV 2.78 m 
dwidth Width of Cabin 1 1.82 m 
fwindow Surface fraction of Cabin 1 windows 0.4 
fshell Surface fraction of Cabin 1 shell 0.6 
τwindow Transmittance of Cabin 1 windows 0.4 
αwindow Absorptivity of Cabin 1 windows 0.4 
αshell Absorptivity of Cabin 1 shell 0.26  
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condition, and maximum power condition, respectively. n1, n2, t1, and t2 
are the load changing cycle frequency (circle/h), start-stop cycle fre-
quency (circle/h), idling time fraction per hour, and maximum power 
load time fraction per hour. According to the study [30], P1 (%/circle), 
P2 (%/circle), P3 (%/h), and P4 (%/h) are 0.00005893%/circle, 
0.00196%/cycle, 0.00126%/h, and 0.00147%/h, respectively; n1, n2, t1, 
and t2 are 56 cycles/h, 0.99 cycles/h, 13/60, and 14/60, respectively. It 
should be noted that the start-stop circle frequency in the study [30] was 
calculated using the data of the tests with each trip lasting for hours. In 
this study, the actual start-stop cycle quantity is calculated according to 
the trip quantity. Namely, a daily forth-back travel has two trips (forth 
and back trips and each one has a start-stop cycle) and the total time of 
two trips is one hour. Thus, n2 is 2 cycles/h herein. 

The fuel cell degradation by transportation (DFC, HVtran, %) is calcu-
lated as follows: 

DFC,HVtran =

∫ tend

0
rd,HVtran(t)dt (12)  

where tend is the end time of the simulation. 
An important assumption of the original model [30] is that during 

transportation, the PEMFCs’ power is at the idling power or the 
maximum power, or switches between these two powers. In the original 
model, within one hour of driving, a HV can have 56 times of large load 
changing cycles, but less than 30 min of idling and maximum powers. 
However, for V2G interactions, PEMFCs are usually assumed to have 
relatively stable output powers within seconds or minutes, and the 
power can be in the middle between the idling and maximum powers. 
Therefore, during the V2G process, it is assumed that the fuel cell 
degradation rate is caused by large load changing cycles, start-stop cy-
cles, and actual PEMFC powers. The fuel cell degradation rate by V2G 
interactions (rd, V2G, %/h) is calculated as follows: 

rd,V2G = kp × (P1n1 +P2n2 +P5) (13)  

where P5 is the performance deteriorate rate caused by the actual output 
power (%/h). A simplified interpolation method is adopted to calculate 
P5 as follows: 

P5 = P3 +(P4 − P3) ×
(
PFC,actual − Pidling

)/(
PFC,max − Pidling

)
(14)  

where PFC, max is the original maximum PEMFC power without any 
degradation (kW); PFC, actual is the actual PEMFC power (kW); PFC, idling is 
the PEMFC idling power (kW). 

The fuel cell degradation by V2G interactions (DFC, HVtran, %) is 
calculated as follows: 

DFC,V2G =

∫ tend

0
rd,V2G(t)dt (15) 

For a HV, the total fuel cell degradation (DFC) is the sum of the 
degradation caused by transportation and V2G interactions. Thus, the 
total fuel cell degradation is calculated as follows: 

DFC = DFC,HVtran +DFC,V2G (16) 

As described above, the fuel cell degradation will lead to the decrease 
in the maximum power and energy efficiency of fuel cells. The actual 
maximum PEMFC power (PFC, max, actual) of a HV is calculated as follows: 

PFC,max,actual = (1 − DFC) × PFC,max (17) 

Similarly, the actual PEMFC power (PFC, actual) under a certain H2 
consumption rate or PEMFC current is calculated as follows: 

PFC,actual = (1 − DFC) × PFC,designed (18)  

where PFC, designed is the designed PEMFC output power under a certain 
H2 consumption rate or PEMFC current without any degradation. 

2.6. The interactive building-vehicle energy network and energy 
management strategies 

As shown in Figure 3, the proposed building-vehicle energy network 
integrates the houses, HVs, H2 station, local power grid, and local H2 
pipelines (the network framework is originally from our previous study 
[43]). The vehicle cabin model and fuel cell degradation model are 
established by the Python programming language (Python 3.8), and the 
rest components of the building-vehicle network are established by the 
energy simulation software, TRNSYS 18 [60]. 

In the proposed network, the renewable energy is generated by the 
PV systems installed on the house rooftops, to partly cover building and 
transportation energy demands. The surplus renewable is exported to 
the community micro-grid (B2G interaction) which connects to the local 
power grid and the nearby H2 station. When the surplus renewable 
electricity in the micro-grid is exported to the H2 station through the 
micro grid (G2S interaction) and is absorbed by the H2 system (the 
electrolyzer and compressor), it is used to produce H2 gas which is then 
stored in the H2 station. The H2 station is also connected to the local H2 
pipelines. Therefore, charging HV tanks at the H2 station (S2V interac-
tion) may utilize two H2 sources: one is from the onsite-renewable- 
generated H2, and the other one is from the local-pipe-delivered H2. 
Vehicle PEMFCs can discharge the H2 in HV tanks to power vehicle 
engines for transportation or the micro-grid (V2G interaction) for 
covering energy demand shortage. Moreover, the connection of the 
community micro-grid to the local power grid will absorb surplus 
renewable energy and cover building demand shortage, which finally 
balances the power in micro-grid. Furthermore, to increase the H2 en-
ergy efficiency, a heat recovery system is designed to collect the warm 
water produced by the electrolyzer and PEMFCs during the G2S and V2G 
processes. The warm water in a water tank is to partly cover the heating 
load of domestic hot water. To ensure the safety of PEMFCs, a special 
two-stage heat recovery system is designed to realize the non-mixed heat 
recovery, and the detailed design is presented in our previous study 
[43]. Through configuring such a building-vehicle energy network, the 
community can achieve high energy flexibility, grid power stability, and 
significant energy cost saving [43]. 

The main goal of this study is to quantify the fuel cell degradation 
and to highlight the importance to avoid the techno-economic perfor-
mance overestimation in building-vehicle energy networks. To actualize 
this goal, three cases are proposed, including (1) a reference case 
without neither V2G interactions nor fuel cell degradation, and (2) two 
formal cases integrating V2G interactions for enhancing energy flexi-
bility: i.e., one formal case with the fuel cell degradation and the other 
one without fuel cell degradation. Through the comparative analysis 
among the three cases, the effects of fuel cell degradation on energy 
flexibility and cost of the building-vehicle networks can be determined. 

The detailed control logics of the three cases are described below: 
(1) Reference case (Figure 4(a)): The community formulates an 

energy-sharing micro-grid which connects all houses, rooftop PV panels, 
and local power grid. The micro-grid is also connected to the nearby H2 
station, and thus the renewable electricity of the community can be 
converted to H2 gas through the H2 system in the H2 station. The micro- 
grid is designed with the function that the surplus renewables partly 
cover transportation energy demands. To be specific, the HVs will be 
charged at the H2 station with the H2 produced by the onsite renewables 
and also the H2 delivered by the local H2 pipelines. Such an energy 
system configuration also reduces the renewable congestion of the local 
grid since much renewable electricity is consumed by the H2 system 
rather than being exported to the local grid. In this case, no V2G in-
teractions are deployed, and the fuel cell degradation is not considered. 

For the whole network, the renewable energy (PREe) is used to firstly 
cover the building energy demand (Le) (Figure 4(b)):  

a) If PREe is higher than Le, the excessive renewable (PREe, surp1 = PREe −

Le) is exported to the local grid. 
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b) If PREe is below Le, the energy demand shortage (Pshort1 = Le − PREe) 
is covered by the electricity imported from the local grid. 

(2) Case 1 (Figure 5(a)): The community energy network configu-
ration is almost the same as that of the reference case. The only differ-
ence is that V2G interactions are deployed for covering building energy 
shortage. To be specific, when the accumulated onsite-renewable- 

generated H2 is higher than the accumulated H2 consumption for 
covering daily transportation, (H2RE, store > 0), the H2 in vehicle tanks 
can be discharged to power the community micro-grid during the de-
mand shortage period. Such a feature contributes to the enhancement in 
the energy independence and the burden reduction in the local power 
grid. Moreover, in this case, the fuel cell degradation is still not 
considered, corresponding to the common assumption of relevant 

Fig. 3. The structural configuration of the H2-based district energy community integrating single houses, rooftop PV powered, fuel-cell-powered HVs, a H2 station, 
local H2 pipelines, community micro-grid, and local power grid. (G2B means the grid-to-building interaction; B2G means the building-to-grid interaction; G2S means 
the grid-to-H2-station interaction; S2V means the H2-station-to-vehicle interaction; V2G means the vehicle-to-grid interaction.) 

Fig. 4. (a) Energy flow pathway and (b) rule-based control strategy of the reference case (originally from [43]).  
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existing studies. In other words, the maximum V2G power of a HV is 
constant and stable at 114 kW. 

Again, in the energy network, the renewable energy (PREe) is used to 
firstly cover the building energy demand (Le) (Figure 5(b)): 

(3) If PREe is higher than Le, the magnitude of the surplus renewable 
(PREe, surp1 = PREe − Le) decides whether it is exported to the local grid or 
absorbed by the H2 system at the H2 station. To be specific, if PREe, surp1 is 
below the sum of the idling power (Pely, idling) of the electrolyzer and the 
compressor power (Pcomp), it will be directly released into the local grid, 
since it is unable to activate the electrolyzer for H2 production. If PREe, 

surp1 is beyond the sum of the idling power (Pely, idling) of the electrolyzer 
and the compressor power (Pcomp), and meanwhile the stored onsite- 
renewable-generated H2 mass (H2RE, store) at the H2 station did not 
reach the storage limit of the onsite-renewable-generated H2 (H2RE, store, 

limit = 500 kg) in the previous dynamic state, the PREe, surp1 will be 
delivered to the H2 system for producing H2 gas. If PREe, surp1 is beyond 
the sum of the idling power (Pely, idling) of the electrolyzer and the 
compressor power (Pcomp), and meanwhile in the previous dynamic 
state, H2RE, store increased to H2RE, store, limit, PREe, surp1 will be exported 
to the local power grid. Furthermore, if the PREe, surp1 exceeds the sum of 
the powers of the electrolyzer (Pely) and the compressor (Pcomp), the 
excessive renewable (PREe, surp2) is exported to the local grid. 

(4) If PREe is lower than Le, the demand shortage (Pshort1 = Le − PREe) 
can be covered by the output power of vehicle PEMFCs (PH2, dischar) but 
only in the condition that H2RE, store is beyond zero, the fractional state 
of charge of HV tanks (SOCHV) higher than SOClower, limit, and Pshort1 

higher than the PEMFCs’ idling power (PFC, idling) at the same time. 
Otherwise, Pshort1 is covered by the local grid. Besides, if Pshort1 exceeds 
the available PH2, dischar, the unfilled demand shortage (Pshort2 = Pshort1 −

PH2, dischar) is covered by the electricity imported from the local grid. 
(5) Case 2 (Figure 5(a)): The community energy network configu-

ration and the control logic are almost similar to that of Case 1. The only 
difference is that the fuel cell degradation is considered in both vehicle 
transportation and V2G interactions. To be specific, as described in 
Section 2.5, besides the decreased energy conversion efficiency, the 
maximum V2G power of a HV will decrease, along with the increase in 
accumulated fuel cell degradation. The actual maximum output power 
of a HV is calculated according to the magnitude of fuel cell degradation 
(see Section 2.5). Meanwhile, the fuel cell degradation cost is added in 
the operating cost of the whole community, which is described in Sec-
tion 2.8. 

2.7. Key parameters of the building-vehicle energy network 

This study couples the software of TRNSYS 18 [60] and Python 3.8 
for the dynamic simulations of fuel cell degradation and energy flexi-
bility. The time step of the simulation is set at 0.25 h. The key param-
eters of model components are listed in Table 3. 

Fig. 5. (a) Energy flow pathway and (b) rule-based control strategy of Cases 1 and 2 (originally from [43]).  
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2.8. Assessment criteria 

2.8.1. Grid interaction 
For actualizing the energy balance of the community micro-grid, the 

local power grid absorbs the surplus renewable electricity and covers the 
building demand shortage. The magnitudes of grid interactions are 
evaluated by the grid-imported power (Pimp) and the grid-exported 
power (Pexp). The low grid-imported and grid-exported powers mean 
the low grid burden and high flexibility of the community. In order to 
distinguish the grid status, Pimp is represented by positive values and Pexp 
is represented by negative values. 

2.8.2. Fuel cell degradation 
As described in Section 2.5, for each HV, the annual total fuel cell 

degradation is the sum of (1) the degradation by daily transportation 
(DFC, HVtran) and (2) the degradation by V2G interactions (DFC, V2G). For 
the latter degradation, the calculation is simplified and assumed that 
each HV “averagely” participates in V2G interactions. Namely, all the 
HVs (the total HV quantity is nHV) share the total fuel cell degradation 
caused by V2G interactions (DFC, V2G, total). For each HV, the total fuel 
cell degradation (DFC) is calculated as follows: 

DFC = DFC,HVtran +DFC,V2G,total/nHV (19)  

2.8.3. Energy operating cost 
The total operating cost of the investigated community includes the 

costs of electricity, H2, and fuel cell degradation. 
Based on Table 1, within one year, the grid-imported electricity cost 

(IC, $/a) and the grid-exported electricity compensation (EC, $/a) are 
calculated below: 

ICpeak,mon,i = Eimp,peak,mon,i × Rpeak,mon,i (20)  

ICoff − peak,mon,i = Eimp,off − peak,mon,i × Roff − peak,mon,i (21)  

IC =
∑12

i=1
(ICpeak,mon,i + ICoff − peak,mon,i) (22)  

ECpeak,mon,i = Eexp,peak,mon,i × Rpeak,mon,i (23)  

ECoff − peak,mon,i = Eexp,off − peak,mon,i × Roff − peak,mon,i (24)  

EC =
∑12

i=1
(ECpeak,mon,i + ECoff − peak,mon,i) (25)  

where Eimp, peak, mon, i and Eimp, off-peak, mon, i are the amounts of grid- 
imported electricity during the peak period and the off-peak period of 
the i-th month, respectively (kWh/month); Rpeak, mon, i and Roff-peak, mon, i 
are the electricity prices during the peak period and the off-peak period 
of the i-th month, respectively ($/kWh); ICpeak,mon,i and ICoff-peak,mon,i are 
the costs of the amounts of grid-imported electricity during the peak 
period and the off-peak period of the i-th month, respectively 
($/month); Eexp, peak, mon, i and Eexp, off-peak, mon, i are the amounts of grid- 
exported electricity during the peak period and the off-peak period of 
the i-th month, respectively (kWh/month); ECpeak,mon,i and ECoff-peak,mon,i 
are the economic compensations by the grid-exported electricity 
amounts during the peak period and the off-peak period of the i-th 
month, respectively ($/month). 

Within one year, the electricity cost (Ce, 1, $/a) is the net cost be-
tween the grid-imported cost and grid-exported compensation, as 
calculated by Eq. (26): 

Ce, 1 =

{
IC − EC if IC > EC

0 if IC ≤ EC (26) 

The annual net grid-electricity consumption of the community is 
calculated as follows: 

Enet,annual =

∫ tend

0
Pimp(t)dt −

∫ tend

0
Pexp(t)dt (27)  

where Enet, annual is the annual net electricity consumption (kWh/a). 
The additional reward due to the annual net renewable electricity 

exportation (Ce, 2, $/a) is calculated as follows: 

Ce, 2 =

{ (
− Enet, annual

)
× 0.03 if Enet, annual < 0

0 if Enet, annual ≥ 0 (28) 

Therefore, the total annual electricity cost (Ce, $/a) is calculated as 
follows: 

Ce = Ce,1 − Ce,2 (29) 

For the investigated community, the annual net H2 consumption 
(Hnet, annual, kg/a) includes the H2 used for daily transportation and for 
V2G interactions, and it is calculated as follows: 

Hconsume,annual =

∫ tend

0
[MHVtran,H2(t) +MV2G,H2(t)]dt (30)  

Hproduce,annual =

∫ tend

0
MRE,H2,building(t)dt (31)  

Table 3 
Key parameters of the building-vehicle energy network in TRNSYS.  

Component Parameter Value 

PV panels Type in TRNSYS 18 567  
Collector length (m) 20  
Collector width (m) 2  
Channel height (m) 0.1  
Reference PV efficiency 0.22 [47]  
Temperature coefficient (/◦C) − 0.003 

Electrolyzer Type in TRNSYS 18 160a  
Electrode area (m2) 0.5  
Number of cells per stack 20  
Number of stacks 2  
Cooling water inlet temperature (◦C) 20  
Cooling water flow rate (m3/h) 0.6  
Operating temperature (◦C) 80 

Compressor Type in TRNSYS 18 167  
Number of parallel compressors 1  
Number of compressor stages 3  
Desired pressure (bar) 700 

HV hydrogen tank (for 4 
HVs) 

Type in TRNSYS 18 164b  

Maximum pressure (bar) 700  
Tank volume (m3) 0.488 

PEMFC Type in TRNSYS 18 170a  
Number of cells per stack 60  
Number of stacks 6  
Electrode area (cm2) 1000  
Coolant inlet temperature (◦C) 30  
Coolant temperature rise (◦C) 30 

H2 station Type in TRNSYS 18 Self- 
developed  

Daily dispensing H2 (kg/day) 100  
Maximum stored onsite-renewable- 
produced H2 (kg) 

500 

Domestic tankless heater Type in TRNSYS 18 138  
Maximum heating rate (kW) 80  
Set-point temperature (◦C) 49 

Heat exchanger (for two- 
stage cooling) 

Type in TRNSYS 18 5  

Load side inlet temperature (◦C) 20  
Overall heat transfer coefficient (W/ 
K) 

2000 

Water tank Type in TRNSYS 18 39  
Overall tank volume (m3) 6  
Tank circumference (m) 10  
Cross-sectional area (m2) 6  
Wetted loss coefficient (kJ/h∙m2∙K) 1.5  
Wetted loss coefficient (kJ/h∙m2∙K) 1.0  
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Hnet,annual = Hconsume,annual − Hproduce,annual (32)  

where Hconsume, annual is the annual consumed H2 by the community (kg/ 
a); Hproduce, annual is the annual produced H2 using renewable electricity 
from the building-integrated rooftop PV systems (kg/a); Hnet, annual is the 
annual net H2 consumption (kg/a); MHVtran, H2(t) is the H2 consumed by 
vehicle PEMFCs for covering transportation demands at the t-th time 
step (kg/h); MV2G, H2(t) is the H2 consumed by vehicle PEMFCs for V2G 
interaction at the t-th time step (kg/h); MRE, H2,building(t) is the H2 pro-
duced using the renewable electricity of the rooftop PV systems at the t- 
th time step (kg/h). If Hnet, annual is less than zero, it indicates that the 
whole community produces more H2 than it consumes. 

In 2020, the H2 cost in California is 16.51 $/kg [51]. Since California 
has not established any policies for the compensation price of onsite- 
renewable-generated H2, the annual cost of H2 (CH2, $/a) is simply 
calculated according to the annual net H2 consumption of HVs: 

CH2 = Hnet,annual × 16.51 (33) 

The PEMFCs’ price is $11000 for each vehicle [38]. The degradation 
threshold is assumed to be 20% (namely, when the accumulated 
degradation is 20%, the fuel cell should be replaced), and the fuel cell 
degradation cost is $550/% (assuming the equivalent fuel cell degra-
dation cost within the degradation threshold). The annual cost of fuel 
cell degradation (CFC, $/a) is calculated according to the annual fuel cell 
degradation of each vehicle (DFC): 

CFC = DFC × nHV × 550 (34) 

The total annual energy operating cost (Cenergy, $/a) is calculated 
below: 

Cenergy = Ce +CH2 +CFC (35)  

3. Results and discussion 

3.1. Comparative analysis among the cases with and without fuel cell 
degradation 

3.1.1. Energy response and grid interaction of the community 
Within one year, the PV-generated electricity and the energy demand 

are 12271.5 kWh and 8748.4 kWh per household, respectively. Besides, 
the annual transportation energy demand is 183.1 kg H2 per vehicle (not 

considering fuel cell degradation and vehicle HVAC energy), with the 
total travel distance reaching 18250 km per vehicle. 

Figure 6 illustrates the dynamic energy response and grid power in 
the three cases. The values are mean hourly power, i.e., the mean value 
of powers at a certain time point of a day. For the local grid, the positive 
values mean the grid-import powers (the community imports electricity 
from the local grid), and the negative values mean grid-export powers 
(the community’s renewable electricity is exported to the local grid). In 
the reference case, due to the isolation between the community and H2 
station, the local power grid suffers from heavy burdens of renewable 
congestion and demand shortage. To be specific, during the daytime, the 
grid-export power reaches up to 99.2 kW during the non-heating period 
(March to October) and 68.1 kW during the heating period (November 
to February). While during the nighttime, the grid-import power reaches 
up to 76.0 kW during the non-heating period and 94.4 kW during the 
heating period. In Cases 1 and 2, the renewable congestion and demand 
shortage are much ameliorated with and the integration of the com-
munity and H2 station and the V2G interactions. To be specific, in Case 
1, the grid-export powers are up to 20.0 and 8.4 kW during the non- 
heating and heating periods, respectively. Meanwhile, the grid-import 
powers are up to 22.2 and 46.1 kW during the non-heating and heat-
ing periods, respectively. In Case 2, the grid-export powers are up to 
20.0 and 8.4 kW during the non-heating and heating periods, respec-
tively. Meanwhile, the grid-import powers are up to 22.3 and 45.4 kW 
during the non-heating and heating periods, respectively. As compared 
to the reference case, in Cases 1 and 2, deploying V2G interactions re-
duces the grid-export and grid-import powers by more than 80% and 
50%, respectively. The reason of more stable grid powers in Cases 1 and 
2 can be attributed to the H2 energy storage. To be specific, in Cases 1 
and 2, 183163.2 and 183147.9 kWh renewable electricity, which is 
about 75% of the annual renewable electricity, are absorbed by the 
electrolyzer and compressor at the H2 station, producing 3468.8 and 
3468.5 kg H2, respectively. However, in the reference case, the surplus 
renewable electricity is exported to the local grid. Meanwhile, in Cases 1 
and 2, V2G interactions consume 2574.9 and 2601.8 kg onsite- 
renewable-generated H2 to provide 40751.4 and 41056.3 kWh elec-
tricity for the community, respectively, covering about 28% of the 
community’s annual energy demand. However, in the reference case, 
the building demand shortage is fully covered by the local grid. 
Furthermore, according to the comparison between Cases 1 and 2, the 
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fuel cell degradation does not significantly change the grid stability, 
which can be attributed to the limited fuel cell degradation in the short 
term (see Section 3.1.2). 

3.1.2. Cabin thermal environments and fuel cell degradation 
Figure 7 illustrates the cabin mean hourly indoor temperatures in the 

three cases. The main finding is that V2G interactions will increase cabin 
indoor temperatures during the nighttime. In the reference case without 
V2G interactions, due to the strong solar radiation, the air temperature 
in Cabin 1 (for drivers and passengers) reaches up to 40–50 and 25–28 
◦C at noon (11 a.m. to 2p.m.) during the non-space-heating and space- 
heating periods, respectively. The air temperature in Cabin 2 (for 
PEMFCs) is about 40 ◦C at 8–9 a.m. and 6–7 p.m. due to the trans-
portation. When V2G interactions are deployed in the community (Cases 
1 and 2), Cabin 1 still shows the peak indoor temperature up 40–50 and 
25–28 ◦C at noon (11 a.m. to 2 p.m.) during the non-space-heating and 
space-heating periods, respectively. Meanwhile, the air temperature in 
Cabin 2 (for PEMFCs) is about 40 ◦C at 8–9 a.m. and 6–7 p.m. due to the 
transportation. Nonetheless, due to V2G interactions at night when 
vehicle PEMFCs release a lot of heat to the cabin space, in Cases 1 and 2, 
during 8–11 p.m., the air temperature in Cabin 2 can be up to 7 ◦C higher 
than that in the reference case without V2G interactions. The reason is 
that the V2G interactions will increase the operating state on fuel cells, 
and lead to the associated heat released to the Cabin. Moreover, it 
should be noted that the sudden temperature increase of Cabin 2 is due 
to PEMFCs’ intermittent running for transportation. The sudden tem-
perature drop of Cabin 1 at around 12 p.m. (Fig. 7(a)) is due to the 
running of vehicle HVAC system during the transportation on weekends. 

Figure 8 shows the annual fuel cell degradation in the Case 2. 
Obviously, in the proposed building-vehicle energy network, daily 
transportation is the main source of the fuel cell degradation. Specif-
ically, within one year, the fuel cell degradation caused by the daily 
transportation is 2.50% per vehicle, consisting of 2.0848%, 0.0294%, 
0.1714%, and 0.2153% by the large-range load change cycling, start- 
stop cycling, idling condition, and maximum power condition, respec-
tively. Meanwhile, the fuel degradation caused by V2G interactions is 
0.66% per vehicle, consisting of 0.0021%, 0.0055%, and 0.6484% by 
the large-range load change cycling, start-stop cycling, and actual 
output power, respectively. Totally, the fuel cell degradation is 3.16% 
per vehicle within one year, of which 79.1% and 20.9% are caused by 

daily transportation and V2G interactions, respectively. Since this study 
adopts the fuel cell replace threshold at 20%, if the HVs are only for 
transportation, the vehicle PEMFCs need to be replaced every 8 years. If 
the HVs are for both daily transportation and V2G interactions, the 
vehicle PEMFCs need to be replaced every 6.3 years. Namely, the V2G 
interaction increases the fuel cell degradation speed by 26.4% as 
compared to the condition when vehicle PEMFCs are only for trans-
portation. Therefore, although V2G interactions achieve high grid flex-
ibility of the community (see Section 3.1.1), the significant effects of fuel 
cell degradation with shortened service lifetime on the energy perfor-
mance of the building-vehicle network should not be ignored. 

3.1.3. Annual energy operating cost 
Figure 9 illustrates the annual operating costs of the community in 

the cases with and without considering fuel cell degradation. The most 
important finding is that the fuel cell degradation accounts for a 
consideration proportion in the total energy operating cost of the com-
munity. To be specific, in the reference case without V2G interactions, 
due to the high-level compensation of renewable electricity [49], the 
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grid-imported electricity cost can be fully compensated, and the grid 
cost is below zero (− $1745.7), meaning that the house owners can 
receive the payment from the local government for exporting renewable 
electricity to the local grid. Besides, the H2 cost is $12274.5 in the 
reference case, since the H2 for daily transportation is entirely imported 
from the local pipelines. Such a result also indicates that the trans-
portation energy cost could be far beyond the building energy cost in 
regional building-vehicle-isolated energy networks. In Case 1 with V2G 
interactions but without considering fuel cell degradation, since about 
75% of the renewable electricity is used for H2 production rather than 
being exported to the local grid for compensating the grid cost (see 
Section 3.1.1), the annual grid cost reaches up to $15562.2, much higher 
than that in the reference case. However, the H2 cost is significantly 
reduced to − $2484.4, meaning that at the end of the year, part of 
renewable H2 is still stored in the H2 station. Therefore, the total oper-
ating cost in Case 1 is $13077.7. In Case 2 with V2G interactions and fuel 
cell degradation, the grid cost and H2 cost are $15675.6 and − $1850.1, 
respectively, slightly higher than those of Case 1. Besides, in Case 2, the 
total fuel cell degradation cost of the building-vehicle energy network is 
$6945.2, reaching 33.4% of the total operating cost ($20770.61). As 
compared to Case 2, if fuel cell degradation is not considered (Case 1), 
the energy operating cost of the building-vehicle energy network will be 
underestimated by about 37%, revealing that the cost by fuel cell 
degradation should not be ignored in practice. 

Furthermore, according to the results presented in Fig. 6, 7, and 9, 
the building-vehicle energy network will motivate the grid operator to 
include the HVs as an additional high-stability energy storage for 
reducing the grid burden, since fuel cell degradation will not cause 
significant changes in V2G interactions. Meanwhile, since fuel cell 
degradation will not significantly change the cabin indoor environment, 
the HV users, who are also the residential building owners, will be 
highly motivated if the economic benefits of the reduced grid import 
cost is higher than the degradation cost of fuel cells. 

3.2. Effects of fuel cell degradation on grid interaction and energy 
operating cost with the increased fuel-cell-driven vehicle quantity 

Due to the promising blue print in the near future [27], HVs are going 
to be more popular than now. Namely, in a local community, the 
quantity of HVs is expected to increase in the coming years. The 
increased HVs might lead to two main effects on the investigated 
community:  

(1) The higher burden on the local power grid, since more onsite- 
renewable-generated H2 is used for daily transportation and 
less onsite-renewable-generated H2 is for V2G interactions to 
cover building energy shortage; 

(2) The increased energy operating cost due to the increased con-
sumption of pipe-delivered H2 for daily transportation and the 
increase in accumulated fuel cell degradation of HVs. 

To demonstrate the effects of fuel cell degradation with the increased 
HV quality, the HV quantity is set at four to twenty with an increasing 
step of two, corresponding to the assumption that 20%-100% of the 
single houses in the community (totally 20 households) have HVs. The 
comparison between Cases 1 and 2 with the increased HV quantity re-
veals the importance of fuel cell degradation in building-vehicle energy 
networks. 

Figure 10 illustrates the mean hourly grid power with the increased 
HV quantity. In the reference case, since there are no connections among 
the HVs, buildings, and H2 station, the grid power does not change with 
the increased HV quantity as the HVs are completely supported by the 
pipeline delivered hydrogen (thus only one line is drawn for the refer-
ence case). The most significant finding is that the increased HV quantity 
will increase the grid burden, and the fuel cell degradation will not cause 
obvious changes in the grid power in the short term if the HV quantity is 
constant. To be specific, in Case 1 where the fuel cell degradation is not 
considered, when the HV quantity increases from four to twenty, the 
maximum grid-import power increases from 22.2 to 74.4 kW and from 
46.1 to 93.7 kW during the non-space-heating and the space-heating 
periods, respectively. The grid-export power does not change much 
because most of the annual renewable electricity has already been 
exported to the H2 system at the H2 station (see Section 3.1.1) when 
there are four HVs, and increasing the HV quantity does not significantly 
increase the amount of renewable electricity for the H2 system. In Case 2 
where the fuel cell degradation is considered, when the HV quantity 
increases from four to twenty, the maximum grid-import power in-
creases from 22.3 to 74.9 kW and from 45.4 to 93.8 kW during the non- 
space-heating and the space-heating periods, respectively. The com-
parison between Cases 1 and 2 with the same HV quantity indicates that, 
the grid interactions are almost the same, which can be attributed to the 
slight fuel cell degradation in the short term (this point will be explained 
in the following paragraph). 

As shown in Figure 11, the increased HV quantity of the community 
reduces each HV’s fuel cell degradation by V2G interactions. To be 
specific, within one year, the fuel cell degradation of each HV is 3.16% 
when the HV quantity is four (see Section 3.1.2). When the HV quantity 
increases from four to twenty, the fuel cell degradation of each HV 
slightly decreases to 2.50%. Such a small degradation in the fuel cell 
efficiency will not cause obvious changes in V2G interactions in the 
short term, such as one year. Moreover, considering that the fuel cell 
degradation by daily transportation is 2.5% (as described in Section 
3.1.2), the fuel cell degradation by V2G interactions decreases from 
0.66% to 0 when the HV quantity increases from four to twenty. The 
decreased degradation by V2G interactions for each HV can be attrib-
uted to two reasons: (1) the reduced V2G energy interaction due to the 
reduced H2 amount for V2G interactions, and (2) the less shared V2G 
degradation due to the increased HV quantity. For example, when the 
community has four HVs, totally 2601.8 kg onsite-renewable-generated 
H2 is used for V2G interactions and the total fuel cell degradation by 
V2G interactions is 2.62%, with the fuel cell degradation by V2G in-
teractions at 0.66% for each HV. When the community has twelve HVs, 
totally 1230.6 kg onsite-renewable-generated H2 is used for V2G in-
teractions and the total fuel cell degradation is 1.20%, with the fuel cell 
degradation by V2G interactions at almost 0.1% for each HV. 

Figure 12 shows how the energy operating cost changes with the 
increased HV quantity. It is clear that elevating the HV quantity in the 
community significantly increases the energy operating cost, and the 
fuel cell degradation cost. In the reference case, when the HV quantity 
increases from four to twenty, the grid cost keeps stable at -$1745.7 and 
the H2 cost increases from $12274.5 to $60106.3, resulting in the in-
crease of total operating cost from $10528.7 to $58360.6. In Case 1 
where the fuel cell degradation is not considered, when the HV quantity 

Fig. 9. Cost comparison between the cases with and without considering fuel 
cell degradation. 
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increases from four to twenty, the grid cost and H2 cost increase from 
$15562.2 to $32291.6 and from -$2484.4 to $3891.0, respectively, 
resulting in the increase of total operating cost from $13077.7 to 
$36182.6. In Case 2 with fuel cell degradation, when the HV quantity 
increases from four to twenty, the grid cost, H2 cost, and fuel cell 
degradation cost increase from $15675.6 to $32438.9, from -$1850.1 to 
$4315.1, and from $6945.2 to $27524.6, respectively. Correspondingly, 
the total operating cost increases from $20770.6 to $64278.6, by over 
200%. Meanwhile, in Case 2, the ratio of the fuel cell degradation cost to 
the total operating cost increases from 33.4% to 42.8%. Moreover, as 
compared to Case 2, if the fuel cell degradation is not considered (Case 
1), as the HV quantity increases from four to twenty, the energy oper-
ating cost will be underestimated by 37%-44%. Such a finding indicates 
that, as the HV quantity increases, the fuel cell degradation will become 
the main sector in the energy operating cost of regional energy systems. 

3.3. Effects of fuel cell degradation on energy operating cost with the 
decreased renewable electricity price 

Under the current grid feed-in tariff with high-price renewable 
electricity in California [49], compared to the isolated buildings and 
vehicles system, the building-vehicle-integrated community is not 
economically competitive, as the renewable energy being exported to 
the grid will bring more economic benefits than the renewable energy 
being shared to vehicles with fuel cell degradation. In the near future, 
the renewable electricity price will probably decline, along with the 
continuous increase in renewable electricity production [39]. Namely, 
although California still has a high price for the renewable electricity for 
promoting the regional carbon-neutralization strategy now, the high- 
price-renewable era probably ends up in the coming years, falling to 
the low-price-renewable status as what happened in Europe [39]. 

The decreased renewable electricity price will result in two main 
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effects on the interactive building-vehicle energy sharing community:  

(1) Instead of being exported to the power grid, the onsite surplus 
renewable can be shared in vehicles, so as to reduce the grid 
import cost during the demand shortage period. The interactive 
building-vehicle energy sharing community might become more 
economically competitive than the system without V2G 
interactions;  

(2) The reduced proportion of the fuel cell degradation cost to the 
total operating cost. To be specific, in a certain community, the 
decreased renewable electricity price or the increased grid elec-
tricity cost due to the elevated grid electricity price will increase 

the total energy operating cost. As a result, the unchanged fuel 
cell degradation cost will account for a reduced proportion to the 
total energy operating cost. 

The vehicle integration in district buildings in Cases 1 and 2 can 
reduce the grid cost, since the electricity-H2-electricity procedure will 
store the low-price renewable electricity and cover the building demand 
shortage, so as to reduce the high-price grid-imported electricity. The 
decreased energy operating cost with V2G interactions might achieve a 
higher cost efficiency than that without V2G interactions. Moreover, if 
the renewable electricity price is very low or even zero, the cost saving 
by V2G interactions might even compensate the fuel cell degradation 
cost. If so, the proposed building-vehicle energy network will become 
more economically competitive in practice. 

To demonstrate the effects of fuel cell degradation with the 
decreased renewable electricity price, this section lowers the renewable 
electricity price from the 100% original price (same as that of the grid- 
imported electricity, as shown in Table 1) to 0 with a decreasing step of 
20%. Other parameters are still kept the same as those described in 
Section 2 (20 houses and 4 HVs). The comparison among the reference 
case and Cases 1 and 2 will indicate the economic competitiveness and 
effectiveness of V2G interactions, and the importance of fuel cell 
degradation in the near future with decreased economic incentives of 
renewable energy. The assessment criterion is the energy operating cost 
since the non-economic performances of the three cases will remain 
unchanged as only the renewable electricity price is changed. 

Figure 13 shows the impact of renewable electricity price on the 
energy operating cost. Obviously, the decreased renewable electricity 
price improves the economic competitiveness of the building-vehicle 
energy network with V2G interactions. To be specific, in the reference 
case without deploying V2G interactions or considering fuel cell 
degradation, when the decreasing magnitude of renewable electricity 
price increases from 0 to 100%, the H2 cost keeps stable at -$1850.1, but 
the grid cost increases from -$1745.7 to $37302.9, resulting in the 
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Fig. 11. The fuel cell degradation distribution of the building-vehicle energy network with the HV quantities at (a) eight, (b) twelve, (c) sixteen, and (d) twenty.  

Fig. 12. The energy operating cost of the building-vehicle network with the 
increased HV quantity. 
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increase of the total operating cost from $10528.7 to $49577.4. In Case 1 
where V2G interactions are deployed but the fuel cell degradation is not 
considered, when the decreasing magnitude of renewable electricity 
price increases from 0 to 100%, the grid cost increases from $15562.2 to 
$19727.0, resulting in the increase of total operating cost from $13077.7 
to $17242.6. The energy operating cost of Case 1 is lower than that of 
the reference case when the decreasing magnitude of renewable elec-
tricity price is 40% or higher. In Case 2 with fuel cell degradation, when 
the decreasing magnitude of renewable electricity price increases from 
0 to 100%, the grid cost increases from $15675.6 to $19843.5, resulting 
in the increase of the total operating cost from $20770.6 to $24938.5. 
Correspondingly, the proportion of fuel cell degradation cost to the total 
operating cost decreases from 33.4% to 27.8%. The energy operating 
cost of Case 2 is lower than that of the reference case when the 
decreasing magnitude of renewable electricity price is 60% or higher. 
Such a finding indicates that the fuel cell degradation cost accounts for a 
large amount share in the building-vehicle network with the decreased 
renewable price. Moreover, it should be noted that the fuel cell degra-
dation cost by daily transportation is $5502.0 (2.5%/3.16%×$6945.2, 
see Sections 3.1.2 and 3.1.3). If the reference case also considers the fuel 
cell degradation (only caused by transportation), the energy operating 
cost of Case 2 is lower than that of the reference case when the renew-
able electricity price is reduced by 40% or more. Namely, the cost saving 
by deploying V2G interactions can compensate the fuel cell degradation 
cost when the renewable electricity price of California is reduced by 
more than 40%. 

4. Applications and limitations 

Integrating H2 energy infrastructure, buildings, and local power grid 
is a promising approach to promote regional carbon neutralization with 
high energy flexibility, reduced grid burden, and low energy cost. 
However, the dynamic working thermal environment and degradation 
of vehicle PEMFCs are usually ignored in existing relevant studies. This 
study establishes a two-space cabin thermal model and a fuel cell 
degradation model to calculate the ambient temperature, energy output, 
efficiency, and operating cost of vehicle PEMFCs. To quantify the effects 
of fuel cell degradation, these two models are integrated with a 
community-level building-vehicle energy network consisting of PV 
systems, single houses, HVs, a H2 station, local power grid, and local H2 
pipelines. The grid interaction and energy operating cost of the network 
are also explored with the increased HV quantity and the decreased 
renewable electricity price, which are the foreseeable trend in the near 
future. This study provides potential promising applications as follows:  

(1) The cabin thermal model and the fuel cell degradation model 
proposed in this study provide a practical and fast approach and 
tool to calculate the detailed working environment, energy 
output performance, and operating energy cost of PEMFCs in the 
building-vehicle energy network, under the influences of the 
local climate. These two models will make the energy network 
more realistic than the existing relevant studies where the cabin 
heat transfer and fuel cell degradation are usually ignored. The 
enormous fuel cell degradation cost highlights the necessity to be 
considered, so as to avoid the performance overestimation in 
building-vehicle networks. Moreover, these models and their 
corresponding findings can also be applied or referenced in other 
regions with different types of buildings, as long as researchers, 
engineers, or designers adopt different input values according to 
their own projects. 

(2) Currently, the H2 infrastructure in California is under develop-
ment, and the predesigned function for supporting local trans-
portation only might limit its further application and 
development. This study indicates that integrating the H2 infra-
structure and HVs with the local buildings has a large potential of 
reducing grid burden and energy operating cost in the future. The 
promising benefits of energy flexibility and cost efficiency of the 
proposed building-vehicle energy network will promote the 
development of H2 infrastructure which will help actualize 
regional carbon neutralization.  

(3) The parametric study on the effects of the increased HV quantity 
and the decreased renewable price sheds some lights on the 
development of building-vehicle energy networks in the near 
future. To be specific, Sections 3.2 and 3.3 indicate that with the 
increased HV quantity, the vehicle-related cost (the H2 cost for 
daily transportation and the fuel cell degradation cost), rather 
than the grid cost by buildings, will be the main cost sector of 
regional energy networks. Furthermore, with the decreased eco-
nomic incentives in renewable energy, exporting renewable 
electricity to the local grid will be less cost-efficient than being 
shared in vehicles via the V2G interactions. The benefits of 
transferring surplus renewables from buildings to vehicles shown 
in this paper provides the promising solution for actualizing 
carbon-neutral and low-cost communities in the future. 

Meanwhile, the limitations herein are clarified for further improve-
ments of future studies:  

(1) California’s climate is moderate throughout the whole year, 
which leads to the low HVAC energy consumptions of both 
buildings and vehicles. Also, the vehicle PEMFCs are in relative 
moderate environments, rather than extremely hot or cold envi-
ronments. Therefore, the results of this study are more proper for 
regions with moderate climates. Future studies should be 
extended to regions with various climates for exploring the per-
formance of the proposed building-vehicle energy networks.  

(2) The cabin thermal model and the fuel cell degradation model 
developed in this study provide practical methods of analyzing 
the working environment and degradation of vehicle PEMFCs 
with a relatively high computation efficiency. Nonetheless, the 
models are simplified and some key parameters are obtained from 
previous studies. Future studies are still needed for more 
advanced and accurate models, together with parameters for the 
practical application of the building-vehicle energy networks.  

(3) For now, California’s H2 infrastructure is still under development, 
and there are no economic policies for the energy trade between 
H2 stations and the adjacent buildings or communities. Therefore, 
this study determines the final H2 cost according to the net H2 
consumption by the community, and does not include the cost of 
hot water provided by the H2 station. In practice, a detailed en-
ergy trade between H2 stations and the adjacent buildings or 

Fig. 13. The energy operating cost of the building-vehicle network with the 
decreased renewable electricity price. 
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communities might include the maintenance costs of the onsite 
H2 system (such as the electrolyzer and compressor) and hot 
water systems at the H2 station. Therefore, the actual energy 
operating cost should be investigated with different energy 
trading policies in the future studies.  

(4) This study only investigates a residential community within one 
year, and the corresponding fuel degradation is small within such 
a short term. Other buildings, like office buildings, with different 
energy consumption characteristics from residential buildings, 
might cause different levels of fuel cell degradation in building- 
vehicle energy networks. The influences of different building 
types, increased building quantities, and other factors will be 
added and explored in our future studies. The decreased fuel cell 
efficiency might exert significant effects on the whole energy 
network in the long run after the accumulated fuel cell degra-
dation reaches a relative level like 10%. The long-term perfor-
mance change, such as 20 years [61], will be investigated in our 
future studies.  

(5) In the investigated community, the H2 station is the only place of 
storing the PV electricity-generated H2. Nonetheless, the overall 
electricity-H2-electricity conversion efficiency is 40–50%, lead-
ing to a relatively high energy loss for the whole energy network. 
In order to improve the network energy efficiency, multiple en-
ergy storages with a high energy efficiency are needed, such as 
electrochemical batteries for electricity storage and grid inter-
action [62,63]. Integrating synergistic energy storages in 
building-vehicle energy networks will be explored in our future 
work. Future studies will focus on peer-to-peer energy sharing 
and trading based on hydrogen economy [64,65]. 

5. Conclusions 

Deploying H2-based building-vehicle energy networks is an effective 
strategy to improve intermittent renewable penetration, enhance 
regional energy flexibility and reduce the reliance on fossil fuels, where 
vehicle PEMFCs are the key components to actualize the gas-to-power 
conversion for clean power supply. However, the vehicle PEMFCs suf-
fer from performance degradation, dependent on the cabin heat balance 
and power requirements during the transportation and V2G interaction 
procedures, but this issue is seldomly explored in the current academia. 
This study firstly proposes a two-space cabin thermal model for calcu-
lating (1) the cabin indoor temperature to which vehicle PEMFCs are 
exposed and (2) the energy consumption of vehicle HVAC systems 
supported by PEMFCs. Afterwards, based on a previous study [30], a fuel 
cell stack voltage model is proposed to quantify the performance 
degradation magnitude of vehicle PEMFCs for daily transportation and 
V2G interactions, respectively. Moreover, these two models are coupled 
with a community-level electricity-H2 hybrid building-vehicle energy 
network in California, U.S.A. The community integrates low-rise single 
houses, rooftop PV systems, HVs, a H2 station, community micro power 
grid, local power grid, and local H2 pipelines. This building-vehicle 
network also formulates multiple energy interactions among the build-
ings, HVs, and H2 station for improving energy flexibility and grid sta-
bility. In order to highlight the necessity for fuel cell degradation and to 
avoid the techno-economic performance overestimation, grid interac-
tion, fuel cell degradation, and energy operating cost of the proposed 
building-vehicle energy network are evaluated in the cases with and 
without considering the fuel cell degradation. Furthermore, the poten-
tial effects of fuel cell degradation on the district energy network are 
evaluated with the increased HV quantity and the decreased renewable 
electricity price. Main conclusions of this study are listed as follows: 

(1) The renewable congestion and demand shortage can be effec-
tively ameliorated with the integration of H2 station and V2G 
interactions in the community. About 75% of the annual renew-
able electricity is absorbed by the electrolyzer and compressor at 

the H2 station, covering about 28% of the community’s annual 
energy demand. Furthermore, the fuel cell degradation does not 
obviously affect the grid stability, due to the limited fuel cell 
degradation in the short term.  

(2) In the proposed building-vehicle energy network, the fuel cell 
degradation is 3.16% per vehicle within one year, where 2.50% 
and 0.66% are caused by daily transportation and V2G in-
teractions, respectively. Namely, the V2G interaction increases 
the fuel cell degradation rate by 26.4% as compared to the con-
dition when vehicle PEMFCs are only used to support trans-
portation energy demand. This result highlights the importance 
of fuel cell degradation to avoid the overestimation on dynamic 
and lifetime performance analysis.  

(3) The fuel cell degradation accounts for a considerable proportion 
of the total energy cost. In the proposed building-vehicle energy 
network, the total fuel cell degradation cost is $6945.2, reaching 
33.4% of the total operating cost ($20770.61). If the fuel cell 
degradation is not considered (Case 1), the energy operating cost 
of the building-vehicle energy network will be underestimated by 
about 37%.  

(4) The increased HV quantity integrated in the community reduces 
fuel cell degradation magnitude for each HV in V2G interactions. 
When the HV quantity increases from four to twenty, the fuel cell 
degradation by V2G interactions decreases from 0.66% to 0. 
Correspondingly, when the HV quantity increases from four to 
twenty, the total fuel cell degradation of each HV decreases from 
3.16% to 2.50%. Moreover, when the HV quantity increases from 
four to twenty, the grid cost, H2 cost, and fuel cell degradation 
cost of the building-vehicle network increase from $15675.6 to 
$32438.9, from -$1850.1 to $4315.1, and from $6945.2 to 
$27524.6, respectively. Correspondingly, the total operating cost 
increases from $20770.6 to $64278.6, by over 200%. The pro-
portion of the fuel cell degradation cost to total operating cost 
increases from 33.4% to 42.8%. If the fuel cell degradation is not 
considered (Case 1), as the HV quantity increases from four to 
twenty, the energy operating cost will be underestimated by 37%- 
44%, which indicates the significance and necessity of fuel cell 
degradation to avoid the economic performance overestimation 
of building-vehicle energy networks.  

(5) The decreased renewable electricity price in the future will 
necessitate the V2G interactions to improve the economic 
competitiveness of the building-vehicle energy network. To be 
specific, in the proposed building-vehicle energy network (Case 
2), when the decreasing magnitude of renewable electricity price 
increases from 0 to 100%, the grid cost increases from $15675.6 
to $19843.5, resulting in the increase of total operating cost from 
$20770.6 to $24938.5. Correspondingly, the proportion of fuel 
cell degradation cost to the total operating cost decreases from 
33.4% to 27.8%. Such a finding indicates that the fuel cell 
degradation cost is still an essential part in the building-vehicle 
network with the decreased renewable price. Moreover, if the 
reference case with isolated buildings and HVs also considers the 
fuel cell degradation caused by daily transportation, the energy 
operating cost of Case 2 (with V2G interactions and fuel cell 
degradation) is lower than that of the reference case when the 
renewable electricity price is reduced by 40% or more. In other 
words, the cost saving by deploying V2G interactions can 
compensate the fuel cell degradation cost when the renewable 
electricity price of California is reduced by 40% or more. 
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