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Abstract 

This study presents a robust energy planning approach for hybrid photovoltaic and wind 

energy systems with battery and hydrogen vehicle storage technologies in a typical high-rise 

residential building considering different vehicle-to-building schedules. Multiple design criteria 

including the supply performance, grid integration and lifetime net present value are adopted to 

size the hybrid system and select the optimal energy management strategy. Four decision-making 

strategies are further applied to search the final optimum solution for major stakeholders with 

different preferences. The study result indicates that the energy management strategy with battery 

storage prior to hydrogen storage is suitable for hybrid systems with large photovoltaic, wind and 

battery installation capacities to achieve the optimum supply-grid integration-economy 

performance. The energy management strategy with hydrogen storage prior to battery storage has 

a wider applicability, and this strategy should be selected when focusing on the supply-grid 

integration or supply-economy performance. The annual average self-consumption ratio, load 

cover ratio and hydrogen system efficiency are about 84.79%, 76.11% and 77.06% respectively in 

the end-user priority case. The annual absolute net grid exchange is about 4.55 MWh in the 

transmission system operator priority case. The lifetime net present value of the investor priority 

case is about 3.64 million US$, 29.88% less than the equivalent priority case. Final optimum 

solutions show positive environmental impacts with negative annual carbon emissions. Such a 

techno-economic-environmental feasibility analysis of the hybrid system provides major 
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stakeholders with valuable energy planning references to promote renewable applications in urban 

areas. 
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1. Introduction

1.1. Background 

Renewable energy is playing an expanding role in the power sector [1] and providing about 

27.3% of global electricity generation accumulating to 2588 GW at the end of 2019 [2]. It has been 

adopted as a global-scale decarbonisation pathway towards the low-carbon power supply and 

sustainable environment especially in crucial sectors with high carbon emissions and energy 

consumption such as the building and transport. Most carbon emissions in Hong Kong are 

attributed to electricity generation (70%) and transport (16%) sectors, while 90% of electricity is 

consumed by buildings [3]. More than half of the total energy consumption of Hong Kong is 

attributed to the residential (21%) and transport (31%) sectors in 2017, and the energy and 

electricity consumption of the residential sector shows a continuous rise from 2007 to 2017 by 9.6% 

and 15.7% respectively [4]. The local government has therefore launched ambitious plans to 

achieve an absolute carbon reduction of 26% - 36% by 2030 benchmarked with 2005. It is 

significant to accelerate renewable energy development as it accounts for only 0.2% of total local 

electricity consumption in 2017 [4], while 3% - 4% of the renewable energy supply has been 

planned [3]. The hybrid renewable energy and storage systems with complementary photovoltaic 

(PV) and wind power combined with lithium-ion battery storage and hydrogen vehicles are thus 

developed for power supply to high-rise residential buildings. 

Batteries have been widely adopted for renewable energy storage in buildings given its fast 

response, high efficiency and low environmental impact [5], while hydrogen is attracting 

increasing attention in many economic sectors given its low-carbon characteristics. The lower 

heating value of hydrogen is about 120 MJ/kg (3 times of gasoline), which makes it an attractive 

transport fuel. But hydrogen needs to be compressed or liquefied as the energy intensity of 

hydrogen is relatively low at 0.01 MJ/L (1/3 of natural gas) [6]. This study adopts a vehicle 



integrated hydrogen storage system consisting of the alkaline electrolyzer, compressor, hydrogen 

storage tank and proton exchange membrane fuel cell (PEMFC) for the hybrid renewable energy 

system. The alkaline electrolyzer has been used since the 1920s as a commercial and mature 

technology with a relatively low initial cost (500 - 1400 US$/kW) compared with other 

electrolyzers such as the proton exchange membrane electrolyzer (1100 - 1800 US$/kW) and solid 

oxide electrolyzer (2800 - 5600 US$/kW) [7]. The electrical efficiency of alkaline electrolyzer at 

the lower heating value is about 63% - 70% depending on the technology performance and supply 

power, and it is projected to be increased to 70% - 80% in the long-term development. The 

hydrogen fuel cell costs 1600 US$/kW for a 1 MW PEMFC unit with an electrical efficiency of 

50% - 60% and it is predicted to be reduced to about 425 US$/kW by 2030 [8]. It is therefore 

technically and economically promising to develop hybrid renewable energy and storage systems 

integrating the building and transport sectors. 

1.2. Global development status and prospects of hydrogen vehicles 

Recently, hydrogen vehicles (HVs) have experienced an unprecedented development as a 

promising alternative for clean energy solution. Over 12900 fuel cell electric cars are registered 

worldwide by the end of 2018 with an 80% increment in the year, although still small compared 

with the accumulated 5.1 million battery vehicles. Nearly half of HVs are sold in the U.S., followed 

by 23% in Japan and 14% in China, while most HVs are manufactured by Toyota, Honda and 

Hyundai. There are 376 publicly available hydrogen refueling stations with 100 in Japan, followed 

by 60 in Germany and 44 in the U.S [9], but the number is still small compared with the 5.2 million 

charging points (90% private chargers) for battery vehicles by the end of 2018 [10]. HVs can be 

refueled in 3 - 5 minutes, much shorter than that of battery vehicles (can be 3 - 6 hours) and fuel 

cells could have a lower material footprint than lithium batteries. The cruise range of HVs can be 

over 400 km, longer than that of battery vehicles with a global average around 250 km [6]. A 

promising global development of HVs is anticipated in the near future to achieve a low-carbon 

transport sector. The Korean government aims to achieve 6.2 million HVs and 1200 refueling 

stations by 2040 and make hydrogen economy a driving force of innovation growth [11]. About 

20000 - 50000 HVs and 400 - 1000 refueling stations are projected by 2028 in France and 1000 

refueling stations will be constructed in Germany [9]. Up to 1 million fuel cell electric vehicles 

and 1000 hydrogen refueling stations will be developed by 2030 in China to launch the hydrogen 



transport in ten cities following exiting battery vehicles [12]. A similar plan is outlined by the 

California Fuel Cell Partnership to encourage the development of low-carbon hydrogen in 

California [13]. Japan also planned to have 0.2 million HVs and 320 refueling stations by 2025 

with accumulated HVs of 0.8 million by 2030 [14]. Hydrogen Council anticipates more than 400 

million hydrogen cars, 15 - 20 million hydrogen trucks and 5 million hydrogen buses all over the 

world by 2050 [15].   

1.3. Review of integrating battery and hydrogen storage with renewable energy systems for 

building power supply 

Feasibility and optimization studies on battery and hydrogen storage based renewable energy 

systems for building power supply have aroused increasing attention in recent years with an 

accelerating development of battery and hydrogen technologies in energy storage and 

transportation. 

The technical and economic feasibility of employing battery and hydrogen storage based 

renewable energy systems for building power supply has been investigated based on case studies 

and parametric analyses. A standalone plug-in hybrid electric vehicle charging station powered by 

PV and wind energy with fuel cell storage is tested showing that the lifetime and cost of the fuel 

cell system are more favorable than that of the battery system [16]. A demonstration project with 

the solar PV and fuel cell electric vehicle in a residential building was set up in the Netherlands to 

study the net zero-energy and vehicle-to-grid operations. It is found that the annual grid imported 

electricity can be reduced by 71% with the integration of the fuel cell vehicle [17]. The technical 

and economic performance of a PV-wind system with vehicle integrated hydrogen storage is 

analyzed for a zero-emission single family house in Finland considering the system net present 

value and operational carbon emissions [18]. The vehicle integrated hydrogen storage and battery 

storage are designed for solar and wind systems in a practical office center of the Netherlands. 

This study validated the feasibility of using electric vehicles as the power backup as well as the 

flexibility and cost-effectiveness of fuel cell vehicles over battery vehicles [19]. The power 

generation planning of isolated microgrids with diesel and renewable energy sources is presented 

considering the integration of electric vehicles and cooking systems. The economic and 

environmental benefits of the renewable energy system for a remote community in Ecuador are 

demonstrated based on the HOMER analysis [20]. The impact of vehicle-to-building interactions 



and vehicle charging strategies on the performance of zero-emission office buildings is analyzed. 

The author reports that the matching capability and building-vehicle interactions can be 

significantly improved by expanding the vehicle charging boundary to remote parking sites [21].  

A large amount of research has also been conducted on the sizing and design optimization of 

battery and hydrogen storage based renewable energy systems for building power supply in both 

standalone and grid-connected conditions. For example, the PV system with hydrogen and retired 

vehicle battery storage is developed for a typical household in China by optimizing the energy 

supply reliability, energy waste and system cost. The superiority of Non-dominated Sorting 

Genetic Algorithm-II (NSGA-II) is explicated in this study compared with the multi-objective 

evolutionary algorithm based on decomposition [22]. The widely used metaheuristics are further 

compared in optimizing and sizing a micro-grid hybrid PV-wind-hydro system with supercapacitor 

storage and hydrogen refueling station for fuel cell vehicles in a New Zealand community. The 

authors conclude that the moth-flame optimization algorithm gets the best solution in cost 

effectiveness with a 0.09 US$/kWh levelized cost of electricity [23]. Three operation strategies of 

the PV-battery-hydrogen system are developed under the pessimistic and optimistic cost scenarios 

for a multi-apartment building in Sweden, showing that hydrogen storage performs better than 

battery storage in the net present value under the optimistic cost scenario [24]. The optimal design 

and operation of the hybrid solar-hydro system with stationary hydrogen storage is also analyzed 

based on General Algebraic Modeling System (GAMS) for a net-zero energy building to minimize 

the investment of the solar system. A carbon dioxide reduction of 39546 kg and cost decline of 

50.3% can be achieved by the optimum design [25]. An innovative optimization model is proposed 

for investment planning of a renewables microgrid with electric vehicles. Case studies of microgrid 

systems with a 5-year planning horizon show that the vehicle-to-grid technology contributes to the 

microgrid economy in the long-term operation [26]. A microgrid planning algorithm of renewable 

energy systems integrating electric vehicles is proposed to maximize renewable generations. It is 

found that the developed algorithm can reduce the investment cost and carbon emission for 

residential and campus microgrids cases in Korea [27]. Both single-objective and multi-objective 

optimizations are conducted to improve the technical, economic and environmental performance 

of a low-energy building integrated with the PV and battery storage system considering the battery 

cycling aging, grid relief and time-of-use pricing [28].  



Table 1 A summary of recent studies on battery and hydrogen storage based renewable energy 

systems 

Hybrid system Software Application site Important finding Reference 

Feasibility analysis 

PV-wind-stationary 

hydrogen   
-- 

A standalone hybrid 

vehicle charging station 

Lifetime and cost of fuel cell system are 

more favorable than battery system 

Fathabadi. 

2020 [16] 

PV-mobile 

hydrogen vehicle 
MATLAB 

Vehicle-to-grid, the 

Netherlands 

Annual grid imported electricity can be 

reduced by 71% using fuel cell vehicle  

Robledo et 

al. 2018 [17] 

PV-wind-mobile 

hydrogen vehicle 
TRNSYS 

An on-grid single family 

house, Finland 

Techno-economic feasibility of using 

HV in a zero-energy building is 

explained 

Cao et al. 

2018 [18] 

PV-wind-mobile 

hydrogen vehicle 
MATLAB 

An on-grid office center, 

the Netherlands  

Fuel cell vehicles are more economic 

and flexible than battery vehicles  

Farahani et 

al. 2020 [19] 

PV-wind-mobile 

battery vehicle 
HOMER 

An island community 

microgrid, Ecuador 

Economic and environmental benefits 

can be obtained integrating renewables 

and electric vehicles in island microgrids 

Clairand et 

al. 2019 [20] 

PV-wind-mobile 

battery vehicle 
TRNSYS 

An on-grid office 

building, Hong Kong 

Matching capability and building-

vehicle interactions are improved by 

expanding the mobile boundary 

Cao 2019 

[21] 

Design sizing and optimization 

PV-stationary 

hydrogen-retired 

vehicle battery  

HOMER 
A standalone 

neighborhood, China 

NSGA-II performs better than multi-

objective evolutionary algorithm based 

on decomposition 

Huang et al. 

2019 [22] 

PV-wind-hydro-

supercapacitor-

stationary hydrogen 

MATLAB 
A rural community, 

New Zealand 

Moth-flame optimization algorithm gets 

the best solution in cost effectiveness  

Mohseni et 

al. 2020 [23] 

PV-stationary 

battery-stationary 

hydrogen 

MATLAB 
An on-grid rental 

building, Sweden 

Hydrogen storage is more economic 

under optimistic cost scenario than 

battery storage  

Zhang et al. 

2017 [24] 

PV-hydro-

stationary hydrogen 
GAMS 

An off-grid net-zero 

energy building 

Carbon dioxide and cost reduction can 

be achieved by the optimum design  

Mehrjerdi et 

al. 2019 [25] 



Hybrid system Software Application site Important finding Reference 

PV-wind-mobile 

battery vehicle 

IBM 

CPLEX 

and 

Matpower 

Vehicle-to-grid parking 

facilities 

Vehicle-to-grid technology contributes 

to the microgrid economy in the long-

term operations 

Mortaz et al. 

2019 [26] 

PV-wind-mobile 

battery vehicle 
HOMER 

Residential and campus 

microgrids, Korea 

Investment cost and CO2 emission can 

be reduced by the proposed algorithm 

Yoon et al. 

2017 [27] 

PV-stationary 

battery 

TRNSYS, 

jEplus+EA 

An on-grid low-energy 

building, China 

Technical, economic and environmental 

performance can be improved by the 

optimizations 

Liu et al. 

2020 [28] 

Table 1 summaries recent research on the feasibility and optimization study of battery and 

hydrogen storage (both stationary and mobile types) based renewable energy systems for building 

applications. It can be identified that few techno-economic feasibility studies focus on high-rise 

building applications within the urban context considering different transporting schedules of 

hydrogen vehicle groups. And most existing design optimization studies are limited to stationary 

hydrogen storage. Moreover, optimum sizing schemes and energy management strategies of 

hybrid renewable energy systems with battery and hydrogen vehicle storage are seldom presented 

for major stakeholders considering their different concerns.  

1.4. Scope and contribution 

Given the identified research gap, this study presents a robust energy planning approach for 

the hybrid PV-wind-battery-hydrogen system for power supply to high-rise residential buildings 

integrated with hydrogen vehicles in different cruise schedules. The preferences of key 

stakeholders are addressed for decision making for different energy management strategies based 

on the joint TRNSYS and jEplus+EA platform. Major contributions of the present study are shown 

as below: 

(1) Two energy management strategies of the hybrid PV-wind-battery-hydrogen system with

different operation priorities of the battery storage and hydrogen storage are developed and 

compared for power supply to a typical high-rise residential building integrated with two groups 

of hydrogen vehicles following different cruise schedules. The energy management strategies and 



system configurations are optimized considering the system supply performance, grid integration 

and lifetime net present value based on multi-objective design optimizations. 

(2) Four decision-making strategies based on the minimum distance to the utopia point and

analytical hierarchy process methods are adopted to determine the final optimum solutions for 

major stakeholders (i.e. the end-user, transmission system operator and investor) of hybrid 

renewable energy and storage systems for high-rise residential building applications within urban 

contexts. 

(3) The techno-economic-environmental feasibility of four optimum solutions of the hybrid

PV-wind-battery-hydrogen system with different concerns under the optimal energy management 

strategy is analyzed to provide valuable references for key stakeholders to further develop hybrid 

renewable energy and storage systems in urban areas.   

2. Methodology

The hybrid renewable energy and storage system is first established in TRNSYS 18 [29] to 

model power supply to a typical high-rise residential building in Hong Kong with two groups of 

hydrogen vehicles (HVs) following different cruise schedules as per Fig. 1. The hybrid renewable 

energy supply adopts a combination of solar PV and wind power systems given their good 

complementary characteristics [30]. Solar PV panels are assumed to be installed on the rooftop 

and three vertical facades. The hybrid storage technologies consisting of lithium-ion battery energy 

storage (BES) and vehicles integrated hydrogen energy storage (HES) are utilized to match with 

the hybrid renewable energy supply. The battery technology is widely adopted for renewable 

energy storage in buildings given its fast response, high efficiency and low environmental impact 

[5], while the hydrogen vehicle technology meets well with the low-carbon development plan in 

the building and transportation sectors of Hong Kong [3]. The batteries equipped in the building 

can be charged by available renewable energy and discharged to meet the electrical load. The 

hydrogen system includes the electrolyzers, compressors, stationary hydrogen (H2) storage tank 

fixed in the building and two groups of mobile hydrogen vehicles (HVs) with a H2 storage tank 

and proton exchange membrane fuel cell (PEMFC) in each HV. The two groups of mobile HVs 

with different cruise schedules can be discharged to meet the electrical load when parking at home. 

And the heat release of the hydrogen system is recovered from the electrolyzers, compressors and 

PEMFCs for the air-conditioning reheat and domestic hot water demand to enhance the overall 



efficiency of the HES system. The utility grid is connected to the hybrid PV-wind-battery-

hydrogen system to take in surplus renewable generation, cover the unmet electrical load and 

supply power to the hydrogen system for necessary daily cruise consumption.  

Fig. 1 Framework of the hybrid PV-wind-battery-hydrogen system for the high-rise building 

Two energy management strategies (EMSs) are developed with different operation priorities 

of the storage technologies, where BES is prioritized over HES in EMS 1 and HES is prioritized 

in EMS 2. Multi-objective optimizations are conducted with the joint simulation and optimization 

platform of TRNSYS and jEplus+EA to select the optimum EMS and configuration of the hybrid 

PV-wind-battery-hydrogen system regarding the façade PV area, wind turbine number, battery 

capacity and stationary H2 storage tank volume. Techno-economic indicators are developed for the 



multi-objective optimization covering the self-consumption of renewable energy, on-site cover of 

the electrical load, overall efficiency of the hydrogen system, absolute value of net grid exchange 

and lifetime net present value. Four decision-making strategies (DMSs) are adopted to find the 

final optimum solution focusing on different concerns of major stakeholders from Pareto optimal 

solutions. Specifically, DMS 1 assigns equivalent priority to all design criteria based on the 

minimum distance to the utopia point (MDUP) method. DMSs 2 - 4 focus on the preference of the 

end-user, transmission system operator and investor respectively based on the analytical hierarchy 

process (AHP) method.  

2.1. Modelling of hybrid renewable energy and storage system for hydrogen vehicle 

integrated building 

Fig. 2 Monthly solar radiation, wind energy (100 kW) and average weed speed in Hong Kong 

The high-rise building is located in Hong Kong with favorable solar and wind resources as 

shown in Fig. 2 according to the weather file of TRNSYS 18 based on the Meteonorm data of 

Hong Kong [31]. The monthly solar radiation on the horizontal plane varies between 63.73 - 

168.22 kWh/m2 reaching the minimum and maximum in February and July respectively. While a 

100 kW offshore wind turbine can generate more energy in winter and less in summer with the 

minimum and maximum monthly average wind speed of 3.60 m/s (July) and 5.70 m/s (March) 
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respectively. It is therefore promising to combine solar and wind energy for a stable renewable 

power supply to buildings given their complementary characteristics in Hong Kong. 

A typical high-rise residential building with 30 floors (8 two-occupant flats and 8 four-

occupant flats in each floor) is constructed based on a standard design layout for public residential 

buildings in Hong Kong [32]. The building envelope, air-conditioning load, internal gain and 

domestic hot water demand are specified as per local building codes [33]. The detailed load profile 

is obtained using internal models in TRNSYS 18 including Type 56, Type 648, Type 667, Type 

752, Type 655 and other auxiliary components. The annual load of the high-rise building is 

simulated at a timestep of 0.125 h with detailed monthly results shown in Fig. 3. The internal gain 

load of 41.19 kWh/m2 includes the electrical demand of indoor lighting, equipment and ventilation 

fans. The annual cooling load from April to October is about 41.99 kWh/m2 and annual domestic 

hot water demand is 47.06 kWh/m2, which agrees well with a survey on the annual average energy 

use intensity of high-rise residential buildings in Hong Kong [34].  

 

Fig. 3 Monthly electrical load of the high-rise residential building  
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Fig. 4 is a schematic of the hybrid PV-wind-battery-hydrogen system for the HVs integrated 

building. Detailed information of the hybrid supply, battery energy storage (BES), hydrogen 

energy storage (HES) and energy management strategy (EMS) is explained as below. 

Fig. 4 Schematic of the hybrid PV-wind-battery-hydrogen system for the high-rise building 

Hybrid supply: Rooftop PV panels are modelled by TRNSYS Type 103 with a tilted angle of 

22º close to the local latitude and a capacity of about 70.76 kW. Façade PV panels are simulated 

by TRNSYS Type 567 and assumed to be installed on three building façades excluding North. The 

installation capacity is a design variable in sizing the hybrid system considering techno-economic 

indicators from the perspective of different stakeholders. An adjacent shading factor of 76.64% is 

introduced to model the façade PV power generation within the urban context [35]. Wind turbines 

are also modelled by TRNSYS Type 90 based on the tested power-speed characteristic curve from 

manufacturers as the supplementary power supply [36]. The installation capacity of wind power is 

also subject to further optimizations considering different stakeholders’ concerns assuming a 

power transmission loss rate of 13.541% for the residential building in populated regions [37].     

Battery energy storage (BES): The batteries are assumed to be installed in the building and 

subject to design optimization considering preferences of different stakeholders. It can be charged 
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by surplus renewable energy or discharged to meet the electrical load by controlling the fractional 

battery state of charge (FSOC) with an operational limit between FSOCBat_min - FSOCBat_max (0.15 

- 0.98). The maximum charging and discharging rate of the battery is also considered according to

the battery characteristic (i.e. 1C for the lithium-ion battery) [38]. 

Hydrogen energy storage (HES): 48 hydrogen vehicles (HVs) are assumed for the 30-floor 

residential building with 480 households of 1440 residents based on a local survey showing that 

the car owner ratio in public housing of Hong Kong is about 9.9% [39]. The hydrogen vehicle 

model is developed from a commercialized product “2019 Toyota Mirai” with the maximum 

power output of 114 kW and maximum hydrogen storage tank mass of 5 kg at a maximum pressure 

of 700 bars. It is tested that the “Toyota Mirai” with full hydrogen storage can cover a cruise range 

of about 502 km [40]. 48 HVs are divided equally into two groups: the business worker group 

(group 1) and homemaker group (group 2) in different driving schedules. The average daily driving 

distances of the business worker and homemaker group are about 53.45 km and 36.75 km 

respectively [41], and the daily leaving home periods of these two groups are 8:00 - 19:00 on 

weekdays and 8:00 - 12:00 on every day respectively. HVs can meet the building load by 

consuming hydrogen in PEMFC when they are parked at home. The hydrogen consumption of 

HVs on the road is calculated but the detailed operation of HVs during the cruise is not the main 

focus of this study. Thermal heat is recovered from the electrolyzers, compressors and PEMFCs 

when HVs are parked at home to meet the air-conditioning reheat and domestic hot water demand 

of the building, thereby increasing the overall hydrogen system efficiency.  

The hydrogen energy storage system consists of electrolyzers, compressor (Com-t) 

transporting hydrogen from the electrolyzers to a stationary hydrogen (H2) storage tank (Tank-st) 

installed in the building, and two groups of hydrogen vehicles (HV-g1, HV-g2). A mobile H2 

storage tank (Tank-g1, Tank-g2) and proton exchange membrane fuel cell (PEMFC-g1, PEMFC-

g2) are included in each HV, and a compressor (Com-g1, Com-g2) is allocated to each vehicle 

group to convey hydrogen from the stationary H2 storage tank to each mobile H2 tank when parked 

at home. The electrolyzer is modelled by TRNSYS Type 160a based on the advanced alkaline 

electrolyzer Phoebus [42]. The cell number varies in different cases based on the supply power 

entering the electrolyzer to keep the current density between 40 - 400 mA/cm2 [43]. TRNSYS Type 

167 is adopted to model the multistage compressor, which is turned on when the pressure of 



entering hydrogen is lower than that of the targeted storage tank. The H2 storage tanks are 

simulated by Type 164b to store compressed hydrogen at a high efficiency of around 99% with a 

maximum pressure of 700 bars based on the van der Waals equation of state for real gas [6]. The 

fuel cell is simulated by Type 170d for PEMFC showing the electrochemical process of converting 

the chemical energy of hydrogen and oxygen to electrical currents. The hydrogen storage tanks of 

HVs are checked over the night on each travelling day (0:00 - 8:00) and the utility grid feed the 

electrolyzer to generate hydrogen to secure the minimum FSOC level of mobile tanks for one-day 

cruise. The volume of the stationary H2 storage tank needs to be optimized for system sizing as 

per Section 2.2. 

Energy management strategy (EMS): Two energy management strategies with different 

operation priorities of the storage technologies are studied as the charging and discharging order 

of the battery tank and hydrogen vehicle has a significant impact on the technical and economic 

performance of the system. EMS 1 prioritizes battery storage over hydrogen storage when charging 

by surplus renewable energy or discharging for unsatisfied load, while EMS 2 performs in a 

reversed priority. Detailed control logics of EMS 1 and EMS 2 are illustrated in Fig. 5. Specifically, 

the available renewable power (PRE) from PV panels and wind turbines is first used to meet the 

electrical load (PLoad) in the building under both strategies. In EMS 1, surplus renewable energy is 

controlled to charge the battery considering its maximum charging rate and available charging 

state as calculated by PBat_charge. Then, remaining renewable energy is used to drive the electrolyzer 

to generate hydrogen and store it in the stationary H2 storage tank via the compressor (Comt) 

according to its fractional state of charge (FSOCst) which is also limited by the rated power of the 

electrolyzer (PEle_rated). The residual renewable energy is lastly fed into the utility grid when both 

the battery and H2 storage tank are fully charged. The battery is operated to meet the load when 

renewable energy is not enough for the building demand, and its operation is limited by the 

maximum discharging rate and accessible discharging state of the battery as calculated by 

PBat_discharge. The unmet load (PLoad_req) then needs to be covered by HVs parked at home with 

available hydrogen. Finally, the utility grid meets the remaining electrical load. While in EMS 2, 

the electrolyzer is charged by surplus renewable energy prior to the battery and HVs are discharged 

to meet the electrical demand before the battery. The selection signal of these two EMSs is set as 

one concerned variables in the multi-objective optimizations to determine the optimum EMS for 



major stakeholders (i.e. the end-user, transmission system operator and investor) with different 

preferences. 
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Fig. 5 Flow chart of hybrid PV-wind-battery-hydrogen system under two management strategies 

The operation of the hydrogen energy storage system is determined by the two groups of HVs 

with different driving schedules. Compressed hydrogen is supplied from the stationary H2 storage 

tank (Tankst) to the mobile H2 storage tanks of HVs parking at home according to the storage FSOC. 



Specifically, available hydrogen is delivered from Tankst to the mobile tanks of HVs in group 1 

(Tankg1) via the compressor of group 1 (Comg1) or to those of HVs in group 2 (Tankg2) via the 

compressor of group 2 (Comg2) when only one group of mobile tanks can be charged (the other 

group is either not at home or fully charged even though at home). And hydrogen in Tankst is 

equally supplied into Tankg1 and Tankg2 when both HV groups are parked at home with H2 storage 

FSOC values lower than the maximum (0.95). HVs are operated to consume hydrogen in PEMFC 

to discharge power for the unmet electrical load when parked at home excluding the night time 

with a low electrical demand (0:00 - 8:00). Namely, the PEMFC of HVs parked at home in group 

1 (PEMFCg1) and group 2 (PEMFCg2) is turned on when its H2 storage tank FSOC is larger than 

its minimum to cover the one-day cruise (0.10647 in group 1, 0.07321 in group 2) and stay above 

the atmospheric pressure level (0.0024). During the night time period, the utility grid supplies 

power to drive the electrolyzer and charge H2 storage tanks of HVs to secure its minimum FSOC 

level (FSOCg1_min 0.10887, FSOCg2_min 0.07561) for daytime travelling needs. The detailed design 

and operation parameters of the hybrid PV-wind-battery-hydrogen system are shown in Table 2. 

The initial cost of the PV and wind turbine is 3500 US$/kW and 4000 US$/kW respectively 

including installation investment with the same lifetime of 20 years [44]. The battery costs 1000 

US$/kWh with a 5-year lifetime and the inverter costs 700 US$/kW with a 10-year lifetime [44]. 

The initial cost of the electrolyzer and compressor is 1400 US$/kW [6] and 15000 US$/Set [45] 

respectively. The H2 storage tank costs 50 US$/N m3 [46] and the HV costs 58500 US$ according 

to the official report of the manufacturer [47].    

Table 2 Design and operation parameters of the hybrid PV-wind-battery-hydrogen system 

Components Initial cost O&M ratio (of initial cost) Lifetime, year 

PV [44] 3500 US$/kW 2% 20 

Wind turbine [44] 4000 US$/kW 1% 20 

Battery [44] 1000 US$/kWh 1% 5 

Inverter/converter [44] 700 US$/kW 1% 10 

Electrolyzer 1400 US$/kW [6] 2% [46] 20 [48] 

Compressor 15000 US$/Set [18] 2% [45] 20 [49] 

H2 storage tank [46] 50 US$/N m3  0.50% 25 

HV [47] 58500 US$/HV 2% 8 



2.2. Design optimization of the hybrid PV-wind-battery-hydrogen system 

2.2.1. Optimization methods and design variables 

The multi-objective optimization is conducted using Non-dominated Sorting Genetic 

Algorithm II (NSGA-II) based on the joint platform of TRNSYS and jEplus+EA [50]. For NSGA-

II applications, a higher crossover rate (0.9) is selected so that offspring solutions are closer to 

parent solutions, while a low mutation rate (0.05) is selected to maintain the convergence speed 

within a reasonable space [51]. The parent and offspring generations are combined to form the 

next-generation population with all solutions sorted into amounts of non-dominated fronts. The 

tournament selection between all solutions is then adopted to find the optimal front as the Pareto 

front [52]. The population size and maximum generation are set as 10 and 200 respectively to 

secure the search of global optima [53].  

Four sizing variables are selected as design parameters of the hybrid PV-wind-battery-

hydrogen system including the façade PV area, wind turbine number, battery capacity and 

stationary H2 storage tank volume. The searching space of the installed façade PV area is 300 - 

3900 m2 at an increment of 600 m2 which are installed on three façade areas (South, East and West) 

of the residential building with an adjacent shading factor of 76.64% [35]. The wind turbine 

number changes between 1 - 10 with a single turbine capacity of 100 kW and a power transmission 

loss of 13.541% [37]. The battery capacity is optimized between 240 - 2400 kWh (8 - 80 kWh/floor) 

at an interval of 240 kWh. The stationary H2 storage tank volume of the hydrogen storage system 

is optimized within the range of 1 - 6 m3 as the electrolyzer cell size is determined by the entering 

power supply to ensure the current density between 40 - 400 mA/cm2 [43]. The selection signal of 

two developed EMSs is also set as an optimization variable for the optimum technical and 

economic performance of the hybrid renewable energy and storage system. 

2.2.2. Formulation of optimization criteria 

Both technical and economic performances of the hybrid PV-wind-battery-hydrogen system 

are evaluated with the multi-objective optimization. Below optimization criteria of the hybrid 

system comprehensively cover the main concerns of three key stakeholders: the end-user, 

transmission system operator and investor.  

(1) System end-user



The end-user of the hybrid renewable energy and storage system concerns more about the 

supply performance which is expressed by a combined criterion integrating the self-consumption 

ratio of renewable energy, load cover ratio of the electrical demand and overall efficiency of the 

vehicle-integrated hydrogen storage system as shown in Eqs. (1) - (3). 

Self-consumption ratio (SCR) of renewable sources: 

SCR =
on-site RE consumption

total RE generation
=

ERE to load+ERE to battery+ERE to electro

ERE
(1) 

where ERE to load is the supplied PV and wind energy to the electrical load, kWh. ERE to battery is the 

charging energy from PV and wind sources to the battery, kWh. ERE to electro is the provided energy 

from PV and wind generation to the electrolyzer, kWh. ERE is the total energy generation of PV 

panels and wind turbines, kWh. 

Load cover ratio (LCR) of the electrical load: 

LCR =
on-site supply

total electrical load
=

ERE to load+Ebattery to load+EFCs to load

Eload
(2) 

where Ebattery to load is the discharging energy from the battery to the electrical load, kWh. EFCs to

battery is the energy from fuel cells of HVs to the electrical load, kWh. Eload is the total electrical 

load covering the building load, electrical demand of the auxiliary electric heater and energy 

consumption for hydrogen compression, kWh. 

Hydrogen system efficiency (HSE) with integrated hydrogen vehicles: 

HSE=
H2 system supply

H2 system consumption
=

EFCs to road+EFCs to load+EHR to reheat+EHR to DHW

ERE to electro+Egrid to electro+Ecomp+EH2 tank
(3) 

where EFCs to road is the energy from fuel cells to drive the motor of HVs when travelling, kWh. 

EFCs to load is the energy from fuel cells to cover the electrical load when HVs are parked at home, 

kWh. EHR to reheat is the heat recovered from the hydrogen system to meet the air-conditioning reheat 

demand, kWh. EHR to DHW is the heat recovered from the hydrogen system to meet the domestic hot 

water (DHW) load, kWh. Egrid to electro is the refueled energy from the utility grid to drive the 

electrolyzer to generate hydrogen for HVs’ daily cruise when FSOCs of H2 storage tanks in HVs 

are lower than minimum thresholds, kWh. Ecomp is the energy consumption of compressors in the 



hydrogen system, kWh. EH2 tank is energy change of the H2 storage tanks during the evaluation 

period, kWh. 

The end-user mainly concerns about the overall performance of the power supply (Supply) of 

the hybrid system by integrating three normalized indictors as shown in Eq. (4).   

Supply = SCRnor + LCRnor + HSEnor                                         (4) 

where SCRnor is the normalized value of self-consumption ratio. LCRnor is the normalized value of 

load cover ratio and HSEnor is the normalized value of hydrogen system efficiency. Normalization 

of these indicators is conducted as per Eq. (11). 

(2) Transmission system operator 

The hybrid renewable energy and storage system exchanges power with the utility grid by 

exporting surplus renewable energy and importing power for unmet demands, imposing great 

burden on the power transmission system in long-term and large-scale operations. It is therefore 

significant to control and optimize the grid integration for the hybrid system. The absolute net 

power exchange between the utility grid and hybrid system (See Eq. (5)) is developed as a 

decision-making reference for the transmission system operator.  

NGE = ABS(grid supply − grid feed-in) = ABS(Egrid to load + Egrid to electro − ERE to grid)    (5) 

where NGE is the absolute value (ABS) of the difference in grid supply and grid feed-in energy, 

kWh. ERE to grid is the surplus energy from PV and wind sources to the utility grid, kWh. 

(3) System investor 

The net present value (NPV) is the difference between the present value of cash outflow and 

cash inflow of the hybrid system paid by the system investor as per Eq. (6).  

NPV = PRVcosts − PRVFiT                                                 (6) 

where PRVcosts is the present value of total costs of the system as formulated in Eq. (7) including 

the present value of the initial cost (PRVini), present value of the operation and maintenance cost 

(PRVO&M), present value of the replacement cost (PRVrep) and present value of the residual cost 

(PRVres), US$. PRVFiT is the present value of the feed-in tariff (FiT) obtained by renewable energy 

generation according to the local FiT scheme, US$.  



PRVcosts = PRVini + PRVO&M + PRVrep − PRVres 

 = Cini + ∑
f
mai

∙Cini

(1+i)
n +n=N

n=1 ∑ Cini(
1−d

1+i
)
j∙l

− Cini
lres

l
∙

(1−d)
N

(1+i)
N

j=J

j=1     (7) 

where Cini is the initial cost of system components including PV panels, wind turbines, batteries, 

inverters, electrolyzers, H2 compressors, H2 storage tanks and HVs, US$. n is a certain year and N 

is the lifetime of the hybrid system (20 years). fmai is the ratio of the operation and maintenance 

cost to the initial cost. i is the annual real discount rate. j is the replace number of a specific 

component and J is the total replacement number. lres is the residual lifetime and l is the lifetime 

of the component. 

Renewable energy applications in Hong Kong can get a favorable amount of FiT subsidy at 

3 HK$/kWh for a 200 - 1000 kW system until end 2033, while the renewable generation thereafter 

will be owned by the system investor. It can then be assumed that FiT subsidy after 2033 can be 

obtained at the rate of the local electricity price for renewable generation as shown in Eq. (8). 

PRVFiT = ∑
(EPV∙(1−δPV)

n−1+EWT∙(1−δWT)
n−1)∙cfit

(1+i)
n

n=13
n=1 + ∑

(EPV∙(1−δPV)
n−1+EWT∙(1−δWT)

n−1)∙cele∙(1+γ)
n−1

(1+i)
n

n=20
n=14  (8) 

where Epv is the energy generation of PV panels, kWh. δPV is the annual degradation rate of the PV 

system. Ewt is the energy generation of wind turbines, kWh. δWT is the annual degradation rate of 

the wind turbine system. cfit is the feed-in tariff in the first 13 years issued by the government, 

US$/kWh. cele is the local electricity price of residential buildings, US$/kWh. And γ is the annual 

price increasing rate of the electricity. Detailed parameters for the economic assessment are shown 

in Table 3. 

Table 3 Parameters of the hybrid PV-wind-battery-hydrogen system for the economic assessment 

Parameter Value 

Real discount rate (i) 5.8%/year [54] 

Feed-in tariff (cfit) 0.3846 US$/kWh [55] 

Electricity tariff of residence (cele) 0.145 US$/kWh [56] 

Electricity tariff increasing rate (γ) 1.4%/year [57] 

PV degradation rate (δPV) 1%/year [58] 

Adjacent shading factor of façade PV 76.64% [35] 



Parameter Value  

Wind turbine degradation rate (δWT) 1.5%/year [59] 

Power transmission loss rate 13.541% [37] 

Battery price degression rate  5%/year [60] 

Inverter price degression rate 10.15%/year [61] 

H2 storage tank price degression rate 4.2%/year [62] 

HV price degression rate 4.3%/year [63] 

Carbon intensity of electricity 0.66 kgCO2/kWh [64] 

2.2.3. Multi-objective optimization decision-making strategy  

Decision-making strategies (DMSs) are required to determine a final optimum solution out 

of the obtained Pareto optimal set. Four decision-making strategies are considered focusing on 

different concerns of major stakeholders of the hybrid system. The minimum distance to the utopia 

point method is adopted for DMS 1 with equivalent priority to all evaluated criteria. The analytical 

hierarchy process method is adopted for DMS 2: the end-user priority, DMS 3: the transmission 

system operator priority, and DMS 4: the investor priority. 

(1) DMS 1 with the minimum distance to the utopia point (MDUP) method  

The utopia point of the multi-objective optimization is an ideal optimum solution supposing 

all objectives to be minimized simultaneously. The MDUP method obtains the optimum solution 

by calculating the distance to the utopia point as the multi-objective optimization coefficient 

(MOOC) as per Eq. (9), whose minimum value is adopted to identify the final optimum solution 

[52]. An equivalent weighting is applied to all optimization objectives in the MDUP method. 

 MOOC = ‖Pi − Pu‖                                                         (9) 

where Pi is the Pareto optimal solutions and Pu is the utopia point.  

(2) DMSs 2 - 4 with the analytical hierarchy process (AHP) method  

The AHP method obtains the weights of different optimization criteria via structuring a 

decision matrix Dm×m consisting of all concerned objectives with different levels of importance 

valued by decision-makers. A pairwise comparison among optimization criteria is established by 

defining Dij, which is larger than 1 if objective i is prioritized over j (Dji = 1/Dij). Dij is an integer 



varying between 1 - 9 defined by Saaty showing that 1 means objective i and j is equally important 

and 9 means objective i is extremely important than j [65]. The consistency ratio of the decision 

matrix should be kept lower than 0.1 by calculating the principal eigenvalue to ensure the 

reasonability of the established matrix of optimization criteria [66]. The scale of weights can be 

then derived by solving and normalizing the principal eigenvector of the decision matrix. The AHP 

method is adopted to derive the weights of optimization objectives considering the preferences of 

three major stakeholders of the hybrid system. Specifically, the end-user of the hybrid system 

prioritizes the supply performance indicator integrating SCR, LCR and HSE (DMS 2). The 

transmission system operator values the grid integration most (DMS 3) while the investor’s major 

concern is the net present cash flow (DMS 4). The decision matrix of DMSs 2 - 4 based on the 

AHP method is shown in Table 4.  

Table 4 Decision matrix of DMSs 2 - 4 based on analytical hierarchy process method 

DMS 2: End-user priority 
DMS 3: Transmission system 

operator priority 
DMS 4: Investor priority 

Supply NGE NPV Supply NGE NPV Supply NGE NPV 

Supply 1 9 5 Supply 1 1/5 2 Supply 1 2 1/5 

NGE 1/9 1 1/2 NGE 5 1 9 NGE 1/2 1 1/9 

NPV 1/5 2 1 NPV 1/2 1/9 1 NPV 5 9 1 

Weight 0.761 0.082 0.158 Weight 0.158 0.761 0.082 Weight 0.158 0.082 0.761 

consistency ratio=0.1% consistency ratio=0.1% consistency ratio=0.1% 

The evaluating criterion (i.e. MOOC) to select a final optimum solution out of the Pareto 

solutions with the AHP method is shown in Eq. (10). 

MOOC = WTSupply ∙ Supply
nor

+ WTNGE ∙ NGEnor + WTNPV ∙ NPVnor   (10) 

where WTSupply, WTNGE, WTNPV are the weights of optimization objectives Supply, NGE and NPV 

obtained by the decision matrix. Supplynor, NGEnor, NPVnor are the normalized values of 

optimization criteria Supply, NGE and NPV as per Eq. (11) [67]. 

Obj
nor

=
Obji−Objmin

Objmax−Objmin

(11)



where Objnor is the normalized value of optimization objectives Supply, NGE and NPV. Obji is the 

original value of the optimization objective. Objmin and Objmax are the minimum and maximum 

values of corresponding objectives. 

3. Results and discussion 

3.1. Design optimization results of the hybrid renewable energy and storage system 

 

Fig. 6 Pareto optimal and final optimum results of four decision-making strategies 

The Pareto optimal solutions are obtained through the multi-criterion optimizations by 

varying the EMS selection and system sizing variables for techno-economic indicators of the 

hybrid PV-wind-battery-hydrogen system including SCR, LCR, HSE, NGE and NPV. These best 

solutions are then normalized as per Eq. (11) and the supply performance indicators (i.e. SCR, LCR 

and HSE) are combined according to Eq. (4) with the weighted sum method as an integrated 

objective Supply. The three-dimensional Pareto optimal surface is then demonstrated in Fig. 6 

consisting of three normalized objectives (i.e. Supply, NGE and NPV). It is indicated that both 



EMS 1 (BES prioritized over HES) and EMS 2 (HES prioritized over BES) are selected in the 

Pareto optimal set with different optimization focuses. Four DMSs based on MDUP and AHP are 

further adopted to select the final optimum solution out of the Pareto optimal solutions for key 

stakeholders. It is found that the optimum solutions of these four DMSs are achieved with EMS 2 

where hydrogen storage is prioritized over battery storage. 

Fig. 7 Projection distribution of Pareto optimal and final optimum results 

Fig. 7 shows the two-dimensional projection of Pareto optimal solutions of EMS 1 and EMS 

2 with the highlighted final optimum solutions under four DMSs. It is found that EMS 2 dominates 

the best solution when considering objective combinations of Supply-NGE and Supply-NPV as per 

Fig. 7 (a, b), because the indicator Supply (integrating SCR, LCR and HSE) achieves better 

performance under EMS 2 where hydrogen storage is prioritized over battery storage. Namely, 

EMS 2 should be selected as the energy management scheme of the hybrid system when focusing 

on the system supply and grid integration or system supply and economy performance. However, 

no clear dominance is observed between EMS 1 and EMS 2 when considering the NGE-NPV 

objective combination as shown in Fig. 7 (c), because the change of EMSs with different operation 

priorities of storage has minor impact on the system NGE and NPV. It means that both EMS 1 and 

EMS 2 are applicable when focusing on the grid integration and system economy performance. 

The results of optimum solutions under four DMSs are shown in Table 5.  



Table 5 Sizing results of four decision-making strategies for the hybrid system 

Optimization results 
Facade PV 

/m2 

Wind turbine 

number 

Battery capacity 

/kWh 

Stationary 

H2 tank /m3 

Equivalent priority (DMS 1) 1500 8 480 5 

End-user priority (DMS 2) 3900 5 1920 4 

Transmission system operator 

priority (DMS 3) 
900 8 720 5 

Investor priority (DMS 4) 900 10 240 6 

 

Fig. 8 Sensitivity analysis of design variables on optimization objectives of the hybrid system 

The sensitivity analysis of four sizing variables for the optimization objectives of the hybrid 

system is shown in Fig. 8 with the optimum solution by DMS 1 as the baseline case. It is indicated 



that SCR decreases with the rising façade PV area and wind turbine number given more available 

renewables power while SCR increases with the battery capacity for more on-site renewable energy 

consumption. The HSE improves with the rising PV and wind capacity due to more energy storage 

in the hydrogen system, and it is less sensitive to the changing battery capacity because hydrogen 

storage is prioritized over battery storage in EMS 2. The LCR shows a steady rise with the larger 

façade PV area, wind turbine number and battery capacity due to more available power supply 

from the hybrid system. And the NPV rises sharply with the increasing battery capacity as the 

initial cost of the battery is relatively high and subject to replacement every five years. The NGE 

shows a steady drop with the rising battery capacity as more grid exchange can be waived by 

batteries which can meet the electrical load and consume surplus renewable energy. The stationary 

H2 tank volume imposes a relatively lower impact on the optimization objectives compared with 

the other design variables. 

Fig. 9 Distribution of sizing variables of EMS 1 and EMS 2 of Pareto optimal solutions 



Fig. 9 shows the distribution of sizing variables (i.e. the façade PV area, wind turbine number 

and battery capacity) in the Pareto optimal set of the hybrid system under EMS 1 and EMS 2. 

These three sizing variables are previously demonstrated to have a greater impact on the 

optimization objectives compared with the stationary H2 tank volume (See Fig. 8). EMS 2 achieves 

better performance in terms of the supply performance (integrating SCR, LCR and HSE) compared 

with EMS 1, and these supply indicators are more sensitive to sizing variables at low magnitudes 

based on the previous sensitivity analysis. Therefore, the superiority of EMS 2 is more obvious in 

small-scale systems, while EMS 1 and EMS 2 are comparable in large-scale systems. In summary, 

EMS 2 has a wider applicability in the hybrid system with different PV, wind and battery capacities 

to achieve the optimum techno-economic performance (Supply, NGE and NPV). While EMS 1 is 

suitable for the hybrid system with large PV, wind and battery capacities in the multi-objective 

optimization. 

3.2. Techno-economic-environmental analysis of optimum design solutions 

(1) Technical analysis of the hybrid renewable energy and storage system  

  

Fig. 10 Results of optimum solutions of four DMSs of the hybrid system  

The optimum results of four DMSs of the hybrid system are compared in Fig. 10 including 

the annual average self-consumption of renewable energy (SCR), cover ratio of the electrical load 
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(LCR), overall efficiency of the hydrogen system (HSE), absolute value of the net grid exchange 

(NGE) and net present value (NPV). The annual average SCR reaches its maximum of 84.79% in 

DMS 2 with the minimum wind power generation and a relatively low SCR (64.93%) is observed 

in DMS 4 with the maximum wind power generation. The LCR shows a minor variation with the 

maximum of 77.93% under DMS 4. A relatively stable annual average HSE is observed among all 

DMSs between 77.00% - 77.52% as hydrogen storage is prioritized over battery storage for energy 

charging and discharging in EMS 2. Majority of released heat of the hydrogen system can be 

recovered to cover the air-conditioning reheat and domestic hot water demand in the building with 

the annual average heat recovery efficiency (HRE) between 95.17% - 95.46%. DMS 1 achieves a 

relative balance among all optimization objectives with an equivalent priority. DMS 2 (focusing 

on the end-user’s concern) has the optimum performance on the integrated objective Supply with 

an annual average SCR, LCR and HSE of 84.79%, 76.11% and 77.06% respectively. DMS 3 

(focusing on the transmission system operator’s concern) has the minimum NGE of 4.55 MWh 

between the utility grid and the hybrid system compared to the maximum of 482.19 MWh in DMS 

4 with the maximum wind energy and minimum battery capacity. DMS 4 (focusing on the 

investor’s concern) achieves a minimum lifetime NPV of about 3.64 M$ with a detailed breakdown 

in the economic analysis.  

Fig. 11 Monthly energy flow and technical performance of the hybrid system in DMS 2 



The monthly energy flow of major components in the hybrid system and important technical 

indicators are demonstrated for the final optimum solution of DMS 2 (i.e. supply performance 

prioritized) as per Fig. 11 (power out: positive; power in: negative). An obvious imbalance 

between the load and supply is observed with a large renewable energy surplus from November to 

March and unsatisfied electrical load in July. The charging and discharging energy of battery 

storage is relatively balanced, while charging energy of hydrogen storage is notably larger than the 

discharging energy to the electrical load due to the large consumption of HVs on road. The monthly 

average SCR firstly increases and then decreases peaking at 95.96% in July while the monthly 

average LCR shows a reversed trend with a maximum of 94.34% in January. The monthly HSE 

evaluating the energy storage and heat recovery also varies with the mismatch between the supply 

and demand at 68.67% - 80.51%. The majority of released heat from the hydrogen storage system 

can be recovered for the air-conditioning reheat and domestic hot water demand in the building 

with a monthly HRE between 91.81% - 98.82%. Over half of total annual electrical load is covered 

by on-site renewable energy from PV and wind sources, where battery storage and hydrogen 

storage undertake 13.86% and 10.34% respectively with the remaining 23.89% from the grid. 

(2) Economic analysis of the hybrid renewable energy and storage system 

 

Fig. 12 Lifetime present value of four optimum cases of the hybrid system  
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Fig. 12 shows the detailed lifetime present value of the hybrid system under four DMSs. The 

highest investment cost of 16.40 M$ consisting of the initial cost, operation and maintenance cost 

(O&M cost) and replacement cost is derived from DMS 2 with the largest PV and battery capacity. 

The residual cost mainly from hydrogen storage tanks and HVs accounts for a relatively small 

proportion and shows a minor difference among all cases at about 0.19 M$. A large amount of FiT 

subsidy can be harvested by the investor in Hong Kong with a maximum of 9.99 M$ under DMS 

4. The detailed breakdown of the NPV is shown in Table 6. It is indicated that the lifetime NPV

under DMS 4 (investor priority) is the minimum among four DMSs as the economic performance 

is prioritized by the system investor. The annual electricity bill of DMS 4 is reduced by 15.44% 

compared with that of the equivalent priority case (DMS 1) and DMS 4 also gets the maximum 

amounts of annual FiT subsidy, 14.67% higher than that of DMS 1. The lifetime NPV of DMS 4 

is about 3.64 M$, which is much lower than that of DMS 1 by 29.88%. 

Table 6 Economic analysis of four optimum cases of the hybrid system 

Economic analysis 

DMS 1 

(equivalent 

priority) 

DMS 2 

(end-user 

priority) 

DMS 3 

(transmission system 

operator priority) 

DMS 4 

(investor 

priority) 

Initial cost, M$ 8.85 10.39 8.71 9.17 

O&M cost, M$ 1.55 1.87 1.49 1.55 

Replacement cost, M$ 2.51 4.14 2.77 2.26 

Residual cost, M$ -0.19 -0.19 -0.19 -0.19

Electricity bill, M$ 1.00 1.04 1.03 0.84 

FiT subsidy, M$ -8.52 -7.22 -8.17 -9.99

NPV, M$ 5.19 10.03 5.65 3.64 

The impact of the initial cost fluctuation of storage technologies (battery and electrolyzer) on 

the lifetime NPV of the hybrid system is further discussed. The initial cost of storage technologies 

is varied from a relatively high market price to a low market price. Specifically, the battery price 

varies from 1000 US$/kWh [44] to 580 US$/kWh according to an updated literature [68], and the 

electrolyzer price varies from 1400 US$/kW to 500 US$/kW as estimated by International Energy 

Agency [69]. The lifetime NPV variation on top of its optimum value under four DMSs is presented 

in Fig. 13. It is indicated that the NPV reduction magnitudes (409.55 k$) caused by the electrolyzer 



price decrease are the same throughout four cases given the same calculated maximum electrolyzer 

cell numbers as determined by the entering power supply from renewable generation or utility grid. 

While the NPV reduction ratios of the four cases compared with the high market price scenario 

vary between 4.08% - 11.25%. The NPV magnitude is reduced by 6.20% - 18.01% among four 

cases when the battery price decreases to a low market level, with a maximum decline of 1806.26 

k$ in DMS 2 (the maximum battery capacity scenario). It shows that the price fluctuation of storage 

technologies in the hybrid system has a significant contribution to reducing the lifetime NPV.  

Fig. 13 Impact of storage technology prices on the system net present value 

The impact of two important economic parameters (i.e. the HV lifetime and FiT mode) on 

the system NPV of four DMSs is further discussed in Fig. 14 (a, b). The system NPV decreases 

with the rising HV lifetime due to a lower cost of the hydrogen system. The system NPV is 

decreased by 13.49% - 37.16% among these four DMSs when the HV lifetime is changed from 8 

years to 16 years. The current renewable energy FiT scheme in Hong Kong provides a subsidy of 

3 HK$/kWh for a 200 - 1000 kW renewable system before 2033, while FiT subsidy after 2033 is 

not clearly specified. Therefore, three hypothetical FiT modes are discussed for system FiT after 

2033: FiT mode 1 - an FiT rate of 3 HK$ for renewables generation in line with that before 2033; 

FiT mode 2 - an FiT rate at the local electricity rate for renewable generation as adopted in previous 

design optimizations; FiT mode 3 - an FiT rate at the local electricity rate for grid exported 
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renewable energy. The system NPV is decreased by 8.92% - 33.52% when the FiT mode is changed 

from mode 2 to mode 1 following a higher subsidy rate. And a remarkable increase of 61.59% - 

182.96% in the system NPV is observed when the FiT mode is changed from mode 2 to mode 3 

with less counted renewable generation. 

 

Fig. 14 Impact of HV lifetime and FiT mode on the system net present value  

(3) Environmental analysis of the hybrid renewable energy and storage system 

The monthly carbon emissions of optimum solutions for the hybrid system are determined by 

the grid imported energy and renewable energy generation as per Fig. 15 [54], considering a power 

transmission loss rate of 0.13541 [37] and local carbon intensity of 0.66 kgCO2/kWh [64]. The 

carbon emission can be negative indicating more renewable generation than grid import, or zero 

indicating carbon neutrality for power supply to the high-rise building. The carbon emission in 

July under DMS 3 is positive showing that more power needs to be supplied from the utility grid 

compared with the generated renewable energy in a high electrical load condition. And the carbon 

emissions in other months are all negative with a positive impact on the sustainable environment 

development. The total annual carbon emissions of all four cases are negative with the minimum 

of -196.82 tCO2 under DMS 4, indicating that environmental benefits can be achieved together 

with economic profits. 



Fig. 15 Monthly carbon emissions of four DMSs of the hybrid system 

4. Conclusions

This study comprehensively analyzes techno-economic-environmental performances of 

hybrid photovoltaic-wind-battery-hydrogen systems for power supply to typical high-rise 

residential buildings with a robust multi-objective design optimization and parametric analysis 

approach. Two energy management strategies with different priorities of battery and hydrogen 

storage operations are developed and four decision-making strategies reflecting different 

stakeholders’ concerns are applied to explore the final optimum solutions. Important conclusions 

are summarized as below: 

(1) Two energy management strategies are proposed for the hybrid system with stationary

battery storage and two groups of mobile hydrogen vehicles following different cruise schedules, 

and subject to multi-objective optimizations together with other design variables for a typical high-

rise residential building. 

(2) It is suggested that both energy management strategy 1 (with battery storage prioritized

over hydrogen storage) and energy management strategy 2 (with reversed priority) are suitable for 

optimizing the grid integration-system economy performance. The Energy Management Strategy 

2 should be selected when focusing on the system supply-grid integration or system supply-

economy performance. It is also indicated that the Energy Management Strategy 2 has a wider 
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range of applicability in hybrid systems with different photovoltaic, wind and battery installation 

capacities to achieve the optimum techno-economic performance considering system supply, grid 

integration and economic indicators. While the Energy Management Strategy 1 is suitable for 

hybrid systems with large photovoltaic, wind and battery installation capacities in the techno-

economic optimization.     

(3) The equivalent priority case (Decision-making Strategy 1) can achieve a relatively 

balanced results among all the optimization objectives while Decision-making Strategy 2 focusing 

on the concern of end-users has the optimum supply performance with an annual average self-

consumption ratio, load cover ratio and hydrogen system efficiency of 84.79%, 76.11% and 

77.06%, respectively. Decision-making Strategy 3 prioritizes the grid integration performance for 

the transmission system operator and thus has the minimum absolute net grid exchange of 4.55 

MWh, much lower than the maximum of 482.19 MWh in Decision-making Strategy 4. Majority 

of released heat from the hydrogen system can be recovered to meet the air-conditioning reheat 

and domestic hot water demand in the building with an annual average heat recovery efficiency 

between 95.17% - 95.46% across the four optimum cases.  

(4) The system lifetime net present value of the investor priority case (Decision-making 

Strategy 4) is the most favorable with the minimum electricity bill and maximum feed-in tariff 

subsidy of about 3.64 M$, much lower than that in the equivalent priority case (Decision-making 

Strategy 1) by 29.88%. The price fluctuation of battery storage and hydrogen storage technologies 

from high market to low market price scenarios has a significant impact on reducing the system 

lifetime net present value. A reduction of 4.08% - 11.25% and 6.20% - 18.01% is derived from the 

electrolyzer and battery respectively among four decision-making strategies. The system net 

present value is decreased by 13.49% - 37.16% among four decision-making strategies when the 

hydrogen vehicle lifetime is changed from 8 years to 16 years. A remarkable impact of the feed-

in tariff mode on the system net present value is also observed with an 8.92% - 33.52% decrease 

from mode 2 to mode 1 and 61.59% - 182.96% increase from mode 2 to mode 3. The four optimum 

cases can also achieve negative total annual carbon emissions showing a positive impact on the 

sustainable environmental development. Especially, the minimum annual carbon emission of -

196.82 tCO2 is obtained from the investor priority case (Decision-making Strategy 4).  



(5) This design optimization study on hybrid photovoltaic-wind-battery-hydrogen systems

for power supply to typical high-rise residential buildings integrated with hydrogen vehicles 

provides optimal sizing configurations and energy management schemes for major stakeholders 

with different concerns. The detailed and in-depth technical, economic and environmental 

performance analysis offers valuable references for energy planning of hybrid renewable energy 

and storage systems for future large-scale building applications in high-density urbanized regions. 

Nomenclature 

Acronyms 

AHP:  analytical hierarchy process 

BES: battery energy storage 

DHW:   domestic hot water 

DMS:  decision-making strategy 

EMS:  energy management strategy 

FiT:  feed-in tariff 

FSOC:   fractional state of charge 

HES:  hydrogen energy storage 

HSE:  hydrogen system efficiency 

HV:  hydrogen vehicle 

LCR:  load cover ratio 

MDUP:   minimum distance to the utopia point 

MOOC:   multi-objective optimization criterion 

NGE:  absolute value of net grid exchange 

NPV:  net present value 

PEMFC:  proton exchange membrane fuel cell 

PV:  photovoltaic 

RE:  renewable energy 

SCR:  self-consumption ratio 

WT:  wind turbine 

List of symbols 

cele:  local electricity price, US$/kWh 

cfit:  feed-in tariff, US$/kWh 

Cini:  initial cost, US$ 

Ebattery to load:  energy from battery to electrical load, kWh 

Ecomp:  energy consumption of compressors, kWh 

EFCs to battery:  energy from fuel cells to electrical load, kWh 



EFCs to load:  energy from fuel cells to electrical load, kWh 

EFCs to road:  energy from fuel cells to hydrogen vehicles used on the road, kWh 

Egrid to electro:  energy from grid to electrolyzer, kWh 

EHR to DHW:  heat recovery of hydrogen system to meet domestic hot water load, kWh 

EHR to reheat:  heat recovery of hydrogen system to meet air-conditioning reheat load, kWh 

EH2 tank:   energy change of hydrogen storage tanks, kWh 

Eload:   total electrical load, kWh 

Epv:   energy generation of PV panels, kWh 

ERE:   renewable energy generation, kWh 

ERE to battery:  energy from renewable energy to battery, kWh 

ERE to electro:  energy from renewable energy to electrolyzer, kWh 

ERE to grid:  energy from renewable energy to grid, kWh 

ERE to load:  energy from renewable energy to electrical load, kWh 

Ewt:   energy generation of wind turbines, kWh 

fmai:   ratio of operation and maintenance cost to initial cost 

FSOCBat_min:  minimum value of battery fractional state of charge 

FSOCBat_max:  maximum value of battery fractional state of change 

FSOCg1_min:  minimum fractional state of charge of hydrogen tank of group 1 

FSOCg2_min:  minimum fractional state of charge of hydrogen tank of group 2 

FSOCst:   fractional state of charge of stationary hydrogen storage tank 

i:   annual real discount rate 

j:   replace number of a specific component  

J:   total replacement number 

lres:   residual lifetime 

l:   lifetime of component 

n:   a certain year 

N:   service lifetime of hybrid system, year 

PBat_discharge:  accessible discharging state of battery 

PEle_rated:  rated power of electrolyzer 

PLoad_req:  unmet load to be covered by hydrogen vehicles parking at home 

Pi:   Pareto optimal solutions 

PRVcosts:  present value of total costs of hybrid system, US$ 

PRVFiT:   present value of feed-in tariff subsidy, US$ 

PRVini:   present value of initial cost, US$ 

PRVO&M:  present value of operation and maintenance cost, US$ 

PRVrep:   present value of replacement cost, US$ 

PRVres:   present value of residual cost, US$ 



γ: annual price increasing rate of electricity 

δPV: annual degradation rate of PV system 

δWT: annual degradation rate of wind turbine system 
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