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Executive Summary 

The following report proposes the design of a renewable energy microgrid system in Cornwall, ON, 

Canada.  The microgrid supplies energy to a small community consisting of a fresh food distribution center, 

a logistics center, and a residential sector, using wind and solar power as renewable energy sources. A 

dispensing station supplies hydrogen gas, generated through electrolysis, as a fuel for hydrogen powered 

vehicles in the community. Additionally, hydrogen is used as an energy storage medium to be converted 

back into electricity by PEM (Polymer Electrolyte Membrane) fuel cells. The system supplies hydrogen to 

100 forklifts used at the food distribution center and 38 FCVs used by the residential community. Wind, 

solar and hydrogen power continuously supply 10% of the energy demand of the community as well as the 

full demand for 2 days in the event of a blackout. Key to meeting this criteria is the vehicle-to-grid concept 

used in the design, where FCVs can be connected to charging stations to supply power back to the grid 

during peak demand or emergency scenarios. 

An economic objective function is used to determine the most cost-effective design. The roof of the food 

distribution center will hold 8000 m2 of photovoltaic (PV) cells. The field adjacent to the distribution center 

will be converted into a wind farm with eight 800 kW Enercon E-53 wind turbines. The hydrogen 

production, storage, dispensing and power generation facilities are enclosed in a 1 116 m2 fenced area 

adjacent to an existing gas station. Local and provincial codes are considered in the placement of hydrogen 

and renewable energy systems. Four 1 MW Hydrogenics PEM electrolyzers produce 99.999% pure 

hydrogen gas for the backup storage and the dispensing station. Three two-stage diaphragm compressors 

from Fluitron can compress up to 50 kg of hydrogen each per hour to 430 bar for storage. Twelve 21.3-kg 

storage tanks are located at the dispensing station, and twenty-four 89-kg storage tanks are located near the 

fuel cell generators. Three 1 MW PEM fuel cells convert hydrogen back to electricity when energy demand 

exceeds wind and solar energy generation, such as during blackout periods. The dispensing station is 

designed to supply 190 kg of hydrogen fuel per day. The single dispenser with 2 nozzles can deliver 

hydrogen at both 350 bar and 700 bar to fuel the forklifts and FCVs, respectively. A booster compressor 

from HydroPac is used to compress the hydrogen for the high pressure fill in the FCVs operating within the 

community. Three conductive charging stations for providing the vehicle-to-grid service are also located at 

this site. 

Since the scale of the community is typically larger than a normal remotely located microgrid, the total 

capital investment of the proposed microgrid energy hub design is $40,017,432. The large power demand 

(Peak: 5.4 MW) that needs to be met during the islanded mode operation leads to the installation of 

expensive fuel cell and hydrogen storage power backup systems. An economically feasible scenario for this 

microgrid energy hub is to utilize its hydrogen generation capacity and sell hydrogen to FCVs, and forklifts 

at a premium price of $8 per kg. In addition to this, further economic incentives can derived from selling 

hydrogen to local natural gas utility. Additional power generated from wind and solar generation plants will 

be sold at a premium. Power produced by fuel cell during blackout will be sold at 50 cents per kWh 

(determined via sensitivity analysis). In addition to this, the use of cleaner energy generation sources as 

well as a cleaner fuel in the transportation and natural gas sector can provide an additional monetary 

incentive through participating in the carbon trade program and receiving a benefit of $15 per tonne of CO2 

emissions offset. The net present value in this scenario is seen to be the least at $-3,657,189. The incentive 

structure utilized in this study is a conservative estimate and therefore, in order to further make this energy 

hub concept cost effective, government subsidies in the form of bundling costs for hydrogen infrastructure 

installation needs to be provisioned.  
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I. Introduction 

Urban communities are struggling with technical issues such as electrical grid congestion at peak demand, 

and under-utilized excess power during off-peak hours. In addition, alarmingly large amounts of 

intermittent generation from renewable sources are creating volatility and stress in the power grid. Smart 

grid technologies would allow for the effective distribution of the energy amongst power generators and 

users, reducing the need for oversized infrastructure, improving the stability of the electric grid and 

lowering the risk of blackouts due to overload. The energy hub would enable the provision of smart grid 

services and allow the management of both the energy generation and the energy loads of an entire 

community. The study focuses on understanding how an islanded energy hub primarily employing 

hydrogen as an energy vector could be integrated with the use of renewable energy generation systems as 

well as the Ontario energy system to meet the demands of a small community.  

The city of Cornwall, in North Eastern Ontario has been chosen as the community to serve as a potential 

microgrid, powered by hydrogen and renewable energy systems.  

 

Figure 1: Overview of Microgrid Energy Hub System 

In the above figure we show the major load centers of the micro grid which comprise of a major retailer 

fresh food distribution center, logistics centers, and a residential sector. One example of a fresh food 

distribution center deriving power from renewable generation sources is Walmart’s distribution center in 

Balzac, Alberta, built in 2010. The center runs on wind and PV power and utilizes hydrogen tanks in order 

to power a fleet of over 71 hydrogen powered utility vehicles [1]. Thirteen Walmart distribution centers 

across Canada were compared on the basis of climate conditions, yearly power demand and available area 

for renewable energy generation as well as hydrogen production, storage and dispensing facilities. 

Additionally, the optimal location would include a residential area, where residents are able to re-fuel 

hydrogen FCVs at the proposed dispensing location. As city of Cornwall has a fresh food distribution 

center, there is a justified incentive in developing the microgrid around the food retailer. In addition to this, 

one of the other major criteria for selecting the optimal micro-grid location is climate conditions, as this 

dictates the feasibility of renewable power generation. Climatic data for the region of Cornwall was 

available which made choosing it as the site for this study much more appealing. 
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II. System Design/Methodology 

A four phase approach has been implemented to design the proposed microgrid presented in this study: 

Preliminary Phase: In this phase, all of the essential information concerning the microgrid community have 

been gathered. For example, electricity demand, climatic conditions, available land space for adjustments 

in existing and addition of new infrastructure. 

Pre-Processing Phase: This phase involves the decision making process of identifying potential 

commercially available renewable energy generation technologies such as wind turbines and solar panels. 

Also considered in this phase are the commercially available technologies for transitioning to a hydrogen 

economy. Some of the basic components considered for this transition are hydrogen powered FCVs (FCVs) 

owned by residents of Cornwall, hydrogen powered forklifts used in the fresh food distribution center, fuel 

cells to provide backup power to the community, and hydrogen production and storage system components. 

Design Phase: The technical specifications of the chosen microgrid components in the pre-processing phase 

are used as inputs in the design phase. By using these technical specifications, each technology is simulated 

and after that an optimization problem is formulated. An economic objective is set such that the output from 

solving the optimization problem gives the optimal configuration of the microgrid including the number of 

each of the different system components installed within the community. The primary outputs will be: 1) 

The number of electrolyzers required for producing hydrogen; 2) The number of fuel cells to provide backup 

power in islanded operation mode for the community, and 3) The number of wind and solar PV modules to 

provide a clean source of energy to meet the community’s energy demands. 

Post-Processing Phase: The post-processing phase involves the analysis of the results from the design 

phase. This section involves carrying out an economic as well as environmental impact assessment on the 

design configuration suggested by the model output. In addition to this, making sure that the installation as 

well as operation of the microgrid components according to set international standards and guidelines are 

also carried out in this phase.  To finish off the analysis, a failure modes and effects analysis (FMEA) has 

also been carried out for the proposed design. 

III. Scale of Community  

The microgrid energy hub when cut off from the macrogrid, needs to sustain and meet the energy and fuel 

demands of the community. It is proposed that during periods of disconnection from the macrogrid, the 

community will derive its energy from renewable energy systems (Wind and Solar), as well as hydrogen 

powered fuel cells, and electricity fed back from the proposed FCVs. Inclusion of these energy systems 

require the provision of land area.  

The area covered by the fresh food distribution center as well as the nearby logistics center (Figure 1) 

together make up 243,300 m2 of roof top area that can serve as a site to install solar panels [2]. An adjacent 

field to food distribution center will be used as a site to install wind turbines and possibly solar panels. This 

empty land space provides approximately 2,350,000 m2 of area, which can utilized as a potential land space 

for installing new microgrid energy hub infrastructure. It is worth mentioning that the residential energy 

load existing within the microgrid is of a multi-family residential complex with a total covered area of 7,765 

m2. 

 Energy Demand and Climatic Data of Community 

The prime end users of energy in this study as mentioned earlier are the fresh food distribution center, the 

residential complex and the proposed hydrogen infrastructure that will be installed in the community. Note 

that the energy demand of food distribution center also includes the energy demand of the two nearby 

logistics centers as they both are service providers to the fresh food distribution center.  
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Table 1: Total Peak Demand by End Users 

End User Residential Complex Fresh Food Distribution Center 

Peak Demand (kWh) 245.78 5,171.63 

 
Figure 2a shows the summed demand of fresh food distribution center and the residential complex. The 

data presented below shows a three-dimensional view of how the energy demand of the community varies 

over the course of a day as well over the course of a year. Figure 2a does not include the energy demand 

for the proposed hydrogen infrastructure installations. 

a) 

 

b) 

 

c) 

 

d) 

 

 
Figure 2: a) Total Energy Demand from Electricity End Users (Food Distribution Center and 

Residential Sector) in Microgrid, b) Hourly Wind Speed Data of Cornwall for 2015, c) Hourly Solar 

Irradiation Data of Cornwall for 2015, d) Hourly Ambient Temperature Data of Cornwall for 2015 

The benefits of using renewable energy generation systems in remote communities has been a common 

practice [3,4]. Therefore, the use of wind turbines and solar panels to meet a part of the energy demand of 

the microgrid is assessed in this study. The three-dimensional plot in Figure 2b shows the hourly wind 

speed data over the course of a year (2015). The trend shows an increase during the end of the year during 

the fall season. The lowest wind speeds are observed during the summer. The local hourly wind speed data 

for the community has been retrieved from Environment Canada’s national climate data archive [5]. The 

annual average wind speed in Cornwall is calculated to be 6.1 m/s, which is considered to be practical for 

efficient wind power generation [6]. Local solar irradiation data has also been procured from [7] in order 

to assess the extent to which solar panels can contribute towards renewable energy generation in the 

microgrid. Figure 2c shows a three dimensional view of the hourly variation in irradiation over the course 

of a year. Understandably, the solar irradiation for the community is the highest during the summer seasons, 

with a sharp drop off during the fall and winter period. Ambient temperature is one of the input parameters 

to determine the energy production capability of the solar panels used in this study. Therefore the hourly 

temperature data from Environment Canada’s national climate data archive [5] has been retrieved and 

plotted in the three-dimensional figure shown above. The trend seen from the hourly variation of 

temperature over the year shows a natural soar in temperature during the summer season, followed by a 
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gradual decrease throughout the fall season, and eventually falling in the subzero temperature ranges during 

the winter. 

IV. Technologies Selected 

This section gives an overview of the technology screening process undertaken for each of the components 

of the microgrid. 

 Wind Energy System 

Initially four wind turbine technologies were selected for the technology screening process. Specifications 

for three out of the four wind turbine technologies were obtained from Enercon (Wind Turbine Technology 

Manufacturer). Enercon’s E-44, E-53 and E-82 modules have a maximum power output of 900 kW, 800 

kW and 2 MW, respectively [8,9]. The fourth module was a 2 MW wind turbine manufactured by Vestas 

[10]. Vestas and Enercon are two companies that have been proactive in installing their technologies in 

different wind turbine projects across Ontario and Canada [11]. Due to the maximum energy demand from 

the end users in the microgrid not exceeding the 6 MW mark, it is deemed fit that a smaller wind turbine 

nameplate capacity will be more applicable and acceptable by the community dwellers of the microgrid. 

Larger wind turbines have larger wind noise and it will make residents of the community skeptical. The 

associated impact of the wind turbines on the community have further been analyzed in section VI. 

 
The commercially available, 800 kW Enercon E-53 wind turbine was selected as costing information for 

this technology was made available by Enercon [12]. The total installed cost accounts for turbine cost, grid 

connection, labor and additional component costs. The power curve to determine the power generation of 

the wind turbine at different wind speeds has been taken from [9]. The energy produced by a single Enercon 

E-53 wind turbine unit in an hour (𝑃𝑊𝑖𝑛𝑑, 𝑊) has been calculated using equation 1 as a function of the 

density of air (𝜌, 𝑘𝑔 𝑚−3), the area swept by the wind turbine blades based on its diameter (𝐴, 𝑚2), the 

power coefficient (𝑐𝑝) and the wind speed (𝑉, 𝑚 𝑠−1) raised to the power three. 

𝑃𝑊𝑖𝑛𝑑 =
1

2
𝜌𝐴𝑉3𝑐𝑝 (1) 

The power coefficient is used to represent the overall efficiency of the wind turbine. This combines the 

efficiencies of the blades and the mechanical and electrical components. 

 Solar Energy System 

The CS6P-256mm PV-Solar module has been selected to represent the base unit of solar energy model 

from Canadian Solar [13]. This module has the following characteristics:  

 Nominal power Np for each module = 0.191 KW 

 Life span of PV cells LSm  = 25 years 

 High Module efficiency 
ff

iE  = 17% 

 Nominal operating cell temperature Tnom = 45 ⁰C 

 Ambient air temperature To = 20 ⁰C 

 Reference solar irradiance (at Tnom = 45 ⁰C) Gref = 800 W/m2     

 Operating temperature Ti
operating varies from - 40 ⁰C to 85 ⁰C 

 Cell arrangement is: 6 x 10 which is 60 cell/module, mono cell type 

The module is developed by Canadian Solar which is a leading developer of solar panel technology in 

Canada.  
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 Hydrogen Economy Infrastructure 

Although the selected community for this study is not remotely located, the concept of microgrid originates 

from the motivation to enable remote communities to sustain and meet their energy needs. However, 

traditionally remote communities in Canada have relied on renewable generators (like wind turbines) and 

fossil fuel powered energy sources such as diesel generators to meet their power needs [14]. Therefore, the 

integration of hydrogen with renewable energy generation systems to power a microgrid community is a 

step towards the development of greener microgrids that can curb the use of fossil fuels and thereby reduce 

their greenhouse gas (GHG) footprint. 

For the purpose of this study, the hydrogen produced is used for meeting demands placed from FCVs, fresh 

food distribution center forklifts that run on hydrogen and finally by the fuel cell system that uses hydrogen 

for producing power to the microgrid.  

 Development of a Hydrogen Refueling Station within Cornwall 

Pratt et al. [15] highlight three near-term hydrogen filling station capacities: 100 kg per day, 200 kg per 

day, and 300 kg per day. The filling stations having a capacity of 100 and 200 kg per day are suitable for 

large city centers where the demand fits the ‘low use commuter or intermittent station classifications’ [15]. 

Considering the scale of the microgrid community, it is assumed that a refueling station that can meet a 100 

kg per day hydrogen requirement from FCVs and an additional 90 kg per day hydrogen demand from fuel 

cell forklifts operating in the local fresh food distribution is suitable for this study. Therefore the refueling 

station will be able to handle a daily transportation hydrogen fuel demand of 190 kg. The refueling station 

infrastructure is to be located in an empty lot behind an ESSO gas station adjacent to the fresh food 

distribution. Section IX elaborates more on the benefits of having the refueling station closer to the fresh 

food distribution center so that the fuel cell forklifts operating within the fresh food distribution can make 

the short trip to refuel at the station. 

The Toyota Mirai has been considered to be the FCV operating within the community. The motivation 

behind using the Toyota Mirai for this study is because of its capability to act as a small scale generation 

source that can provide power back to the grid (Vehicle to Grid Technology) [16].  

 

Figure 3: Hydrogen Demand from FCVs and Forklifts 

Figure 3 shows the hydrogen demand placed on the refueling station from the FCVs and forklifts over the 

course of day. The FCV hydrogen demand curve used in this study is the ‘default Chevron Demand Profile’ 

from the Hydrogen Refueling Station Analysis Model (HRSAM) developed by the National Renewable 

Energy Laboratory (NREL) [17]. In order to account for variations in the total daily demand placed on the 

station over a period of one week, variability data from a feasibility analysis of a hydrogen fueling station 

in Honolulu is considered [18].  According to NREL’s statistical analysis, the typical refueling amount for 

FCVs is 2.64 kg per day [19]. Based on this assumption, roughly 38 FCVs can be refueled at the station 
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throughout the day. This assumption forms our basis on the number of FCVs existing within the community, 

i.e., 38. 

The Walmart fresh food distribution center in Balzac, Alberta operates 100 forklifts. Therefore for our 

study, it is assumed that the number of hydrogen powered forklifts operating at Cornwall fresh food 

distribution center is also 100. The 90 kg per day hydrogen consumption from the forklifts is assumed based 

on a 0.9 kg per day consumption per forklift [7]. The forklifts, consequently, do not observe a random 

refueling pattern. The two peaks in Figure 3 show a regular peaking pattern that is the expected trend. The 

two peaks (5-10 AM, and 3-8 PM) denote the pre and post refueling done before and after a shift ends. The 

forklifts go through 2 shifts in a day [7]. 

 Electrolyzer Module 

Electrolyzers are devices that harness the energy of the electric (DC) current supplied to them to produce 

Hydrogen and Oxygen by splitting Water. The two major types of electrolyzers sold in the market nowadays 

are: 1) Alkaline Electrolyzers, and 2) PEM Electrolyzers [20]. Hydrogenics Inc. have been chosen as the 

supplier of the electrolyzer technology to be installed in the microgrid community as they were able to 

provide technical and costing information for this study. A comparative analysis on the efficiencies of 

alkaline and PEM electrolyzer modules developed by Hydrogenics Inc. has been carried out. The HyStat 

60 (Alkaline Electrolyzer) which is an outdoor unit used primarily for refueling stations has an efficiency 

value of 68.3% (HHV H2). The nameplate capacity of the HyStat 60 is 312 kW. The corresponding PEM 

electrolyzer developed by Hydrogenics (1 MW nameplate capacity) that has been used for the comparative 

analysis, has an efficiency value greater than that of the HyStat 60. In addition to the higher efficiency, 

PEM electrolyzers can operate under more intense conditions and provide hydrogen at higher output 

pressures (Output Pressure of Hydrogen: 30 bar for the 1 MW PEM Electrolyzer Module) that may further 

help in reducing the energy consumed in compressors to compress the gas in to high pressure storage 

cylinders used in this study. The technical specification of the PEM electrolyzer have not been disclosed in 

this report as it has confidential information obtained through a personal communication with Hydrogenics 

[21]. In order to meet the hydrogen demands from the FCVs, forklifts and the fuel cells, installation of a 

smaller and less efficient alkaline electrolyzer is more capital intensive. Therefore, for this study the 1-MW 

nameplate capacity PEM electrolyzer module developed by Hydrogenics is chosen as the hydrogen 

production technology. The hydrogen produced by the electrolyzer is 99.999% pure, and is compatible with 

fuel cell stack fuel quality requirements. 

 Fuel Cell Module 

Personal communication with Palcan, Ballard Power Systems and Hydrogenics Inc. was carried out to 

inquire about their respective commercially available fuel cell technologies that can provide backup power 

to a community. It is concluded from these communications that only Hydrogenics Inc. provides modules 

large enough (1 MW nameplate capacity) to provide backup power to communities [22]. Palcan and Ballard 

Power Systems currently provide small scale PEM fuel cell systems that range in the 5-12.5 kW range 

[23,24]. These smaller units have generally been used for providing back up power to telecommunication 

centers. In order to sustain and produce energy required by the microgrid, installation of numerous small 

units is not cost effective. Since wind and solar power outputs are highly variant, it is proposed that 

Hydrogenics’s megawatt power generation platform be used as the fuel cell technology providing back up 

power to the community.  

The efficiency of the fuel cell system is 49% (LHV1 H2) [25]. The fuel consumption of the unit is 

approximately 16.3 kg when operating at full capacity (1 MW). The input pressure and temperature of the 

fuel should be around 1-2 atm and 288 K, respectively. The entire unit has a dimension 2.4x3.0x15.2 m and 

                                            
1 Low Heat Value 
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is delivered in shipping container. The output voltage of the system ranges between 380-480 VAC2. The 

hydrogen fuel that needs to be fed has to adhere to the ISO/TS 14687-2:2008(E) standard. 

 Tank Storage System 

It is proposed that the hydrogen produced by the electrolyzer will be stored in gaseous hydrogen tanks. The 

gaseous hydrogen storage method in comparison to liquid hydrogen storage method incurs a lower energy 

consumption to compress and store the gas. According to the International Energy Agency [26], the 

electricity required for compressing the hydrogen in to the storage is only 2.1% of the gas’s energy content.  

A comparative analysis between the different hydrogen storage methods by Gardiner et al. [27] shows that 

the energy required to store a kg of hydrogen is highest for the liquid hydrogen storage method. This 

because of the additional energy required to liquefy the hydrogen. 

A storage tank module having maximum storage capacity of 21.3 kg at 430 bar has been used in the study 

[17]. The storage pressure fits the requirements for refueling forklifts which have hydrogen tank storage 

pressures of 350 bar. Although the hydrogen storage pressure within the FCV (Mirai) is 700 bar, having a 

higher pressure on-site gaseous storage system significantly increases the cost of compression, owing to 

the fact that NREL specifies that for 700 bar refueling the storage vessels should have a maximum pressure 

of 875 bar [28]. The reason behind the high pressure requirement is because there is a significant increase 

in pressure drop across the dispenser nozzle. Therefore the hydrogen sent to the nozzle should have a 

minimum pressure of 825 bar to account for the pressure drop. One can see that this will increase 

compression cost. Therefore it is proposed that a post-storage booster compressor be installed to meet the 

minimum nozzle pressure requirement. The minimum suction pressure (70 bar) of the booster compressor 

provided by HydroPac, makes it necessary that the pressure inside the tanks used in the refueling station 

cannot fall below 70 bar. To further support this claim, this choice of design can be referred back to an 

existing FCV refueling station operating in Burbank, California which has a similar configuration as 

proposed above [29].  

A second tank module with a larger capacity is chosen in order to provide hydrogen to the fuel cell power 

generation system. The module chosen is an American Society of Mechanical Engineers (ASME) steel 

vessel with a maximum capacity of 89 kg at 172 bar [28]. The lower pressure requirement of the tank 

combined with its higher capacity offsets the cost of compression required as well as the investment in a 

greater number of small tanks if the 21.3 kg module was the only tank technology chosen for this study. 

Details on the compressor and dispenser system have been described in the following sections. 

 Compressor System 

Compressors are one of the most important components required to store and deliver hydrogen in a gaseous 

form. The refueling station operating in Burbank, California runs two types of compressors, one used to 

compress hydrogen into the tanks having a maximum pressure of 430 bar (21.3 kg), and the second is a 

post-storage booster compressor that can compress the gas to 875 bar to complete a 700 bar car tank 

refueling [29].  

A similar logic is adopted in this study where the refueling station modeled for the community has a pre-

storage compressor as well as a booster compressor to complete a refueling cycle for a Toyota Mirai. The 

pre-storage compressor used in this study is a module developed by Fluitron. This two-stage diaphragm 

compressor provided by Fluitron has a maximum capacity of 50 kg per hour and has a suction pressure of 

20 bar. The gas coming out of the compressor has a pressure of 430 bar, which matches the pressure 

requirement for the tank storage used at the refueling station (21.3 kg at 430 bar) [17]. Based upon a 65% 

efficiency, the compressor consumes 2.8 kWh per kg of hydrogen compressed. 

                                            
2 volts Alternating Current 
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The booster compressor for the refueling station will be provided by HydroPac. Based on the maximum 

hydrogen demand from FCVs placed at the refueling station, personal communication with HydroPac 

yielded that we use their C15-40FX-EXT/SS-H2 piston compressor module that can compress incoming 

gas from 70 bar to up to 897 bar. The incoming pressure can vary from 414 bar to 70 bar. The discharge 

pressure provided by the compressor is in agreement with the 875 bar input pressure requirement to the 

dispenser. As described earlier, this requirement is in order to account for the pressure drop for flow across 

the dispenser nozzle to refuel a FCV tank [28]. The power rating of the booster compressor is 29.82 kW. 

According to HydroPac, the system is designed to run at the maximum power rating even when the 

conditions change, like the input flow to the compressor. The system achieves this by varying the piston 

speed across the entire operating envelope. The maximum rating value accounts for the mechanical and 

volumetric inefficiencies that have a value close to 10%. The important thing to consider is that the FLEXI-

POWER optimizes capacity versus horsepower greatly when compared to a fixed capacity machine [30]. 

The variation in inflow hydrogen capacity of the booster compressor across the 70-414 bar input pressure 

operating envelope is 11-30 kg per hour.  

It should be noted that since the forklifts operating at the fresh food distribution center have hydrogen stored 

in tanks with maximum operating pressure of 350-413 bar [7], the gas can be directed to the pre-storage 

compressor provided by Fluitron to refuel them. 

The third type of compressor used in this study is a module developed by RIX Industries that can handle a 

minimum inlet pressure of 3 bar and can compress gas up to a maximum pressure of 310 bar [17]. The 

hydrogen by the electrolyzer is passed through this compressor before hydrogen is stored in the larger 89 

kg tanks which have a maximum pressure of 172 bar. The maximum capacity of this reciprocating 

compressor is 42 kg per hour. The efficiency of the system is 65% and it consumes 1.635 kWh per kg of 

hydrogen fed to it [17]. 

The energy consumption of the compressors provided by RIX Industries and Fluitron is calculated by using 

the following equation: 

𝑃

�̇�
=

𝑧̅ 𝑅𝑐𝑜𝑚𝑝𝑇𝑘

ƞ(𝑘 − 1)
[(

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)

𝑘−1
𝑘

− 1] (2) 

The parameters used in Equation 2 include: 𝑅𝑐𝑜𝑚𝑝 (𝑘𝐽 𝑘𝑚𝑜𝑙−1𝐾−1), universal gas constant used; 𝑘, heat 

capacity ratio of hydrogen; 𝑃𝑜𝑢𝑡  (𝑏𝑎𝑟), outlet pressure of compressor; 𝑧̅, the variable compressibility factor 

of hydrogen going in to the booster compressor, as a function of 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  
𝑃𝑖𝑛+𝑃𝑜𝑢𝑡

2
, 𝑃𝑖𝑛 is the input 

pressure to the compressor; and, Temperature (𝑇, 𝐾), which is assumed to be a constant set at tank storage 

temperatures of  293.15 K (20°C) for both the refueling station tanks (21.3 kg) and the 89 kg tanks used to 

store hydrogen for the backup fuel cell power generation unit. It should be noted that there exist intercoolers 

in the compressors to bring the temperature of the gas that increases during compression back to the 

temperature at which it was fed to in to the compressor (20°C). 

 Dispenser and Pre-Cooling System 

The dispenser system specifications used at the refueling station is taken from a module used in the H2A 

refueling station analysis model reported in [28]. The number of dispenser required for the refueling station 

has been fixed based on the following empirical equation provided in [17]: 

𝐷𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑟𝑠 =
𝐷𝑎𝑖𝑙𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

305.85 × 𝐷𝑎𝑖𝑙𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦0.0763
 (3) 

From Equation 3, it is determined that the number of dispensers required for a refueling station with a daily 

capacity of 190 kg hydrogen is 1. There are 2 hoses/nozzles at one dispenser and the system can handle 

both 700 and 350 bar fills required for the FCVs and the forklifts, respectively [28, 29]. The dispensers 

selected for this work meet the 10 minute refueling target for a 700 bar FCV tank refill [28]. 
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The Society of Automotive Engineers has developed a standard (SAE J-2601, 2013) for refueling FCVs 

containing 700 bar tank modules. The SAE J-2601 standard specifies that hydrogen fuel needs to have a 

temperature in the range of -17°C and -40°C while entering the tank on-board the FCV [28]. The 

compressed hydrogen at 875 bar will have a higher temperature coming out of the booster compressor. 

Despite the intercoolers between the stages cooling the gas down to the input temperature of 20°C, in order 

to avoid a risk of vehicle tank temperature exceeding the 85°C limit, the gas is cooled down before it enters 

the FCV tank. The maximum FCV tank temperature is a parameter obtained from the Hydrogen Refueling 

Station Analysis Model (HRSAM) developed by the Argonne National Laboratory [31]. Therefore, a pre-

cooling system proposed by Parks et al. [28] for 700 bar refueling stations has been installed at the hydrogen 

refueling station within the microgrid community. The HRSAM specifies an energy consumption of 0.26 

kWh per kg of hydrogen cooled, which has been used for the modeling study. 

 Vehicle to Grid System 

The introduction of zero emissions electric vehicles has been considered to be a shift towards a greener 

energy economy. Electric vehicles have the potential to not only provide a cleaner transportation option, 

but it can also help the power grid operators to operate the grid in an efficient way by offering some of the 

electricity stored in them back to the grid in times of peak demand, or even to help in grid balancing ancillary 

services [32, 33, 34]. The terminology for this service provided by electric vehicles is called Vehicle-to-

Grid (V2G). Fuel cell vehicles which use hydrogen fuel to produce electricity for running the vehicle can 

also be considered as a potential source of electricity. Most of the literature available on the V2G concept 

is focused around battery and plug in hybrid electric vehicles (BEVs, and PHEVs). V2G via fuel cell electric 

vehicles has been scarce, mainly due to the fact that the market treats FCVs as a hydrogen fuel vehicle. 

There currently exist three major standards, [35,36]: 1) The SAE J1772, developed in North America by 

the Society of Automotive Engineers (SAE); 2) Tesla’s own standards for their supercharger system, and 

3) The CHAdeMO which was developed by The Tokyo Electric Power Company, Nissan, Mitsubishi and 

Fuji Heavy Industries. 

In this study it is proposed that the community under consideration at Cornwall will employ FCVs, 

specifically the Toyota Mirai to provide power back to grid [37]. In this way the FCVs will contribute when 

they are parked to help the community meet its energy demand during the islanded operation mode. The 

rationale behind choosing the Mirai as the FCV for this study is because it already has a built-in port in its 

trunk compliant to the CHAdeMO standard. Therefore, it is also logical to consider developing a charging 

station amenable to the CHAdeMO standard. The potential of FCVs to provide vehicle to grid has been 

addressed by Kempton et al. [32] and Lee et al. [38], therefore it is expected that by proposing this concept, 

it will help in promoting FCVs in the transportation market as well. 

Kempton et al. [32] in their work use a 20 kW conductive charging station provided by AC Propulsions 

Inc. to connect a FCV for providing power back to the grid. The Toyota Mirai can provide energy at the 

rate of 9 kW for 6.667 hours (60 kWh) [37]. The 60 kWh value according to Toyota’s specification sheet 

[37] is available even after the car has travelled an average of 27.24 miles per day and there is enough left 

in the car tank for an emergency trip that can cover 20 miles range buffer (example: Trip to the Hospital, 

[32]). The average daily distance travelled was calculated based on the average annual distance covered by 

a car in Ontario [39]. 

A simple multiplication between the total number of cars (38 FCVs), and the total energy each car can 

provide (60 kWh), shows that the V2G concept can help offset 2880 kWh. This value when split evenly 

across the 2 day period yields a potential hourly energy supply of 47.5 kWh from the FCVs. Since each 

conductive charging station can connect to two FCVs at a time, the ratio of the hourly energy value available 

from the cars (47.5 kWh) over the capacity of one conductive charging station providing 20 kW over an 

hour (20 kWh) results in the requirement of 3 conductive charging stations. Since only ~5 cars will be 
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providing the 47.5 kWh in an hour, the risk of a car not having only enough to cover the 20 mile range 

buffer is not a possible realization.  

As mentioned earlier, since the Toyota Mirai already has a power take off plug within the car, this helps in 

offsetting the investment required in modifying a FCV to be able to provide the V2G service. In this case 

the only additional infrastructure cost incurred is to install the three conductive charging stations that 

connects them to the local microgrid community’s power distribution lines. It should be noted that the 

power output from the CHAdeMO standard plug within the Toyota Mirai provides a DC output, therefore 

there will be an inverter installed within the conductive charging stations to convert this DC output to AC 

power.  

   Component Costing  

This section lists the capital costs of the various components used within the microgrid community. Table 

2 below shows the investments required for installing a hydrogen refueling station at the community. 

Table 2: Hydrogen Refueling Station System 

Component Cost 
Fluitron Pre-Storage Refueling Station Compressor (Type: Diaphragm) $144,683 [17] 

HydroPac (C15-40FX-EXT/SS-H2)Booster Compressor (Type: Reciprocating Piston) $129,300 [30] 

High Pressure Storage Vessel (21.3 kg at 430 bar) $27,570 [17] 

Dispenser (2 Hose System) $99,826 [28] 

Pre-Cooling System $183,791 [28] 

Table 3 lists the electrolyzer technology used for the study. The system cost is not disclosed due to the 

confidential nature of the data. 

Table 3: Hydrogen Production Module 

Component Cost 
Hydrogenics 1 MW PEM Electrolyzer Module Confidential [21] 

 

Table 4 shows the cost of the components used for providing both back up power during the 2 day macrogrid 

blackout and during normal operation (with the macrogrid being active) for providing at least 10% of the 

communities peak demand. 

Table 4: Backup/Normal Power Generation System  

Component Cost 
Hydrogenics 1 MW PEM Fuel Cell Power Generation Module $5,000,000 [22,40] 

Low Pressure Storage Vessel (89 kg at 172 bar) $255,567 [28] 

RIX Industries Pre-Back Up Storage System Compressor (Type: Reciprocating 

Piston) 

$215,064 [17] 

 

Enercon E-53 Wind Turbine Module (800 kW) $1,629,732 [12] 

Vehicle to Grid Conductive Charging Station (20 kW) $4,087 [34] 

Canadian Solar: CS6P-256mm PV-Solar module (180W) $365 [13,41] 

The capital costs of each of the components in the above table factor in their respective installation costs. 

A twenty year project lifetime has been considered for this study. All component capital costs have been 

amortized over a 20 year lifetime of the project at an interest rate of 8%.  
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V. Modeling Approach 

The modeling approach as described in section 2 has been illustrated in figure 4 below. 

 

Figure 4: Modeling Approach Adopted for the Designing the Microgrid at Cornwall, Ontario, Canada 
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The superstructure of the proposed model is presented in the figure 4.  Hourly energy demand, market and 

technical information, and the properties of the energy storage and conversion systems are inputs to the 

model. The objective function of the model is to reduce annual operational and maintenance cost and the 

capital cost of the hydrogen fuel station according to physical and thermodynamic constraints. The multi 

period mixed integer dynamic optimization model will be developed in the General Algebraic Modeling 

Software (GAMS) and the run is conducted over a year. The time index assumed for the data used in this 

study are on an hourly basis. The decision variables of the model are the number of each type of technology 

chosen (described in section IV)  while the operating variables are related to the operating characteristics 

of the components and shows how each of them are run within the microgrid energy hub community. The 

results of this optimization study highlight the optimal design of a community utilizing renewables as well 

as technologies that use hydrogen as an energy vector, and the optimal operation plan of the energy 

generation systems. In addition to this, an environmental analysis of the overall local energy generation has 

been carried out by estimating the potential greenhouse gas emissions incurred and offset 

All component capital costs have been amortized over a 20 year lifetime of the project at an interest rate of 

8%. During hours when the macrogrid is active, the hourly Ontario Electricity price (HOEP, $ per kWh, 

converted to US$) is used as the cost of buying power from the macrogrid. 

VI. Cost, Economics, and Environmental Analysis 

In order to optimally design and operate the microgrid system, different components including PV, wind 

turbines, electrolyzers, hydrogen storage tanks, and fuel cells must be considered. The design of this energy 

hub is predicted by determining the number of each component of fixed unit size that needs to be installed 

in order to optimally meet the energy demands throughout the year. Since this system should supply the 

electricity demand for two days in islanded mode, the model was optimized for the worst two days in the 

entire year. The intermittency in wind speed and solar irradiation also make their associated generation 

systems intermittent. When the model runs for the two worst days throughout the year, there exist hours of 

operation when the storage system and the fuel cells are the sole contributors that help in meeting the 

community’s energy demand.  

 

Since the required storage for fuel cell during these hours exceeds the maximum capacity of refueling 

station storage tanks, the backup storage systems are considered. It is assumed that this back-up hydrogen 

storage system comprising of storage tanks and an electrolyzers can operate during the normal operation 

periods of microgrid throughout the year. It can use both electricity from the grid as well as the local 

renewable generation system to fill the required tanks. The backup system is designed for the emergency 

situations such as electricity blockage or for islanded operation. In order to find the optimal number of 

electrolyzers, compressors, and tanks for the back-up storage system, another mathematical model is 

developed in GAMS. In order to assess the impact of V2G (vehicle to grid) on the design and operation of 

renewable powered hydrogen systems, two cases are defined: 1) Case 1:  V2G is not considered, and 2) 

Case 2: V2G are considered to supply the electricity demand of the community in order to reduce the load 

place on the fuel cell. Since the capital cost of fuel cells are too high, using V2G can help in reducing the 

number of fuel cells and consequently, the total cost of the project can be reduced. In other words, the 

vehicles can generate electricity for the grid in those hours that power from solar and wind are too low. 

Table 5 shows the optimal results of the two case studies. In this table, the optimal number of fixed size 

technologies as well as their costs are presented. 
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Table 5: Optimal Results from the Case Study 1 and Case Study 2 

 Case1- without V2G Case 2- with V2G 

Technology selection Quantity USD Quantity USD 

PV 2000 720,000 2000 720,000 

Wind Turbine 8 13,037,857 8 13,037,857 

Electrolyzer 3 3,694,790 3 3,694,790 

Pre Storage Compressor 2 289,366 2 289,366 

Fuel Cell 4 18,659,024 3 13,994,268 

Booster Compressor 1 129,300 1 129,300 

Station storage tank 10 275,701 10 275,701 

Dispenser 1 99,826 1 99,826 

Pre-Cooling 1 183,791 1 183,791 

V2G Charging Station 0 - 3 12,259 

Back up Electrolyzer 1 1,231,597 1 1,231,597 

Back up Compressor 1 215,064 1 215,064.03 

Back up Storage tank 24 6,133,612 24 6,133,612 

Total Cost - 45,901,525 - 41,249,028 

 
The optimal solution for the 2 days of emergency power delivery shows the fuel cells operating at their 

maximum capacity for 4 to 6 hours during the 2 days; at those times, the power generated from the solar 

PV and wind turbine modules is very low. This shows that in the islanded mode the fuel cells installed 

within the community run for only a few hours. As can be seen in the table 4, the unit cost of fuel cells is 

very high. The Optimization results show that using V2G for the second case study can reduce the number 

of fuel cells from 4 to 3.  

The percentage costs of each technology from the total cost of the optimum system are shown in the Figures 

5 and 6. As can been seen in case study 1 (Figure 5), the cost of fuel cells are about 42% of the total cost of 

the system. Wind turbines are the second largest contributors to the total project cost at 29%.  Following 

this, the electrolyzer and storage tanks used in case study 1 to provide backup power, contribute to almost 

17% of the total project cost.  

Figure 6 shows that using V2G in case 2 results in the share of fuel cell cost contributing to total project 

cost reduces to 35% in comparison to 42% in case 1. Apart from the emergency situations, during the 

normal operation hours, the microgrid can still operate based on both the central utility grid and generation 

capacity available from the local renewable energy system. The optimum design enables the renewables 

and the backup hydrogen storage system to supply at least 10% of the peak demand, which is about 550 

kW, for every hour of the year. 
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Figure 5: The percentage share of different technologies costs for case study 1 

 
Figure 6: The percentage share of different technologies costs for case study 2 
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 Results and Discussion: Economic Assessment 

In the two cases presented, the cost of the microgrid energy hub is not economically feasible for the 

implementation within a small community. The greatest challenge in costing the system was in the reducing 

of the number of fuel cells required to power the system in two-day emergency scenarios. An immediate 

solution would be to recommend a system that powers a large fraction of the communities total energy 

demand for two days. By reducing the hard constraint of meeting the entire community demand for 2 days 

will help in reducing the investment required in installing a greater number of fuel cells within the 

community. 

Aside from the reevaluation of the load which may be supplied, additional cost benefits exist for the 

implementation of the model. Over a course of a year, there exist hours during which the amount of energy 

produced by both the solar PV and wind turbines exceed the requirements set by the community’s demand. 

This excess energy can be purchased back by the utility grid at a fixed feed in tariff price for given energy 

hub sizes. In order to the increase the benefits of this projects, it is assumed that all the electricity generated 

by the PV will be sold to the grid during the normal operation. Since the capacity size of PV is less than 

500 kW, the feed in tariff price of PV in Ontario is used which is around 31.6 cent per kWh [42]. Similarly, 

excess power from the wind turbine modules can be assumed to be sold to the utility grid at 10 cents per 

kWh. The annual savings earned from the solar PV and wind energy sources account for $154,000 and 

$692,000 USD, respectively, after the excess energy has been sold to the utility grid. It is important to note 

that the levelized cost of electricity for the PV and wind power is around 12 and 9.5 cent per kWh, 

respectively. In general, solar irradiation is quite poor in eastern Ontario which leads to lower generation 

by PV and consequently, the higher levelized cost of electricity by renewables. 

The potential revenue streams associated with the design occurring within the community include the 

supply of hydrogen to the food distribution vehicles directly at a premium price and a premium selling point 

of electricity at times of emergency. The total hydrogen demand of a fleet of 100 forklifts operating within 

the fresh food distribution center was calculated to be 32,850 kg per year. By assuming selling price points 

of the hydrogen between $8-15 per kg the total annual savings by the implementation of a hydrogen energy 

system proposed by the model would save between $263,000-493,000 USD of fuel for a year. Similarly for 

the hydrogen FCVs, the annual gas demand for each car was calculated to be 545 gallons which amounts 

to a $78,000 USD savings or revenues annually from the vehicle users. 

In an emergency scenario, the energy provided back to the grid can be charged at a premium price. A 

sensitivity analysis was performed on price for a total power of 32,319 kW delivered by the fuel cells over 

the two days. For prices between 50-120 cents per kW the total savings would be $16,000-39,000 USD.  

Since the electrolyzers can only operate in some hours of the year in their full load (in emergency or when 

there is a hydrogen demand). In order to make this project economic, we assume that the two of the 

electrolyzers can generate 35 kg per hour hydrogen which can be sold to natural gas system. This 

assumption is based on an hourly natural gas energy demand data available for the area surrounding the 

community. The 35 kg per hour (17.5 kmol per hour) has been selected as a safe inject ability limit of 

hydrogen within the natural gas system. This injection limit within the system constraints the concentration 

of hydrogen within the system to a value well below the 5 mol% limit set by Melaina et al. as a safe limit  

[43]. On an average the hydrogen concentration does not exceed 0.12 mol.% throughout the year within the 

natural gas system.  If the hydrogen sold to the natural gas end user is sold at the premium price of hydrogen 

as $8 per kg, this results in $2,450,000 USD.  There are additional environmental benefits of offsetting 

natural gas with hydrogen which will elaborated on in the following section.The levelized cost of hydrogen 

when considering hydrogen production for  natural gas system is calculated to be approximately $7 per kg, 

while without the this consideration this cost would be $36 per kg.  
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 Results and Discussion: Environmental Assessment 

To consider the environmental impacts of the system, the emission offset associated with the use of 38 

FCVs, a test scenario in which a fleet with the same number of internal combustion engine vehicles has 

been compared. The environmental benefit of hydrogen vehicles corresponds to the decrease in GHG 

emissions associated with the gasoline consumption that will be displaced. The gasoline consumption of 

the fleet is calculated by considering the average consumption of a single vehicle. A typical gasoline vehicle 

has a fuel economy of 22 mile per gallon, while a hydrogen vehicle’s fuel economy is 58 miles per kg of 

hydrogen [44]. With the assumption that a typical light duty vehicle travels 12,000 miles annually, the CO2 

emission of a single hydrogen vehicle is around 2.2 tonne, while that of the gasoline vehicle is around 4.9 

ton [45]. There is a tax benefit to reduce the level of CO2 which can be estimated between $15-50 per tonne 

of CO2. Thus, a total environmental offset of $1200-3800 USD can be made from the use of the hydrogen 

vehicles.   

A second environmental emission offset is the drop in CO2 emissions by using the renewable energy 

generation systems (Wind and Solar PV, Fuel Cells) installed within the microgrid instead of using the 

energy from the grid to meet at least 10% of the community’s energy demand. The grid has an average 
emission factor of 0.187 kg/kWh [7]. Since the microgrid will supply 550 kW throughout the year under 

normal operation, the microgrid must supply 4,818,000 kWh of energy over a year. With the same range of 

tax benefit ($15-50 per tonne of CO2) to reduce the level of CO2 emissions, the yearly financial benefit adds 

up to $13,000-45,000 USD.  

The CO2 emission offset from the selling hydrogen to natural gas pipeline will be around 2,179 tonne per 

year which is equal to 32,000 USD benefit (Assuming 15$ tax benefit for CO2). The emission factor of 

natural gas is taken to be 2.5 kg CO2 per kg of natural gas [46]. Finally, in order to calculate the urban 

pollutant offset, the average annual urban emissions data for gasoline vehicles have been obtained from 

[45]. The following figure shows the decrease in pollutant emissions by integration of 38 FCVs.  

 

Figure 7: Annual Pollutant offset (kg) 
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The function of the model is to rigorously prove whether or not the implementation of an energy hub with 

only hydrogen as an energy vector was economically feasible. As in any engineering design, fixed 

constraints are desired, however, upon critical analysis, physical limitations dictate the direction of the 

project. With confidence, we conclude that regardless of the offsets considered, the project remains 

infeasible from an economic standpoint. The first step is to identify the major costing issue with the system. 

From analysis of the results, the two- day emergency supply is the source of the issue. With the selected 

configuration, the fuel cells are required to supply full power only in few hours of operation to the 

emergency response, when there is not any power from wind or solar. By identifying the cost problem of 

the model, three solutions are proposed. First, a more elaborate costing analysis with more discounting 

factors can be performed. For example, the system can be evaluated with the potential use of bundling deals. 

Since multiple pieces of each equipment are being purchased, the total capital cost may be assumed to be a 

percentage of the shelf cost. Second, change the response criteria. Instead of supplying full power for 2 full 

days, supply full power for some hours with available solar and wind. Another option is to reduce the 

percentage of power supplied during an emergency to less than 100%. If 80% of the power is supplied, the 

system could possibly manage to only require two fuel cells. Third, a compromise on the backup generators 

can be made. Diesel generators or batteries, a well-developed and relatively cheap technology, could be 

used to aid the hydrogen system in the hours that there is no wind and solar.  

Since the scale of the community is typically larger than a normal remotely located microgrid, the total 

capital investment of the proposed microgrid energy hub design is $40,017,432. The large power demand 

(Peak: 5.4 MW) that needs to be met during the islanded mode operation leads to the installation of 

expensive fuel cell and hydrogen storage power backup systems. An economically feasible scenario for this 

microgrid energy hub is to utilize its hydrogen generation capacity and sell hydrogen to FCVs, and forklifts 

at a premium price of $8 per kg. In addition to this, further economic incentives can derived from selling 

hydrogen to local natural gas utility. Additional power generated from wind and solar generation plants will 

be sold at a premium (Feed in Tariff Program, Ontario). Power produced by fuel cell during blackout will 

be sold at 50 cents per kWh (determined via sensitivity analysis). In addition to this, the use of cleaner 

energy generation sources as well as a cleaner fuel in the transportation and natural gas sector can provide 

an additional monetary incentive through participating in the carbon trade program and receiving a benefit 

of $15 per tonne of CO2 emissions offset. The net present value in this scenario is seen to be the least at $ 

-3,657,189. The incentive structure utilized in this study is a conservative estimate and therefore in order 

to further make this energy hub concept cost effective, government subsidies in the form of bundling costs 

for hydrogen infrastructure installation needs to be provisioned.  

Table 6 presents the economic and environmental assessment of the project according to the different 

scenarios. These scenarios are defined based on either not considering or considering V2G (Case study 1 

and 2 ), different premium price of electricity/ hydrogen/ CO2 emission  tax as well as bundling cost for 

fuel cells and wind turbines. A major conclusion that can be drawn from the following table is that 

generating the surplus hydrogen from proposed design system can dramatically increase the benefits of the 

project and consequently, the net present value.
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Table 6: Economic and Environmental Assessment of Microgrid Energy Hub 
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1 1  N/a N/a N/a 44,669,928 845,919 78,349 - (35,595,326) 

2 2  N/a N/a N/a 40,017,432 845,919 78,349 - (30,942,829) 

3 1  15 8 50 44,669,928 845,919 357,309 14,651 (32,712,613) 

4 2  15 8 50 40,017,432 845,919 357,309 14,651 (28,060,117) 

5 2  30 8 50 40,017,432 845,919 357,309 29,302 (27,916,269) 

6 2  30 12 50 40,017,432 845,919 488,709 29,302 (26,626,164) 

7 2  30 12 100 40,017,432 845,919 504,868 29,302 (26,467,509) 

8 2  30 15 100 40,017,432 845,919 603,418 29,302 (25,499,930) 

9 2 
50% subsidy on capital 

cost of fuel cells 
15 8 50 33,020,298 845,919 357,309 14,651 (21,062,983) 

10 2 
50% subsidy on capital 

cost of fuel cells 
30 15 100 33,020,298 845,919 603,418 29,302 (18,502,796) 

11 2 

50% subsidy on capital 

cost of FC& 20% on 

wind turbine 

30 15 100 30,412,726 845,919 603,418 29,302 (15,895,225) 

12 2 
Selling hydrogen to 

natural gas pipeline 
15 8 50 40,017,432 845,919 2,810,109 47,343 (3,657,189) 

 

This result requires further engineering inquiry to identify suitable alternatives
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 Noise Analysis  

A noise analysis was considered for the hydrogen system and wind turbines. The hydrogen system had 

several purchased pieces equipment from different suppliers. Of greatest concern were the electrolyzers 

and fuel cells which have a maximum sound of 75 dB at one meter distance [25]. Therefore noise 

dampening barriers will be installed around the site where the hydrogen production and backup power 

systems are proposed to be located. The use of noise dampening barriers according OHSA can reduce noise 

levels by almost 20-40 dB [47]. The noise from the refueling station high pressure booster compressor can 

go up to a maximum of 85 dB at one-meter distance [30]. The remaining components existing within the 

refueling station (Pre-storage, compressor, dispenser, and pre-cooling unit) are assumed to have an 

estimated lower dB value based on previous analysis carried out by [29]. According to OHSA [48] the 

maximum sound level anyone should be exposed to at a stretch of 30 minutes is 110 dB. Since the refueling 

station refueling time is less than that and the maximum possible time one can spend at the refueling station 

is less than 30 minutes, the impact of noise from the refueling station as well as nearby hydrogen power 

backup system components is minimal. The maximum noise of the site where the hydrogen economy 

infrastructure is located is 85 db, and the addition of sound dampening materials around the encased 

components, will further lower the noise. The wind turbine produces a sound of average of 100 dB for the 

average wind speed of the community [9]. However, the sound of wind turbines reduce to an insignificant 

40 dB after 500 m which is the equivalent of a refrigerator [49]. The placement of the equipment are 

designed at sufficient distance to minimize the sound pollution introduced to the community.  

VII. Safety Analysis 

Safety is an integral step while designing energy systems and plants, not only for the safety and well-being 

of the operators and employees, but also for the surrounding public and area. When dealing with a highly 

flammable and combustible gas like hydrogen, safety should be of foremost importance in the design, 

operation and maintenance of the system under consideration. 

 Microgrid Specific Considerations 

There are certain microgrid-specific safety considerations. Firstly, the microgrid must be able to isolate 

itself from the grid in grid-connected mode in the case of a system failure in the microgrid so that it does 

not spill into the grid [50]. In the case of severe failure within any part of the microgrid, a fire suppression 

system and an emergency communications protocol needs to be in place. Warning sounds and lights must 

be featured as well as part of the emergency communications protocol [51]. Breakers to cut off all electrical 

interconnections will be required at every equipment, tank, controls station and dispenser [52]. Emergency 

power systems will need to be in place to power emergency lighting, video recording equipment and control 

the emergency communications protocol and fire suppression system.  

 Resource-Specific Safety Considerations 

Hydrogen gas release incidences can lead to deflagration and detonation events depending on the amount 

of hydrogen released, the wind and the temperature [53]. Hydrogen gas is highly flammable and has a lower 

flammability limit of 4.1% in air at 25°C at atmospheric pressure [53, 54]. Therefore, it is very important 

that hydrogen gas is not leaked out into the open atmosphere as its low ignition energy means it can be 

easily ignited by sources such as static electricity discharge or any residual electric currents nearby. Hence 

it is important to keep hydrogen gas pressurized in order to securely and safely store and process the gas 

[55,56]. Hydrogen can also lead to the embrittlement of metals and plastics [53]. The storage tanks must be 

made of materials that can not only withstand the high pressures but also hydrogen creeping and 

embrittlement [56]. The storage tanks chosen are commercially available and have been selected so that 

they meet these requirements.  
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Safety considerations associated with wind energy systems are related mainly to the wind turbine. 

Dangerously high wind speeds (i.e. > 19.4 m/s) can damage wind turbines and in turn, surrounding property. 

The wind turbines must be located a safe distance from any buildings or tall constructs that could be 

damaged should the turbine fall. Additionally the turbine should have a yaw system to turn the rotor out of 

the wind. The turbine will also be programmed to stall in cause of wind speeds above 19.4 m/s [6]. The 

annual average wind speed for our chosen location is 6.1 m/s, which is practical for wind energy generation 

and not high enough to cause damage [6]. The Environmental Protection Act of Ontario specifies a required 

minimum distance of 550 m between a residential area and a wind farm to reduce noise pollution. This 

criterion was considered when installing the wind turbines. 

 

 Designing Safe Systems and Policies 

A key method to ensure the safe operation of this microgrid is in designing systems that are inherently safe. 

This requires selecting equipment and instrumentation with fail safe devices and emergency protocols in-

built [50].  For example, pressure spill-back loops need to be including in the piping for pumps and 

compressors [57]. Pressure relief valves and pressure rupture disks need to be located in piping that has the 

potential to overpressure, as well as on tank outlets [58]. Control valves need to be programmed to be fail-

open or fail-closed depending on their situation in the case of an electric breaker being thrown. Temperature 

and pressure sensors need to be on all equipment and process lines to ensure the continual monitoring of 

the situation and allow for the control systems to regulate as necessary [58]. Hydrogen gas sensors to detect 

leaks will be placed by the electrolyzer, fuel cells and compressor [58]. Safe operation and maintenance 

strategies are also necessary. Lock-out, tag-out protocol will be in place for all maintenance and repair 

operations and any other downtime required. Lock-out, tag-out protocol ensures that every worker knows 

of the risks and is willingly participating in the work to be done. It also ensures that the system does not 

become live until all the workers have finished their duties, signed off and taken their locks off the safety 

disconnects [52]. All employees will also be required to complete safety training refreshers on a daily basis 

and ensure they are fully aware of the dangers of working with compressed hydrogen gas and know how to 

avoid potential safety incidences.   

 

 Failure Mode and Effects Analysis 

To fully understand and hence mitigate the risks involved with this project study, a failure mode and effects 

analysis (FMEA) is undertaken on the components that specifically deal with hydrogen as they are the most 

likely to have safety risks associated with them. The analysis focusses on the different system components 

and within each component, potential failure modes were determined based on literature review. The 

potential causes of such a failure mode happening were analyzed and likelihood value was assigned to each 

cause. This value, on a scale of 1 to 10, depicts how likely such an event would be, with 10 being extremely 

likely. Finally the effects or consequences of each failure mode are determined (i.e. deflagration event, 

explosion, etc.). The severity of each consequence is analyzed by assigning a severity value to it on a scale 

of 1 to 10, with 10 being the most catastrophic (i.e. a large detonation event). Multiplying together the 

likelihood value and severity value gives a total risk value associated with that particular failure mode. 

Table 7 below summarizes the FMEA and as seen in the total associated risk column, red indicates failure 

modes with high risk, that will need multiple mitigation and backup strategies, while orange indicates 

moderate risk and yellow indicates low risk. 

VIII. Regulations Codes and Standards 

The majority of failure modes identified in the FMEA above can be avoided or mitigated by adhering to 

the relevant safety codes and standards. They can also be avoided by the inherently safe design strategy 

that has been discussed below in Table 8.  
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Table 7: Failure Model and Effects Analysis 

Process Area Failure Mode Potential causes 
Likeli-hood of 

failure 
Failure Effects 

Risk 

Severity 

Overall 

associated risk 

Hydrogen 

Dispensing 

Collision of a vehicle with 

dispenser 
Human error 5 Combustion, deflagration event 10 50 

Reverse flow to the dispenser  Vehicle has a failed check valve 3 
Dispenser shutdown, pressure 

buildup, explosion, fire 
7 21 

Vehicle driving away with 

dispenser hose still attached 
Human error 2 Combustion, deflagration event 10 20 

Intentional damage Vandalism or terrorism 6 
Combustion, deflagration event, 

detonation event 
10 60 

Rupture of underground pipes 

to the dispenser  
Corroded pipes or cold ground temperatures 4 Combustion, deflagration event 10 40 

Hydrogen 

Storage 

Heating of storage tanks External fires or focused sunlight 2 Combustion, deflagration event 10 20 

Overpressure 
High inlet flow rate, temperature increase, 

obstructed vent  
6 

Combustion, deflagration event, 

detonation event 
10 60 

Under pressure Temperature decrease, high outlet flow rate 4 Implosion 8 32 

Overflow 
Uncontrolled inlet flow rate, control 

mechanism failures 
6 

Dangerous release, pressure build-

up, explosion 
8 48 

Dangerously low level 
Uncontrolled outlet flow rate, control 

mechanism failures 
6 Low pressure, implosion 6 36 

Hydrogen 

Compression 

Overpressure 
Failure of downstream valve; failure to remove 

a downstream blind; leakage on suction side 
5 

Combustion, deflagration event, 

detonation event 
10 50 

High temperature Cooling system failure 5 Combustion, deflagration event 10 50 

Reversed flow  High outlet pressure 3 Leak, fire 8 24 

Electrolysis and 

Fuel Cell 

Oxygen accumulation Oxygen gas vent blocked 5 
Combustion, deflagration event, 

detonation event 
10 50 

Water purification failure 
Clogged purification membranes, high levels 

of impurity in source water 
6 

Impurity and water residue buildup, 

in-efficient electrolysis 
2 12 

Gas leaks Mechanical failures in valves or piping 5 Combustion 8 40 

Electric charge build up 
Low water levels, shorted connections, 

improper wiring 
2 Sparking, ignition source, fire 6 12 

Process control 

and feedback 

systems 

Uncontrolled inflow or outflow 

of gas in different components 
Control system failures 6 

Unequal pressure buildup, 

electrolysis and compression failure 
6 36 

Overpressure effects cause in 

components  

Blockages in piping, valve failures or 

compressor suction leaks 
6 

Combustion, deflagration event, 

detonation event 
10 60 
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Table 8: Mitigation and Prevention of Identified Risks 

Process Area Failure Mode Prevention strategy Relevant Codes or Standards 

Hydrogen 

Dispensing 

Collision of a vehicle with dispenser Add guard/barrier around dispenser so that vehicle cannot crash into it.  SAE J2578, CAN 1784-000 

Reverse flow to the dispenser 
Add flow meter in dispenser to check that flow is in the right direction. If not, stop all 

dispensing. 

SAE J2600, SAE J2601, CAN 1784-000, 

NFPA 2 

Vehicle driving away with dispenser 

hose still attached 
Audible and visual warning when hose is still attached SAE J2600, CAN 1784-000 

Intentional damage Add prevalent signage that the area is being monitored by CCTV N/A 

Rupture of underground pipes to the 

dispenser 

Use high schedule piping (i.e. sch 80 or above) in an exotic alloy material (i.e. Alloy 2507) 

that can withstand temperature fluctuations and corrosion. 
CAN 1784-000, ASME B31.12, NFPA 2 

Hydrogen 

Storage 

Heating of storage tanks Fire retardant coating, white paint coat to prevent heating from sunlight CAN 1784-000, NFPA 55, NFPA 2 

Overpressure 
Pressure spill-back loops to prevent overpressure. Regular inspection and maintenance of 

storage equipment and vents 

CAN 1784-000, ASME B31.12, NFPA 55, 

NFPA 2 

Underpressure 
Flow control feedback mechanisms to increase flowrate. Regular inspection and maintenance 

of storage equipment and vents 

CAN 1784-000, ASME B31.12, NFPA 55, 

NFPA 2 

Overflow Manual globe valves be used to shut off flow in the case of control mechanism failures 
CAN 1784-000, ASME B31.12, NFPA 55, 

NFPA 2 

Dangerously low level Manual globe valves be used to shut off flow out in the case of control mechanism failures CAN 1784-000, NFPA 55, NFPA 2 

Hydrogen 

Compression 

Overpressure 
Pressure spill-back loops to prevent overpressure. Regular inspection and maintenance of 

compression equipment, valves, vents and piping. 
CAN 1784-000, NFPA 2 

High temperature 
Temperature sensors initiate controls systems to shut down compression systems and enter 

standby mode 
CAN 1784-000, NFPA 2 

Reversed flow Check valves to prevent reversed flow CAN 1784-000, NFPA 2 

Electrolysis and 

Fuel Cell 

Oxygen accumulation 

Regular inspection and maintenance of electrolysis vents and filters. Oxygen gas detectors 

detect the increase in oxygen levels and initiate shutdown of the electrolyzer and enter standby 

mode until maintenance is done.  

ISO 22734-1:2008, NFPA 2 

Water purification failure 

Regular inspection and maintenance of electrolysis vents and filters. ORP sensors detect 

dissolved redox species above certain threshold and initiate shutdown of the electrolyzer and 

enter standby mode until maintenance is done. 

ISO 22734-1:2008, NFPA 2 

Gas leaks 
Gas detectors around the electrolyzer trigger standby mode when gases are detected above 

threshold levels. 
ISO 22734-1:2008, NFPA 2 

Electric charge build up 
Level meters communicate with controls systems to ensure there is always enough water in the 

electrolyzer, otherwise shutdown is initiated. 
ISO 22734-1:2008, NFPA 2 

Process control 

and feedback 

systems 

Uncontrolled inflow or outflow of 

gas in different components. 

Control valves are set to fail open or fail close depending on where they are. This ensures that 

in the case of a control failure, there is no pressure buildup. All equipment enter standby mode 

in the event of a controls failure. 

ASME B31.12, NFPA 2 

Overpressure effects cause in 

components 

Pressure spillback loops where feasible, otherwise pressure safety valves and pressure rupture 

disks can be installed on all tanks and cylinders and process piping. 
ASME B31.12, NFPA 2 
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IX. Siting 

 

Solar Module Siting: Orientation, safety, structural integrity and local codes must be considered 

in mounting the solar array. The PV array will be installed in accordance with CAN/CSA-SPE-

900 [59]. Natural resources Canada provides suggested tilt angles for solar arrays in Southern 

Canada as 35° from horizontal in the summer, 45° in the spring/fall and 60° in the winter [60]. The 

array should be installed facing true south to take in maximum solar energy [61]. Solar modules 

are arranged on the rooftop of the food distribution center such that they are not shaded at any 

point of the day. 

Wind Turbine System Siting: The wind farm will be located in the large field adjacent to the fresh 

food distribution centre, encompassing a total area of 2,500,000 m2. Wind turbines will face south-

east, the most common direction of prevailing winds in Cornwall [62]. The minimum distance 

between adjacent wind turbines is 212 m, as well as 370 m in the direction of the prevailing wind 

speed. These minimum distances were calculated by multiplying the diameter of the blade by 4 

and 7, respectively [63]. The height of each turbine was chosen as 60m to ensure that the nearby 

logistics centre does not affect wind speed at the turbine [9]. The total area covered by the wind 

turbine system is 967,000 m2.This field provides adequate space for the optimal wind turbine 

layout, and is located at a distance of 550m from the nearby residential area, in accordance with 

the minimum distance required to reduce noise pollution set by the Environmental Protection Act 

of Ontario [64].  

Hydrogen Economy Infrastructure Siting: The optimal location for all equipment related to 

hydrogen consumption or production, will be located in an enclosed area adjacent to an existing 

gas station parking lot. This area is located in close proximity to the fresh food distribution center 

due to the large hydrogen demand required by forklift vehicles, allowing for faster refueling times 

prior to the start of a shift. This area covers 1116 m2, and will be comprised of hydrogen refueling 

station, hydrogen backup power system, and the vehicle-to-grid charging system.  

Figure 8 and 9 below show the layout of the site where the proposed hydrogen refueling station, 

the fuel cell back up power system, the backup hydrogen storage systems and the vehicle to grid 

charging systems will be located. The quantity and dimensions for each of the major components 

in the hydrogen systems are tabulated below in table 9 based on data available from [31]. 
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Figure 8: Site Plan of the Proposed Microgrid 
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Figure 9: Hydrogen Economy Infrastructure and Vehicle to Grid Component Siting 
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Table 9: Microgrid Component Dimensions 

System Component 
Dimensions (m) 

Quantity 
Length (m) Width (m) 

Refueling Station 

1 MW Electrolyzer 15 3 4 

Pre-storage Compressor 2.2 2.2 2 

21.3 kg Storage Tanks 1.02 2.29 10 

Booster Compressor 2.2 2.2 1 

Dispensing Station 6.6 5.59 1 

Backup Power System 

Pre-storage Compressor 2.2 2.2 1 

89 kg Storage Tank 11.05 7.45 24 

1 MW Fuel Cell 15 3 3 

1 MW Electrolyzer 15 3 1 

Vehicle-To-Grid Charger & Parking Spot 5 2.4 3 

 

The refueling station consists of three 1 MW electrolyzers, two pre-storage compressors, a booster 

compressor, and the hydrogen dispensing station. Electricity and water are provided to three 1 MW 

hydrogen electrolyzers, the resulting hydrogen is fed to ten 21.3-kg refueling station storage tanks through 

the use of two compressors. A booster compressor is used to compress the stored hydrogen to the required 

dispensing pressure. The backup power system consists of one pre-storage compressor, twenty-four 89kg 

storage tanks, and three 1-MW PEM fuel cells. Electricity and water are provided to the 1 MW electrolyzer 

and the resulting hydrogen can be fed to twenty-four 89 kg storage tanks through the use of a compressor. 

Alternatively, the hydrogen can also be supplied to the dispensing station. The hydrogen in the storage 

tanks can be fed to three 1-MW PEM fuel cells. It should be noted that the two tank modules considered in 

this report have the necessary valves and piping connections required for it to be able to store and provide 

hydrogen [17,28]. Pressure relief valves and check valves are installed where applicable in order to ensure 

safe operation, in line with all safety codes considered. Isolation valves are equipped with pneumatic 

actuators, allowing for autonomous operation from a centralized control system. Both the backup storage 

as well as the refueling station tanks will be oriented horizontally and spaced 0.05m apart [31]. The figure 

below outlines the chosen optimal configuration of all components considered. 
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X. Operation and Maintenance 

 Solar Module: Associated Operation and Maintenance 

PV systems require only occasional maintenance in the form of inspecting the wiring and general panel 

appearance. This maintenance check can be done at the same time as the tilt angles are adjusted. Snow 

loading is not a problem due to the steep tilt angle in the winter. Solar cells have been reported to lose 

efficiency on the order 1% per year [65]. Single PV modules are monitored and replaced when efficiency 

losses outweigh capital cost of module installation. 

 Wind Turbine Module: Associated Operation and Maintenance 

The commercially available, 800kW Enercon E-53 wind turbine, was selected based on performance 

characteristics and total installed cost, accounting for turbine cost, grid connection, labor and additional 

component costs. The wind turbines should be installed by qualified individuals in accordance with 

CAN/CSA-F429-M90 [66]. Once installed, the commissioning process is a check to ensure all systems are 

performing correctly. For example, the braking system will be checked to ensure that it engages in the 

presence of high winds [64]. 

Data for completed wind energy projects show that total O&M costs (fixed and variable) have decreased 

from 22 USD/MWh for projects installed the 1990’s to 10 USD/MWh for projects installed in the 2000’s 

[67]. Fixed O&M costs include administration fees, insurance and fixed maintenance contracts. Variable 

O&M costs include maintenance not covered by fixed contracts as well as replacement parts and labor. 

Minor maintenance can be carried out quarterly or semi-annually. Comprehensive maintenance such as 

checking of blade pitch settings or gear backlash requires more expertise and should be conducted on a 

yearly basis [64]. 

A representation of the graphical user interface for the control of the microgrid is present in Figure 10. The 

GUI offers access to historical data, operational control of the system components and external 

communication with emergency protocol. 
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Figure 10: Graphical user interface of the microgrid 
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 Electrolyzer and Fuel Cell Module: Associated Operation and Maintenance 

The electrolyzer and the fuel cell system have a 10 year lifetime, and therefore incur a replacement cost at 

the end of the 10 year period of the project. The replacement cost is taken to be 50% of the total capital 

cost for both the fuel cell and electrolyzer modules used in the study. The annual operating and 

maintenance cost of the electrolyzer system is approximately 2.5% of the total capital investment [21]. In 

addition to the electrolyzer incurs an additional operating cost of buying water for producing hydrogen. 

The water price used in this study is taken from the city of Cornwall tax and water rates chart available 

from [68]. 

The fuel cell system, used in the study also has an annual operating and maintenance cost of 2.5% of the 

total capital investment [22]. However, there are no additional operating and maintenance costs 

considered. The lifetime of the module is taken to be 20 years. 

 Microgrid Control and Associated Operation and Maintenance 

The microgrid will be required to operate both connected with the macrogrid as well as in islanded 

operation. It must have the capacity to deal with bidirectional flows, voltage and frequency regulation, 

power quality and unbalanced loads [69]. Stakeholders within the microgrid may have conflicting 

objectives, impacting the efficiency of overall energy dispatch strategies. Thus, the microgrid system will 

utilize a centralized approach, where all distributed electricity generators are controlled by one central 

system. Certain loads are considered high priority in order to ensure continuity of supply to emergency 

facilities, such as lighting, fire pumps,  and sound systems [70]. 

Several strategies have been proposed for microgrid control. Microgrids can use frequency and voltage 

droop to control active and reactive power flows, similar to a conventional grid [71,72,73]. Inverter control 

mode is based on a voltage-source inverter. The voltage-source inverter controls the injected voltage 

magnitude and phase which dictates the active and reactive power flow [74]. Other control strategies used 

in micro-grid control, consist of primary energy source control and reverse droop control [75,76]. The 

control tasks are divided into two levels. Primary control is at the device-level and is used to control related 

parameters (i.e. voltage and frequency droop). Secondary control is for overall microgrid operation with 

the objective of optimizing overall energy dispatch [56]. 

Telecommunications system will be set up so the centralized control center can receive data, transmit 

setpoints to system components and be accessed remotely. The control center will have wireless 

capabilities to handle the considerable amounts of data transmission. IP cameras will be integrated for the 

monitoring of hydrogen systems, as well as for external communication in the event of emergencies.  

Historian software will be used to record and compress data including climate conditions, power outputs, 

hydrogen levels, and other relevant system parameters [77]. The graphical user interface (GUI), located at 

the control center, can be used to access historical data. All controls operate autonomously using a control 

loop feedback mechanism; however, the GUI includes manual override for maintenance and control 

systems failure. 
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XI. Marketing and Customer Education 

 Marketing Strategy 

The goal of the marketing strategy is to normalize hydrogen as a fuel and convey a sense of safety and 

reliability of its use. It is also to show the benefits of using hydrogen as a backup energy source if the 

microgrid becomes disconnected from the macrogrid, considering it can significantly lower the 

community’s carbon footprint. A marketing video will be circulated on social media in order to introduce 

the proposed project and create public awareness about its benefits. Along with digital media, posters will 

be placed around the community in high-traffic locations (i.e. grocery stores, gas stations, schools, etc.) 

The sound barrier wall around the facility will show art work, painted by local artists, of infographics and 

cartoons about hydrogen and green energy. It will beautify the facility and inform the public about 

hydrogen energy production and how it impacts their lives. The focus of the marketing campaign will be 

to bring awareness to the importance of renewable energy, and the use of hydrogen as a cleaner fuel 

alternative source. The strategy will also focus on how to educate the public about the benefit of using the 

less carbon intensive electrolysis method over the traditional carbon intensive steam methane reforming 

method. Creating a positive outlook which enables the public to consider hydrogen as a safe and reliable 

fuel source for the community is the main goal of the marketing strategy. 

 Education Strategy 

The education strategy will go hand-in-hand with the marketing strategy. While the marketing strategy 

will focus primarily on creating awareness and highlighting the benefits of the proposed hydrogen based 

microgrid energy hub, the education strategy will take this a step further by disseminating as much 

information about the safeguards considered in the designing of the microgrid and the exhaustive failure 

mode and effect analysis carried out for the use of hydrogen as a fuel, and the use of alternative renewable 

energy generation sources to serve as a backup power source to the community. This will engage the public 

with the project and demonstrate why such initiatives should be supported and how they can contribute to 

a greener future. The graffiti barrier will be one such method to introduce hydrogen and green energy to 

the public as they pass by. School talks and regularly scheduled public lectures on hydrogen fuel and 

microgrid systems will allow for the community to get a more in-depth knowledge and gain a higher 

appreciation for the project. Apart from educating the local community, a heavy social media presence 

will allow for the dissemination of information to a larger audience. Recorded school talks and public 

lectures will be uploaded to be shared on social media. Virtual tours of the hydrogen production process 

will also be shown online.  

Figure 11 and 12 depict an advertisement poster and 3D rendering of the design which will be posted at 

the dispensing station, several locations around the city, and distributed through local television channels. 

The poster will generate public awareness and acceptance of a renewable energy based microgrid system. 

The advertisement poster contrasts typical fossil fuel energy systems with renewable energy microgrid 

systems. The poster showcases that the microgrid systems contain renewable energy sources, secure 

storage methods, and efficient emissions-free technology. 
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Figure 11: Marketing poster for the Cornwall microgrid system 
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Figure 12: 3D Rendering of the Proposed Design 
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