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EXECUTIVE SUMMARY 
 

A promising Power-to-Gas energy hub concept is proposed for an automotive manufacturing plant in 

southern Ontario. This energy hub converts electricity from the power grid and solar panels to hydrogen 

gas to be used in multiple pathways. These applications include energy for fuel cell vehicles (FCVs), and 

injection in hydrogen enriched natural gas (HENG) pipelines which supplies for facility heating, and 

manufacturing processes. Ontario’s surplus of electricity, combined with solar energy and natural gas, are 

all converted to supply electricity to the electrolyzer and output hydrogen gas. Some of the hydrogen that 

is produced is also blended into the natural gas pipelines and sent through a combined heat and power 

(CHP) unit to supply additional energy for the facility heating and manufacturing processes. Excess 

energy produced by the CHP can also be supplied back to the electrolyzer to create a continuous loop of 

renewable energy. Canada has one of the largest pipeline networks in the world, but there are limitations 

of introducing hydrogen at 5 vol% based on studies in Europe and Canada. Based on these findings there 

is restriction for the blending system to handle a concentration of 5 vol% hydrogen gas. The demand 

profile for the refuelling stations shows that the system is capable of supplying for 100 forklifts and 40 

FCVs operating around the municipal region with a total capacity of 222 kg per day. The foundation of 

the Power-to-Gas system is based on a formulation of a mixed integer-linear-programming-model which 

optimizes the operation of all energy pathways and determines the installation capacity of the electrolyzer 

and compressors. 

Our primary objective is to minimize capital costs, operational costs, as well as produce revenues selling 

hydrogen, and providing the demand response for ancillary services to the power grid. Power-to-Gas also 

creates a net-emission reduction which could be used to sell emission allowances in the provincial Cap & 

Trade program in Ontario. Next, the available area for the energy hub is 2400 m2 which will account for 

the electrolyzer facility, hydrogen storage, and compressor units. This site is in close proximity to the 

refueling stations, CHP unit, controls center, and electrical substation, so the existing logistical pathways 

for energy transfer can be taken advantage of. Additionally, unshaded roof space of 160,000 m2 is 

available throughout the plant for solar arrays to generate a daily energy output between 117 to 150 

MWh. Hydrogenics will provide their PEM electrolyzer for the system which can produce 99.999% pure 

hydrogen gas to supply for the dispensing stations. A Greenfield reciprocating compressor will compress 

the hydrogen gas to 172 bar to store in the ASME storage tank with a capacity of 89 kg. Finally, the post-

storage compressors will compress to 825 bar and 250 bar for refueling the FCV and forklifts, 

respectively. The blended hydrogen will be injected into the natural gas pipelines at 5%vol and led to two 

CHP units (Centaur 50 CHP) with a nominal output power of 9200 KWe in total. The HENG will supply 

for facility heating demands which include the paint booths and plastics department. All of these 

processes have considered applicable safety instrumentation and are in accordance with all relevant codes 

and standards.  

The installation of the Power-to-Gas system will require a total capital investment of $2,620,448. The 

electrolyzer and 1500 solar panels will account for 41% and 17% of the capital costs, respectively, as they 

are major processes used to supply electricity and hydrogen gas. The compressors will account for most 

of the operating costs which total $237,653. The energy hub, 76,073 kgH2 per year will be produced for 

all the end-use applications. Based on a sensitivity analysis, the annual revenue for selling hydrogen at 

$1.5 to $12 per kgH2 can sum to $54,741 to $437,928. In the Cap & Trade program, CO2 allowances can 

be sold at $18 to $30 per tonneCO2 and the model predicts a CO2 offset of 2359.7 tonnes. The optimal 

streams of revenue include selling hydrogen at $12 per kgH2 and selling CO2 allowances at $30 per 

tonneCO2. The ancillary services incentives are kept constant at $15 per MWh. With a combination of 

these optimal revenue streams the automotive manufacturer can expect a payback period of 2.8 years.  
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1.0. Introduction 
 

Implementation of a price on carbon is considered to be necessary to control carbon emissions [1]. In the 

beginning of 2017, the province of Ontario in Canada started its own emission trading scheme called the 

‘cap and trade’ system [2]. This system has set CO2e emission caps on industrial end users operating within 

the province in an effort to drive investment towards energy efficiency, conservation measures and cleaner 

energy technologies. In this project, the major objective will be to assess how the integration of a Power-

to-Gas energy hub benefits an automotive manufacturing company located in southern Ontario to meet the 

CO2, emission cap placed on it. 

 
The goal of the study is to incorporate and optimize the operation of a Power-to-Gas energy hub in tandem 

with existing equipment at an automotive manufacturing plant in Southwestern Ontario, Canada.  An 

assessment of the economic feasibility and environmental benefits of proposing such a system will be 

presented in this report. The name of the automotive manufacturing plant has been kept anonymous for 

confidentiality reasons. The data presented in the report are representative of a generic automotive 

manufacturing plant.  

 

Figure 1: Proposed layout of Power-to-gas energy hub 

 

The scope of our project only accounts for assessing the potential CO2 emissions offset achievable while 

meeting the facilities electricity demand, heat demand and hydrogen demand (from fuel cell vehicles 

operating in the municipality near the plant). A hydrogen demand from forklifts operated within the plant 

has also been considered but an environmental analysis has not been carried out (see figure 1). The figure 
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above shows a detailed pathway diagram of the automotive manufacturing plant. At present, the combined 

heat and power units co-located in the plant are utilized to meet a part of the facilities electricity and heat 

demand [3]. The plant also has an auxiliary boiler that is used to meet the heat demand.  

 

Figure 1 shows the components of the total heat demand of the facility, which consists of the paint booth, 

the plastics shop and additional facility heating use. Additionally, a combination of electricity from the 

power grid, solar panels and CHP units is used to meet the facilities electric demand. The automotive 

manufacturing plant installed CHP units to reduce their dependency on the grid. However, the plant has 

had issues with effectively scheduling the CHP units. In order to alleviate these issues, electrolyzers can 

ramp up and down consumption to allow the CHP units to be effectively utilized. Power bought from the 

grid and produced by on-site solar panels can also be used to produce hydrogen (see figure 1). Through a 

communication interface between the electrolyzers and the provincial power grid operator, the Power-to-

Gas system schedules itself to provide ancillary services. In this study, the electrolyzers provide a demand 

response capacity to ramp up consumption during hours of surplus electricity generation in the provincial 

power grid. Figure 1 also shows the different streams of hydrogen flow. In the proposed logic, the hydrogen 

can be sent through the compressors to both storage tanks and dispensers. A blending point for natural gas 

and hydrogen has been added before the mixture is directed to the CHP and auxiliary boiler units. 

2.0. Design Methodology 
 

To meet the goals of finding an optimal Power-to-Gas energy hub for the client’s manufacturing facility, 

a detailed design methodology must be adopted. This overall goal of this design methodology is to create 

a mathematical model of the proposed energy hub and client specifications. Based on the created model, 

the model is simulated over an entire year in which the most optimal operational configuration is found. 

This methodology is broken down into three phases and the sequential steps are laid out in the figure 

below.  

Figure 2: Three Phase Power-to-Gas Modelling approach 
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The goals and targets of each phase are also laid out below as a reference: 

1 Modeling Phase (Design): A mathematical model will be developed to simulate the energy hub that 

considers all its interactions on an hourly basis to determine the energy vectors (hydrogen, and 

methane) that is produced, stored, and used. In order to develop the model, it is important to define 

the system, including the model parameters (based on historical data), the hydrogen economy 

requirements as well as technical specifications of all of the energy hub components (further 

elaborated in section 4.0 Technology Screening). This model will be developed in GAMS/MATLAB 

due to its proven capabilities to model energy systems. This framework also includes the model logic 

that ensures that the foremost priority is to supply electricity demands, with excess energy being 

diverted appropriately to the electrolyzer to generate hydrogen.  

2 Optimization Phase (Design): Design and operational variables will be optimized based on the 

desired objectives. These objectives are to minimize the total cost of the systems, environmental 

emissions, as well as maximize revenues from sale of carbon allowances and hydrogen fuel. The size 

of each energy hub component chosen is the decision variables while the operating variables are 

related to how each energy hub component is run. The result of this optimization is an optimal (cost-

effective) operation plan, the optimal design of the energy hub, and an estimate of greenhouse gas 

emissions and urban pollutants offset.   

3 Post Processing (Analysis): Based on the results of the optimization simulation, there are several 

avenues of analysis. The first is an economic sensitivity analysis, in which the effect of manipulating 

model parameters (such as market value of sold Hydrogen) on the net present value and payback 

period of the project is explored. Additionally, an economic benefits cash-flow analysis is also 

conducted as well as environmental emissions analysis. The potential policy initiatives that could help 

in financing investment into Power-to-Gas energy hub components will also be explored. Some 

potential areas that would be looked at would include translating the overall monetary benefit provided 

to the provincial power grid (by managing surplus baseload generation) in to capital investment 

refundable tax credits or issuance of green bonds and loan guarantees. 

Based on the results of the design, the associated safety systems and safeguards as well as maintenance and 

operation of the energy hub are also outlined. In summary, this design methodology will allow the 

exploration of an opportunity for an integrated Power-to-Gas system.  

3.0. Facility Siting  
 

3.1. Land surveying 
This section outlines the logic behind choosing a site for the Power-to-Gas system components. Figure 3 

below shows a top view image of the automotive manufacturing plant. However the image has been 

prepared while keeping in mind not to disclose the orientation of selective units mentioned by the 

automotive manufacturing company. 
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Figure 3: Proposed Power-to-Gas Facility Installation 

The figure above highlights a 2400 m2 area as the proposed location of the Power-to-Gas system 

components on the top left corner. This area will include the electrolyzer facility. The hydrogen storage and 

compressor components will be located adjacent to an existing conventional internal combustion engine 

refueling station denoted by “Current Refueling Station” in the above figure. The following points highlight 

the reason behind the choice of the Power-to-Gas system’s location: 

● The site is directly adjacent to the current refueling station, which takes advantage of the existing 

logistical routes for use in refueling fuel cell vehicles and the forklifts. 

● The site is in close proximity to the combined heat and power (CHP) generation plant. The natural 

gas pipeline coming into the CHP units is shown in the above figure. This allows for the hydrogen 

and natural gas blending unit to be located in close proximity to CHP units. 

● The site is in close proximity to the facility’s control and maintenance center. This aids in the 

integration of hydrogen technology into the existing process control framework and improves 

operator/maintenance accessibility.     

● The site aligns well with the location of the on-site electrical substation. This will allow for an 

easier electrical line connection to the Power-to-Gas energy hub for accessing electricity from the 

power grid. 

● The water source for the electrolyzers come from the local municipality surrounding the plant. As 

water pipes are not a noticeable feature in a top view image, the above note has been added to this 

effect. 

In addition to the Power-to-Gas system components, the potential utilization of rooftop area available for 

solar panel installation has also been accounted for. The implementation of a dual axis solar tracking module 

in southern Ontario (Canada) can generate an average of 1 kWh/m2/day, while a stationary configuration 

with an optimal south-facing latitudinal tilt can generate 0.73 kWh/m2/day [4][5]. The automotive 
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manufacturer has 160 000 m2 of unshaded available roof space for solar arrays, potentially generating a 

daily energy output between 117 and 160 MWh. The solar modules are designed to withstand Canadian 

weather conditions with a safe operating range of -40°C to +85°C and a snow pressure rating of 5400 Pa 

[4]. All infrastructure will adhere to best practices for rooftop solar installations as outlined by the Canadian 

Standards Association (CSA) in article SPE-900-13. 

 

3.2. Automotive Manufacturing Plant and Siting Parameter Data 
In order to develop a mathematical model to describe the Power-to-Gas system, it is critical to define the 

input parameters to the system as well as the hydrogen and energy demands of the system. These 

hydrogen and energy demands include facility demands, such as thermal loads and electricity demands, 

but also external facility demands such as fueling fuel cell vehicles in the community or providing 

demand response services. 

 

Figure 4: Total daily thermal load of the plant (MWh), b) Total daily electricity demand at the plant (MWh), c) Daily hydrogen 

demand from fuel cell electric vehicles and forklifts (lg), d) Daily solar irradiation data for southern Ontario, Canada (kWh/m2) 

Figure 3 shows the four most important parametric data sets considered in the modeling study. The time 

period for all of these data sets coincide with the time period of April, 3, 2016 to April 2, 2017. This is 

considered to be the financial year of the automotive manufacturing plant with financial statements being 

due to the government at the end of it. Figures 3.a and 3.b above show a daily thermal and electricity 

demand aggregated over the 24 hours for each of the 365 days in a financial year. The thermal demand is 
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seen to increase during the cold Winter months of January, 2017 to April, 2017 and decrease during the 

summer months of May, 2016 to August, 2016. The electricity demand has lesser noticeable variation in 

comparison the heat demand with only occasional peaks during the spring and summer seasons. The drop 

in electricity demand observed in figure 3.b can be attributed to the plant equipment going under routine 

maintenance checks. Figure 3.c highlights the demand profile of the proposed refueling station capable of 

refueling 100 forklifts and 40 fuel cell vehicles (FCVs). Details about the development of the hydrogen 

demand data has been covered under the ‘Hydrogen Economy Infrastructure’ sub-section (within the 

‘Design Technology Screening’ section). The solar irradiation data for southern Ontario has been taken 

from climate data available from Natural Resources Canada’s  website [6]. An obvious trend that can be 

pointed out in figure 3.d is the increase in the solar irradiation (kWh/m2) values during the summer months.  

4.0. Design Technology Screening 
 

Based on the possible avenues for hydrogen generation as well as end-uses, each element of the Power-to-

Gas system needs a supplier or manufacturer. Based on key design criteria, potential suppliers of each 

module are compared and a final technology is selected for the modelling phase. At the end of a section, 

technical schematics will summarize each major unit’s specifications as well as the Power-to-Gas system. 

 

4.1. Solar Generation Module 
The Dymond CS6X-340 double glass module from CanadianSolar was selected as the individual solar panel 

unit for the solar energy model. Below are the technical specifications under standard test conditions [4]. 

·         Nominal Power of each module NP = 340 W 
·         Life span of PV cells LSm

 = 30 years 
·         High Module efficiency = 17.42% 
·         Nominal operating cell temperature Tnom =25 ⁰C 
·         Ambient air temperature To

 = 20 ⁰C 
·         Reference solar irradiance (at Tnom) Gref = 1000 W/m2 
·         Operating temperature Ti

operating:  -40 ⁰C to 85⁰C 
·         Cell arrangement: 72 cells/module (6x12) 

The modules ability to withstand harsh climates and its heat-strengthened glass back sheet makes it highly 

reliable and durable for the climatic conditions of southwestern Ontario. 

 

4.2. Hydrogen Generation Module 
In selecting a Hydrogen electrolyzer, the key decision variables are entirely contingent on client demand 

and siting information. In the context of a Power-to-Gas system, several key electrolyzer module 

specifications are, conversion efficiency, the nameplate capacity  (DC electricity supplied to the electrolyzer at 

full-load operation), output pressures of Hydrogen and overall gas purity. In addition to other specifications, 

these key factors will be used as the decision-making criteria when rating different electrolyzer modules. 

Currently in the market there are two types of electrolyzers utilized. These two types are PEM Electrolyzers 

and Alkaline Electrolyzers which differ in the feed solution as well as membrane technology. Of the 

different suppliers of hydrogen electrolyzers, Hydrogenics was chosen as the supplier. Due to their vast 

array of electrolyzer options, they have the highest potential to offer fully integrated and comprehensive 

electrolyzers to meet the client’s demands and extensive years of experience.  Of the different electrolyzers 

offered by Hydrogenics, two are selected and compared based on the decision making criteria. 
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Table 1: Comparison of Two Different Electrolyzers provided by Hydrogenics 

Criteria Allkaline Electrolyzer PEM Electrolyzer 
Efficiency 68.3% 78% 
Nameplate capacity 312 kW 1000 kW 
Output Pressure 10 Bar 30 Bar 
Gas Purity 99.999% 99.999% 

 

The first electrolyzer is the HySTAT60, an outdoor unit installed in a 40ft housing. Below are the technical 

specifications: [7] The second electrolyzer is an equivalent PEM electrolyzer which has the same nameplate 

capacity. For this electrolyzer, the technical specifications are not disclosed due to confidentiality. With 

that being said, it is proven that with the same nameplate capacity, the PEM electrolyzer has a higher 

efficiency suggesting lower electrical demand required to reach the same levels of H2 production. 

Additionally, the output pressure of the PEM electrolyzer is higher (30 bar) leading to lower compressor 

requirements when storing produced Hydrogen in storage tanks [8]. Another advantage of the PEM 

electrolyzer is its ability to ramp up and down power consumption quickly. According to a ramping test 

done by Eichman et al [30], it was shown that a polymer electrolyte membrane (PEM) electrolyzer takes 

less than ½ a second to complete almost all of a 25% ramp down from its maximum operating level to a 

lower operating level. When ramping the electrolyzer back up, it was shown that it takes ½ a second for the 

PEM electrolyzer to complete a 75% ramp up from when the electrolyzer was turned off and restarted again 

in a quick succession [8]. This is an added value for the ancillary service market for demand response. A 

possible downside is a lower serviceable life and higher maintenance costs due to stack refurbishments [9]. 

However, these drawbacks are outweighed by the cost savings in efficiency and compressions which is why 

the PEM electrolyzer is chosen for this design. 

 

4.3. Tank Storage 
Once the electricity has been converted to hydrogen through electrolysis, the hydrogen must be stored in 

pressurized tanks. Factors affecting the cost of hydrogen storage include the storage capacity of hydrogen 

and holding pressure. Depending on the Power-to-Gas system and facility requirements, an optimal storage 

tank will be selected to meet these design constraints. The International Energy Agency has done analyses 

on the technology used to store hydrogen and found the energy requirement to compress hydrogen from 1 

to 200 bar to be only 7% of the energy that the hydrogen can provide [10]. Moreover, it was concluded that 

70% of the energy from the hydrogen could be recovered when the gas decompresses to its original state at 

atmospheric pressure. As a result, the total electricity used to compress the hydrogen is only 2.1% of the 

gas’s potential energy [10]. 

For refueling the forklifts, the storage tank must meet a pressure requirement of 250 bar [11]. In another 

study from H2A, an in-depth analysis was conducted on infrastructure that could be implemented for 

storage of these refueling stations. These pressure vessels have a holding capacity of 21.3 kg at 430 bar 

[12]. The Power-to-Gas system will also apply the hydrogen towards fuel cell vehicles (FCVs). The vehicle 

that would be applicable for the automotive manufacturer’s end use can store hydrogen at pressures up to 

700 bar. The National Renewable Energy Laboratory (NREL) states that for vehicle storage of 700 bar, the 

refueling  vessel should be operated at 825 bar [13]. The pressure of any hydrogen storage vessel, supplying 

a 700 bar storage, must fall between 800 to 850 bar which will increase the cost of gas compression [13]. 

It was noticed that there is a notable pressure drop at the dispenser nozzle discharge which will determine 

the exact value and is the reason for the higher pressure requirement. An alternative method to paying the 

excess compression fee and operating at such high pressure is to install a booster compressor following the 

storage vessel. The booster compressor will provide one-directional flow of readily compressed  gas and 

only discharges once the pressure of the outlet drops below the pressure within the system. Greenfield will 
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supply the compressor and requires an inlet pressure of 70 bar for the FCV refueling [13]. The booster 

compressor for the forklift has an even lower inlet pressure of 2.4 bar [14]. The storage tank will be operated 

at pressures much greater than 70 bar, but measures will be in place to ensure this lower limit does not 

occur unexpectedly. This design can be verified with an FCV refueling station located in Burbank, 

California [15]. Once dispensing is initiated for a 700 bar fill, the pressurized gas from the storage tank 

begins to handle the lower pressure requirement, then the booster compressor supplies the remaining 

pressure up to 700 bar [15]. Upon each fill, the booster compressor is able to refill its buffer storage, then 

operate on “standby”. The pre-storage and post-storage compressors will be discussed further in the 

Compressors section. 

The storage tanks previously discussed have a relatively small storage capacity of 21.3 kg [13]. This would 

result in greater equipment and installation costs to unnecessarily build many of these small tanks. 

Moreover, the booster compressor only requires a suction pressure of 70 bar, so high operating pressures 

can be avoided. A storage vessel with greater capacity at 89 kg and an operating pressure of 172 bar is 

chosen as the most feasible option for the bulk hydrogen storage [13]. This tank is an American Society of 

Mechanical Engineers (ASME) steel vessel which proves to be the best investment for our requirements. 

Ultimately, there will be one pre-storage compressor transferring hydrogen from the electrolyzer and two 

post-storage compressors supplying forklifts and FCVs.  

 

4.4. Compressors 
The compressor is a vital component in the system as it goes hand-in-hand with the tank storage. The 

hydrogen must be compressed prior to the storage in any vessel. Storage options of hydrogen gas were 

previously discussed in the Tank Storage section. A storage vessel with a higher capacity (89 kg) and a 

lower compression pressure (172 bar) was identified to be a feasible option, so a pre-storage compressor 

will be responsible for adjusting the hydrogen pressure for this tank. Next, the forklifts store the hydrogen 

at a pressure of 250 bar, so the hydrogen gas needs to be compressed to at least 250 bar to refuel the forklifts 

[11]. The FCV will store the gas at 700 bar and the NREL indicated that the hydrogen gas must first be 

compressed to 825 bar for refueling [13]. For refueling each of these vehicles, a post-storage booster 

compressor can be installed to compress the hydrogen to the required value for each corresponding vehicle. 

Greenfield has been chosen to supply the compressors before and after the bulk hydrogen storage tank, 

ultimately being able to refuel the vehicles. The pre-storage unit will be a Greenfield reciprocating 

compressor with a flow capacity of 87 kg/hr and an inlet pressure of 20 bar [16]. From this compressor, the 

maximum achievable outlet pressure is 413 bar, so the storage tank capacity of 172 bar can be satisfied. For 

the refueling of forklifts, the post-storage compressor can also be provided by Greenfield as a reciprocating 

compressor with a maximum flow capacity of 42 kg/hr and suction pressure of 2.4 bar that can output the 

gas at a pressure up to 310 bar [16]. This will fulfill the requirements for refueling the forklift since it needs 

to have an inlet pressure of at least 250 bar. HydroPac has been chosen to supply the booster compressors 

for refueling the FCV and they have stated that their C15-40X-EXT/SS-H2 piston compressor will be most 

suitable [17]. This booster compressor is capable of compressing gas from 70 to 897 bar which can fulfill 

the requirement where the NREL stated that the refueling station should be operated at least 825 bar to 

account for the pressure drop at the dispenser [17]. This booster compressor has a power rating of 40 HP 

and is capable of maintaining this power rating during fluctuations in the inlet to the compressor [17]. The 

inlet flow can vary between 70 to 414 bar and the operating capacity will vary accordingly between 11 to 

30 kg/hr [17]. 

Another type of compressor applicable to the storage tank option mentioned (89 kg, 172 bar) is available 

from RIX Industries as a pre-storage compressor and has an inlet pressure of 2 bar and discharge of 310 bar 

[12]. This reciprocating compressor has a capacity of 42 kg/hr.  

The power rating per kg of hydrogen flow for the compressors are estimated using the following equation: 
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In the equation,  Z is the average compressibility factor, m is the mass flow rate (kg-mol/s), R is the gas 

constant (KJ/kg-mol-K). T is the inlet gas temperature (K) which is assumed to be at conditions maintained 

at ambient temperatures of 293.15 K. η is the efficiency, and k denotes the heat capacity ratio of hydrogen. 

Pin and Pout  are the inlet and outlet gas pressures (in bar) to and from the compressor. �̇�is the molar flow 

of hydrogen and MWH2 denotes the molecular weight of hydrogen. 

The formula gives us the power consumption in kJ/s units and assumes the set temperature to be constant 

with ambient conditions. This temperature assumption applies throughout the process (pre-storage and post-

storage compression) and cooling water should be in place to maintain this set point.  

 

4.5. Hydrogen Economy Infrastructure 
The community around the automotive manufacturer can be considered to be suburban, so there are 

definitely many opportunities for the Power-to-Gas system to promote green energy by using hydrogen 

powered fuel cell vehicles (FCVs). 

A study presented by H2FIRST compares station infrastructure that has deployed in California as an 

example. The study anticipates market demands and captures the information in their refueling station 

concepts. Three different station capacities that were analyzed include 100, 200, and 300 kg/day [18]. Each 

station has a different target market as the 100 kg/day aims to serve regions of intermittent use. The 200 

kg/day station is applicable for low-use consumers and 300 kg/day would be for high-use consumers. In 

this study, a low-use consumer (~200 kg/day demand) refueling station in the plant premises has been 

considered to be a good transitional step towards the deployment of fuel cell electric vehicles in the 

municipality around it. Refueling the 100 forklifts operating in the plant are considered to be a priority. 

Therefore, this constrains the number of fuel cell vehicles considered to be deployed to a value of 40 [18]. 

Therefore the Power-to-Gas plant will plan to provide for hydrogen for 140 hydrogen powered vehicles. A 

study performed by NREL states that the average consumption for FCV refueling is 2.64 kg/day [19]. The 

forklifts have a daily hydrogen consumption of 0.9 kg/day, so the daily hydrogen demand for transportation 

will amount to an estimated 222 kg/day [11]. The provincial government of Ontario supports the direction 

of this project as there has been an Electric Vehicle Incentive Program (EVIP) in place since 2010. The 

program is continuously updated to promote Ontario’s Climate Change Action Plan to reduce greenhouse 

gas emissions by making green energy sources more feasible. There are different streams of incentives 

depending on whether the vehicle is leased or owned, but base incentives of $6,000 to $10,000 are available 

based on the capacity of the FCV. Additional incentives of $3,000 become eligible for more expensive 

vehicles with an MSRP from $75,000 to $150,000 [20]. Ontario is also taking other steps for a more 

sustainable future as they address range anxiety by creating a network of optimally distributed refueling 

stations across the province that will build the confidence of FCV drivers. Next, the government is 

continuing to educate its consumers and spread awareness on the causes of climate change. Finally, school 

buses and commercial vehicles are being converted in the next year to clean-emission vehicles to encourage 

their long-term goals [21]. With such great support from the government, it is clear that the shift to green 

energy is rapidly increasing and the Power-to-Gas system is an excellent, industry-wide strategy to 

implement to promote this change.  
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4.6. Refueling Station and Dispensers 
The type of dispensers used for the Power-to-Gas system have briefly been mentioned already based on the 

NREL study, but it must be determined how many will be available. H2A provides a formula to determine 

the number of required dispensers based on the daily capacity of the refueling station [12]: 

𝑫𝒊𝒔𝒑𝒆𝒏𝒔𝒆𝒓𝒔 =
𝑫𝒂𝒊𝒍𝒚 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚

𝟑𝟎𝟓. 𝟖𝟓 ∗ 𝑫𝒂𝒊𝒍𝒚 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚𝟎.𝟎𝟕𝟔𝟑
 (𝟐) 

The equation is based on data from Chevron about the amount of time that each hose is occupied during 

peak times. Once the number of dispensers for the refueling station is calculated, the maximum flow rate 

from the storage can be calculated. These dispensers are applicable to the 250 bar and 700 bar fills necessary 

for the FCV and forklifts, respectively [13]. For 700 bar tanks on-board the vehicles, codes from SAE J-

2601 indicate that the dispensing stations must keep the hydrogen fuel between -17 to -40oC when entering 

the FCV tank [13]. For the 825 bar fills, temperature will be slightly higher off of the discharge, however, 

there will be cooling water available between the process units compressors to maintain these specified 

temperatures. The purpose of maintaining this temperature is to mitigate the risk of overheating the FCV 

tank and creating a potential source of ignition. By using the above equation, the refueling station requires 

a single 2 hose dispenser system with for meeting a maximum daily dispensing capacity of 222 kg/day. The 

model simulation accounts for the cooling cost using an energy consumption value of 0.26 kWh per kg of 

hydrogen cooled [22]. This value was provided by the Argonne National Laboratory and used in their 

Hydrogen Refueling Station Analysis Model (HRSAM).  

 

4.7. Blending system 
An effective system to control the amount of Hydrogen blended to the combined heat and power (CHP) 

units is necessary. There are two main components necessary to ensure a proper blending system. The first 

is a gas regulator, which can drop the pressure of inlet Hydrogen gas to match the pressure of the inlet 

natural gas streams to the CHPs. The facility has two Centaur 50 CHP units which require an inlet pressure 

of 220 psig (15.1 barg) [3]. A dual stage 1009 series regulator from Praxair was chosen since it can reduce 

the inlet pressure of Hydrogen from 30 barg (upper limit is 206.84 bar) to 15.5 barg as well has handle high 

flow capacities [23]. For the gas blending system, it is necessary that the concentration of hydrogen in the 

outlet stream can be remotely controlled using the central HMI. Environics 3000 series is a low-cost gas 

mixing system which can offer on-site gas blending. The system offers two controls, the mass flow rate 

exiting the mixer using Precision Mass Flow Controllers (MFCs) as well as concentration of additive (in 

this case hydrogen) using PLC logic. The system has repeatability up to 0.05% as well as a series of I/O 

modules to connect the controls to a central HMI [24]. 

 

4.8. Communication and System Controls  
Since currently the manufacturing facility uses a centralized control system to control their facility 

operations, It is necessary that the control system of the Power-to-Gas system is also centralized and fully 

integrated with existing controls. Currently, there process controls are displayed on two central human 

machine interfaces. The first HMI pertains to control of facility operations and the second is a separate HMI 

provided by SolarTurbines to control the CHP unit. Thus, it is critical that the new Power-to-Gas energy 

hub is completely compatible with existing control systems. Specifically, the hydrogen blending controls 

and inputs and outputs (I/Os) modules should be integrated with the SolarTurbines HMI and the rest with 

facility operations. Additionally, the communication systems and protocols for the new Power-to-Gas 

system should be fully integrated with the client’s existing communication. The facility currently uses 

historical tracking software called AdvantagePoint, which will also be integrated with the important process 
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variables of the Power-to-Gas system. This information is easily accessible by all three-facility teams 

(maintenance, operations and engineering) and provides a centralized communication system. Secondly, 

alarms communications for the Power-to-Gas systems will also be conveyed to the HMI and an auto dialer 

system produced by Raco Manufacturing is also planned to be installed [25]. Through personal 

correspondence with Raco sale representatives, the RACO verbatim 301VSS8C is selected. With a 20 hour 

battery life, 5 year warranty and up to 16 different phone numbers per alarm, this auto-dialer will allow 

remote communications of alerts and alarms to facilities and engineering teams [26]. 

 

4.9. Safety Instrumentation 
Throughout the process, there are areas for potential failure modes to occur, especially since the Power-to-

Gas system deals with hydrogen, a flammable gas. The risks for these hazards must be minimized to 

prioritize the safety of the surrounding workers and general public. Many of these issues arise throughout 

the transferring and storing of hydrogen gas. Fortunately, there are a plethora of safety instrumentation used 

throughout the industry that can be installed on storage and piping systems to mitigate these hazards. Some 

of the instrumentation that will be considered includes hydrogen gas detectors, pressure indicators, 

temperature indicators, and pressure relief systems. The uses for these equipment is also discussed in the 

Safety Analysis section. 

Currently, the automotive manufacturer has designated suppliers for most of these safety measures. To keep 

the consistency of the system, the instrumentation for the Power-to-Gas system will follow the same trend. 

Richardson Fire Systems is located near the plant and supplies majority of the fire detection systems. They 

can handle the hydrogen gas detection which usually has a lower detection limit of 1% which is well below 

the 4% lower explosive limit of hydrogen [27]. In the case of a more critical emergency like a fire, these 

safety measures and alarms can be connected to an auto-dialer supplied by Raco. Their Verbatim products, 

model 301VSS8C, has up to 8 available input connections for different alarm systems through the plant 

[25]. Next, pressure, temperature, and level indicators are often purchased as a package and can be supplied 

by Cleaver Brooks as they supply this equipment for relatable applications, such as commercial boilers and 

steam transfer [28]. Compressor and storage applications will have the risk of facing over pressured 

systems, so a pressure relief valves for those sections should be considered. Johnson Valves supplies 

stainless pressure relief valves for high pressure applications. Their model 1216HP has a pressure range of 

0.2 to 300 bar, so the storage and transfer of hydrogen gas can be covered [29]. Finally, to connect all these 

individual safety components, Allen Bradley and Johnson Controls can assist in interlocking the entire 

system together with the PLC. For example, indicators will have specific thresholds set, and if the pressure 

or temperature crosses the limit, the indicator will send a signal to certain inlet/outlet control valves or 

pumps to stop. This will ensure that the spread of gas does not continue if there is a potential hazard arising. 

Majority of this equipment is already standardized since the automotive manufacturer has similar hazardous 

processes in place. As a result, safety will continue to be held at a high standard when designing extended 

processes for the plant.  

 

4.10. Ancillary Services/Demand Response System 
Another important consideration is to ensure that the system has the ability to perform ancillary services 

in order to generate external revenue streams. As mentioned previously, the main ancillary service being 

utilized will be to provide demand response services to the electricity market in Ontario. In order to 

provide demand response, the main criteria is to have an electrolyzer with a fast ramp up and down time , 

which has been proven with the PEM electrolyzer selected in section 4.2. Thus in this section, the specific 

unique control features required for demand response will be elaborated. 
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Currently, the Independent Electricity System Operator (IESO) oversees the operation of the electricity 

market in Ontario. The IESO through its demand response auction program [31] procures demand response 

capacity or participants that can alter their electricity consumption profile. Participants of the auction 

program submit offers to provide their demand response capacity within 1 or more of the 10 different power 

zones of Ontario’s power grid. For the different power zones in Ontario it is common to see surplus baseload 

generation and according to the IESO, surplus baseload generation occurs when the total hourly electricity 

produced by the wind, nuclear, and hydroelectric generators exceeds Ontario’s electricity demand [32]. The 

automotive manufacturing plant considered in this study is located in the Southwest power zone. This power 

zone has a total of 14 wind farms which have a combined maximum capacity of 1653 MW. On average, 

the contribution of these wind farms during hours of surplus baseload generation in Ontario is ~3.12% with 

the maximum value of surplus baseload generation being 201.5 MWh. The hourly generation output by 

fuel type and hourly demand data for Ontario have been taken from IESO’s data directory to estimate the 

province’s hourly surplus baseload generation [33]. 

 

Figure 5: Comparison of hourly Ontario electricity price (HOEP, $ per MWh) values with hourly surplus baseload generation in 

the "Southwest" power zone (MWh) 

Figure 5 shows a 48 hour plot of the hourly Ontario electricity price and the hourly surplus baseload 

generation in the “Southwest” power zone in Ontario. It is observed that during hours when the electricity 

price is close to or below zero, surplus baseload generation increases, leading to the monetary potential to 

provide demand response. 

Therefore, the Power-to-Gas system must be able to participate and bid into the demand response auction. 

Based on the auction market clearance price, the system must be able to predict surplus baseload generation 

based on projections provided by IESO. From there, the system must be able to ramp up their electricity 

consumption accordingly, using electricity input controls offered by the electrolyzers. These controls are 

connected with I/O modules to the facilities HMI   

 

4.11. Schematics 
Below are the technical schematics of the Power-to-Gas network. Model names and specifications of major 

process units are labelled. The schematic also outlines the inputs and outputs of each process with the 

corresponding safety instrumentation and connection with the main control systems. Additionally, all 

piping, valves and flanges for the distribution of Hydrogen gas will be designed and built according to 

ANSI.ASME B31.5[35].  
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Figure 6: Power-to-Gas Technical Schematic No.1 
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Figure 7:  Power-to-Gas Technical Schematic No.2



16 
 

5.0. Component Costing 

This section lists the capital costs of the Power-to-Gas system components and the hydrogen economy infrastructure 

installed in the automotive manufacturing plant complex. Table X below shows the unit cost of the components required 

for refueling hydrogen powered forklifts and fuel cell vehicles. 

Table 2: Hydrogen Compressor and Dispensing System 

Component Cost 

HydroPac (C15-40X-EXT/SS-H2) Booster Compressor for FCV Refueling (Type: 

Reciprocating Piston) 

$130,127 [36] 

Greenfield Compressor for Forklift Refueling (Type: Reciprocating) $302,660 [37] 

Dispenser (2 Hose System) $99,826 [38] 

Pre-Cooling System $183,791 [38] 

Table 2 below lists the unit cost associated with the PEM electrolyzer used for hydrogen production. The table also 

includes unit costs associated with the rooftop solar panels, on-site storage and pre-storage compressor module. The unit 

cost of these technologies have been taken from the references highlighted in the table. 

Table 3: Electrolyzer, On-Site Storage, and Renewable Generation Asset 

PEM Electrolyzer Module $1,006,398 [39] 

Pressurized Storage Tank (89 kg at 172 bar) $95,580 [38] 

Pre-storage compressor by Greenfield (Type: Reciprocating Piston) $320,619 [37 

Solar PV unit price ($ per kW) 1520 [11] 

Table 3 mentions lists the operation and maintenance costs associated with the electrolyzer, compressors, combined heat 

and power, solar panel and boiler systems. After correspondence with Hydrogenics, a one-time replacement cost for the 

electrolyzer stack installed at the site is assumed for this analysis [4]. The electrolyzer also incurs a water consumption 

cost, and the cost of water for this study is based on the local water cost regulated by the municipality surrounding the 

automotive plant [6]. The water consumption rate of the electrolyzer mentioned in table Z is based on data obtained from 

correspondence with Hydrogenics [4]. 

Table 4: System Operation and Maintenance Parameters 

Solar panel Annual Operating Cost $21 per kW per year [40] 

Water Cost $2.16 per m3 [41] 

Water Consumption Rate 4.45x10-3 m3 of water per kg of H2
 [39] 

Replacement Cost of Electrolyzer 35% of Capital Cost [39] 

Purchase Price of Electricity for 

Electrolysis 

Hourly Ontario Electricity Price from April, 2016-April, 2017 [42]. 

Annual Operation and Maintenance Cost 

of Tanks and Compressors 

5% of Capital cost [40] 

Energy Consumption Factor: Booster 

Compressor for Forklift Refueling 

6.35 kWh per kg of H2 compressed [37] 

Energy Consumption Factor: Pre-storage 

compressor 

0.93 kWh per kg of H2 compressed [37,38] 
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Energy Consumption Factor: Booster 

Compressor for Fuel Cell Vehicle 

Refueling 

29 kWh per kg of H2 compressed [36] 

Annual Operation and Maintenance Cost 

of Electrolyzer 

2.5% of Capital cost [39] 

Gas Turbine $0.0126 per kWh [43] 

Boiler System $0.035 per kWh [43] 

Demand Response Auction Price $368.5 per MW-day [34] 

The operating and maintenance cost of the rooftop solar panels installed on-site have been taken from work done by 

Maroufmashat et al [11].  

for forklift refueling have been estimated based on the theoretical work expression shown in the technology screening 

section for compressors. The efficiency of these compressors (65%) is based on the H2A hydrogen delivery 

infrastructure analysis presented in the NREL report [37]. The energy consumption factor of the booster compressor for 

fuel cell vehicle refueling is taken from the compressor operating envelope calculations provided by Hydro-Pac [36]. 

The operating and maintenance cost of the gas turbine units within the CHP facility are assumed to be $0.0126 per kWh 

[43]. This value mentioned in Table Z accounts for the daily inspection carried out by personnel. Some of the daily 

inspection tasks could include combustion path inspections, and ensuring integrity of system components. An operating 

and maintenance cost of $0.035 per kWh for the boiler units in the plant has also been considered. This cost accounts 

for fuel processing, equipment handling, and operating labor [43]. 

6.0 Cost, Economics, and Environmental Analysis 
 

With the objective of providing a clean, sustainable pathway to meet the automotive manufacturer’s energy demands 

the model targeted the minimization of total cost and the reduction of annual environmental footprint. The design of 

this Power-to-gas system included predicting the ideal number of fixed-sized components, such that the heat, electrical 

and hydrogen demands could be met with minimal capital, operation and maintenance costs. Both solar photovoltaic 

technology and the Ontario electrical grid were considered as sources of energy for the P2G system. In turn the system 

is capable of providing demand response services back to the grid in times of curtailed renewable wind energy. 

Table 5: Optimized Number of Technologies 

 

 

Figures 8 show the percent contribution of different technologies to the total capital and operating costs.  The 

electrolyser is the greatest capital investment at 41% of the total value with the compressor systems contributing a total 

Technology selection Quantity Cost (USD) 

Solar Photovoltaics 1500 439,024 

Electrolyser 1 1,076,667 

Pre-Storage Compressor 1 343,005 

Booster Compressor FCV 1 105,122 

Booster Compressor Forklift 1 323,793 

Dispenser Unit 1 81,159 

Tank Storage 1 102,254 

Cooling Unit 1 149,791 

Total - 2,620,448 
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of 25% and the solar panels 17%. In respect to operating costs the FCV booster compressor accounts for a total 54.4% 

of a total $237,653.  

6.1 Economic Assessment 
 

The optimal model is capable of providing a payback period of 2.8 years which is less than the 3-year maximum 

accepted by the automotive manufacturer for facilities projects of this magnitude. Three primary revenue streams were 

considered for this project, including the economic benefit of on-site hydrogen production, the environmental benefit 

of reducing GHGs charged under the Cap-and-Trade program and the capacity to provide regulatory grid services. 

Sensitivity analysis was performed across a combination of 20 different scenarios to determine the best fit for P2G 

implementation. The study concluded that the model was more sensitive to a fluctuation in hydrogen price and demand 

response benefit than it was to variations in per tonne carbon reduction.  

Economic Income: The Power-to-Gas project is capable of generating five primary revenue streams which include 

selling hydrogen to forklifts, selling hydrogen to fuel cell vehicles (FCVs), selling power from solar photovoltaics, the 

hydrogen offsetting of natural gas, and the sale of oxygen by-product. The P2G system is capable of generating 76,073 

kg of hydrogen annually which given a capital recovery factor of 9.8(considering the lifespan of 20-year with the 8% 

interest rate) will be produced at a levelized cost of 3.6 USD per kg. Of the total hydrogen production 32,850 kg will be 

supplied to a fleet of 100 forklifts that are currently using hydrogen purchased at a rate of $8 per kg. A sensitivity analysis 

that ranges the hydrogen price across 4 levels indicated that there is potential for a total annual economic savings on 

forklift hydrogen between $40,061 and $320,487. The four price points used were $1.5 (current SMR price), $3.6 

(current model levelized cost), $8 (current market price), and $12 (high range value) per kilogram hydrogen. An 

additional 36,494 kg will be fed to fuel 40 FCVs in replacement of existing conventional combustion cars. Similarly, 

the sensitivity analysis predicted the annual revenue to fall between $44,504 and $356,039 for the hydrogen selling price 

of 1.5 to 12USD per kilogram. Due to the energy storage capacity of the proposed system the addition of renewable 

solar energy to the automotive manufacturer’s existing generation becomes economically feasible. Installing 1500 solar 

photovoltaics on the rooftops of existing and proposed infrastructure, an additional annual generation of 473,960 kWh 

is achievable, which equates to $94,792 per year( by assuming a feed-in-tariff of 0.2 $.kWh-1). Using hydrogen enriched 

natural gas can offset 26895 m3 annual demand of natural gas, which can save $5000 per year. As a by-product the 
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electrolysers will generate oxygen gas that can be sold to feed the demand of localized industrial applications. It is 

determined that the system will generate 608,587 kg of oxygen gas annually that if sold at a price of $0.13 per kilogram 

would produce an annual revenue of $64,321.  

Ancillary Service Income: The system will take advantage of regulatory grid services through demand response by 

using curtailed renewable wind energy. This demand response provided by the automotive manufacturer will generate 

an additional revenue of $522,520 annually. 

Environmental benefit: The Cap-and-Trade program will allow access to additional revenue streams based on a 

reduction in GHG emissions. The four environmental benefits available to this P2G project include offsetting emissions 

by replacing forty conventional vehicles with FCVs, enriching the natural gas stream with hydrogen, generating clean 

energy through solar photovoltaics and by offsetting emission using curtailed renewable wind energy. By replacing the 

conventional combustion vehicles an annual offset of 170 tonnes CO2 would be realized, which results in generating 

$2497 to $4163 annual revenue (when carbon price varies between $18 to $30 per tonnes). Using hydrogen in natural 

gas pipeline can offset 65 tonne of CO2 , which is correspondent to $894-1626 revenue for the company. Moreover, the 

addition of solar panels to existing infrastructure will generate an offset of 24 tonnes of CO2., which is equal to the 

annual saving of $425-700 (when carbon price varies between $18 to $30).  An annual offset of 21000 tonnes can be 

achieved through demand response by using 42250 MWh curtailed renewable power. A sensitivity analysis on the price 

of carbon between ($18 to $30 USD per tonne) predicted a revenue stream between 37,816 USD to 63,027 USD. 

Figure 9 shows how the optimization problem decides to blend in hydrogen with natural gas that is used within the CHP 

and boiler units at the automotive manufacturing plant. As the hydrogen flow is optimized for every hour, a plot of 

hourly data for the entire year makes it difficult to decipher a potential underlying trend. Therefore, the weekly average 

of the hourly values of hydrogen energy content (%) in the final blend of hydrogen enriched natural gas has been plotted. 

The weekly average of the hourly Ontario electricity price has also been plotted above (Figure 8). As the electrolyzer 

operates primarily on grid electricity, the hydrogen energy content is seen to decrease with an increase in the electricity 

price. Therefore, hydrogen energy content is inversely related to electricity price. It should also be noted that the blending 

system is able to have hours during which the maximum hydrogen concentration in the gas blend is 5 vol.%.  

 

 

Figure 9: Variation of weekly average hydrogen energy content in hydrogen enriched natural gas (%) with weekly average of hourly Ontario 
electricity price ($ per MWh)
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Table 6: Results of Model Sensitivity Analysis 

 

 

 

Scenario 

 

 

Description 

Premium Price  

Capital Cost 

(USD) 

 

Fuel+O&M 

Cost (USD) 

 

Economic 

Income 

(USD) 

 

Regulatory 

Service Income 

(USD) 

 

Environmental 

Benefit (USD) 

 

Net Present 

Value (USD) 

 

Return On 

Investment  

- ROI 

 

Payback 

Period Carbon 

Trade 

[$.tonn-1] 

Hydrogen 

[$.kg-1] 

1 -No Environmental Considerations 

-No Demand Response 

N/A 1.5 
$2,620,448  $395,549  $165,568  $0  $0  ($4,878,434) 

-186% -11.4 

2 N/A 3.6 
$2,620,448  $395,549  $283,960  $0  $0  ($3,716,042) 

-142% -23.5 

3 N/A 8 
$2,620,448  $395,549  $532,020  $0  $0  ($1,280,554) 

-49% 19.2 

4 N/A 12 
$2,620,448  $395,549  $757,529  $0  $0  $933,525  

36% 7.2 

5 -No Environmental Considerations 

-Demand Response 

N/a 1.5 
$2,620,448  $395,549  $165,568  $522,520  $0  $251,750  

10% 9.0 

6 N/A 3.6 
$2,620,448  $395,549  $283,960  $522,520  $0  $1,414,142  

54% 6.4 

7 N/A 8 
$2,620,448  $395,549  $532,020  $522,520  $0  $3,849,631  

147% 4.0 

8 N/A 12 
$2,620,448  $395,549  $757,529  $522,520  $0  $6,063,711  

231% 2.9(6) 

9 -Environmental Considerations 

-No Demand Response 

18 1.5 
$2,620,448  $395,549  $165,568  $0  $34,533  ($4,539,387) 

-173% -13.4 

10 18 3.6 
$2,620,448  $395,549  $283,960  $0  $34,533  ($3,376,995) 

-129% -34.0 

11 18 8 
$2,620,448  $395,549  $532,020  $0  $34,533  ($941,507) 

-36% 15.3 

12 18 12 
$2,620,448  $395,549  $757,529  $0  $34,533  $1,272,572  

49% 6.6 

13 -Environmental Considerations High 

Offset Benefit 

-No Demand Response 

30 1.5 
$2,620,448  $395,549  $165,568  $0  $57,554  ($4,313,356) 

-165% -15.2 

14 30 3.6 
$2,620,448  $395,549  $283,960  $0  $57,554  ($3,150,963) 

-120% -48.5 

15 30 8 
$2,620,448  $395,549  $532,020  $0  $57,554  ($715,476) 

-27% 13.5 

16 30 12 
$2,620,448  $395,549  $757,529  $0  $57,554  $1,498,603  

57% 6.3 

17 -Environmental Considerations 

-Demand Response 

18 1.5 
$2,620,448  $395,549  $165,568  $522,520  $34,533  $590,798  

23% 8.0 

18 18 3.6 
$2,620,448  $395,549  $283,960  $522,520  $34,533  $1,753,189  

67% 5.9 

19 18 8 
$2,620,448  $395,549  $532,020  $522,520  $34,533  $4,188,677  

160% 3.8 

20 18 12 
$2,620,448  $395,549  $757,529  $522,520  $34,533  $6,402,758  

244% 2.8(5) 
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Based on the proposed design, the system’s operation under different scenarios have been developed. The 

scenarios explored include a sensitivity analysis on the emission allowance price ($ per tonne of 

CO2,e emissions) in the provincial cap and trade program and the hydrogen selling price ($ per kg). 

Table 2 shows the results of this sensitivity analysis. Scenarios 1 to 4 have no incentives allocated to 

carbon emission reduction and no incentive for providing demand response. However, the hydrogen 

selling price has been gradually increased for these 4 scenarios from $1.5 per kg to $12 per kg. It is 

observed that scenario 4 is able to achieve a reasonable payback period of 7.2 years with a return on 

investment of 36%. However, the selling price of hydrogen might be too high for initial market 

acceptance in this case. 

Scenarios 5 to 8 include the demand response incentive ($15.35.MWh-1) for consuming surplus electricity 

in the southwest power zone in Ontario. However, the incentive for carbon emission offsets has not been 

considered here either. In scenarios 5 to 8, there is a noticeable improvement in the payback period 

simply by adding the demand response incentive value. 

Scenarios 9 to 12 include a carbon emission allowance price of $18 per tonne (taken from the current cap 

and trade auction price in Ontario, 2018).  These scenarios also increase the hydrogen selling price from 

$1.5 per kg to $12 per kg. In scenarios 9 to 12, the payback periods are not favorable unless the hydrogen 

selling price is increased to $12 per kg. This implies that the carbon emission allowance price is not high 

enough for the proposed Power-to-gas design to achieve a favorable return on investment. 

Scenarios 12 to 16 have been developed, in order to see if an increase in carbon emission allowance price 

(to $30 per tonne of CO2,e emissions) improves the return on investment. The hydrogen selling price is 

increased in the same way as seen for scenarios 9 to 12. The conclusion drawn from these set of scenarios 

(Scenarios 12 to 16) is that the carbon emission allowance price is still not high enough to drive a 

significant improvement in the payback periods and the return on investment. Hydrogen selling price still 

remains the dominant influencer for making an economic benefit for the Power-to-gas system. 

Scenarios 17 to 20 include a carbon emission allowance price of $18 per tonne of CO2,e emissions, the 

demand response incentive of $15.35.MWh-1 and the varying hydrogen selling price from $1.5 per kg at 

scenario 17 to $12 per kg at scenario 20. It is concluded that scenarios 17 to 20 represent the best set of 

scenarios for the proposed Power-to-gas design with the lowest payback period of 2.8 years (and a return 

on investment of 244%), achieved in scenario 20. 

 In conclusion, the hydrogen selling price and the demand response service incentive are observed to be 

the major factors that improve the economic feasibility of the project. The value of carbon emission 

allowance will have to be higher for it to actually drive innovation in large-scale industrial polluters. 

 

6.2 Environmental Analysis 
A primary concern in the design of a Power-to-gas (P2G) system is its potential to limit the release of 

environmental impacts on the local residents. In the interest of reducing their contribution to global 

warming and avoiding the hefty fees associated with the Cap and Trade program, the automotive 

manufacturer developed a mandate to eliminate carbon emissions by the year 2050. A lifecycle analysis of 

the Power-to-gas systems has been performed and implemented in the modeling phase in alignment with 

the company’s strategic goals. Environmental benefits including in terms of emission allowance trade was 

explained in details in the results section, which include  environmental revenue from generating power by 

solar PVs, using Ontario’s surplus power, using  hydrogen for vehicle, offsetting natural gas usage.  
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6.2.1 Resource Analysis 

The electrolyser will utilize energy derived from three primary sources, the standard Ontario electrical grid, 

curtailed renewable wind energy, and internal solar photovoltaics. The curtailment of renewable wind 

energy is considered separately from the Ontario electrical grid since it represents an opportunity to provide 

demand response services. The figure below shows the breakdown of the electricity by source and by 

emission contribution. The hourly Ontario CO2 emission is used for this study.  As can be seen in this figure, 

the average emission of Ontario’s electricity is as low as 0.063 kg. kWh-1 thanks to the power generated by  

nuclear plants.    

 

Figure 10: Resources analysis of hydrogen production systems [47], [45] 

The Electricity optimized from a combination of any of the three sources is fed to the electrolyser. The 

electrolyser operates at a thermodynamic efficiency of 78% which generates hydrogen at a rate of 19.4 kg 

MWhe-1. This is further reduced to be 17 kg.MWhe-1 following the compression and storage phases as 

shown above. 

Another important resource used in the production of hydrogen is water. A make-up stream of 4.45 liters 

of water per kilogram hydrogen is required, which based on the modelled system equates to 339 m3 per 

year.  It is anticipated that this amount can be absorbed by the high volume of the existing water treatment 

plant and will require no additional infrastructure beyond the piping system. The automotive plant is not 

situated in a region where an increase in water consumption of this magnitude will impact the availability 

of potable water to nearby residents. For the purpose of economic analysis, the municipality in which the 

manufacturer is located has a water delivery charge of $2.1575 per m3, equating to $730 per year [44]. 

Natural gas is one of the primary resources of the company. Mixing hydrogen into natural gas pipeline 

(max. 5 vol. %) can reduce the natural demands and decrease their environmental impacts. There are two 

primary P2G pathways developed by the model, including power-to-transport and power-to hydrogen for 

natural gas end-users, which leads to the replacement of forty conventional vehicles with fuel cell cars, the 

supply of hydrogen to forklifts, and the enrichment of natural gas for use in the CHP and auxiliary boiler 

systems.  

 



23 
 

 

 

Figure 11: Resource analysis of P2G pathways. 

Analysis of the power-to-transport pathway determined that an average daily production of 200kg H2 is 

required. By balancing the emissions generated by hydrogen production with the benefits gained by the 

removal of 40 conventional vehicles, the net annual offsets of CO2 emission and air pollutants are presented 

in Figure 12(a).  

  

(a)  (b)  
Figure 12: Annual emission offset (a) by the Replacement of 40 Conventional Vehicles, (b) By using HENG [46] 

 

For the purpose of downstream applications, the enrichment of natural gas is limited to 5 vol. % hydrogen 

[49]. As shown in Figure 10, the model balances the gas heating value and equipment efficiencies to 

determine the volumetric energy capacity of end services. Given the per volume emission benefit associated 

with blending, the total annual greenhouse gas emissions and pollution offsets are shown in Figure 12(b). 

It is of great importance to consider how the P2G installation will affect nearby residents. One key 

component of the environmental analysis is the reduction in airborne pollutants. Error! Reference source 

not found. provides a summary of the per kg hydrogen offset achieved by implementing mobility and 

Power- to hydrogen for pipeline.  
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Table 6: Local Pollution generated by P2G Pathways as Predicted by Optimal Model 

 

6.2.2 Noise Analysis 

Since the automotive manufacturer is situated in close proximity to residential neighborhoods, an important 

factor considered in the design of a P2G system is the emission of noise. In the preliminary design of the 

CHP generation facility an environmental noise assessment was performed, and it concluded that the 

development would not be audible had achieved the regional limit of 65dBA at a range of 10m. The 

Ministry of Environment and Climate Change (MECC) maximum limit for the 24-hour operation of 

industrial equipment. The electrolyser is expected to run at all hours and therefore must adhere to the 45dBA 

Plane-of-Window regional limit for southwestern Ontario. It is suspected that the electrolyser and booster 

compressors which produce 75dBA and 85dBA at 1m respectively, will have to be encased in a noise 

dampening barrier. According to the OHSA these barriers can reduce noise levels by up to 40 dB placing 

the system well within the range of acceptable levels. This is recommended for further analysis in the 

implementation phase [48]. 

 

7.0 Safety Analysis 
Processes involving high pressure systems must be compliant with all safety regulations to prioritize the 

safety of the workers and the general public. Energy systems in specific have many potential risks which 

can result in catastrophic explosions within the plant. The Power-to-Gas system to be implemented involves 

bleeding hydrogen into natural gas pipelines which are flammable substances. It is important to uphold a 

high standard for safety for designing these processes. 

 

7.1 Safety Considerations of Energy Inputs 
Due to the combustibility of Hydrogen, an ignition source can be problematic if the concentration of 

hydrogen exceeds its lower explosive limit of 4.0% in air at 25oC at atmospheric pressure [27]. The 

hydrogen that is transferred and stored must be properly pressured and reinforced by the piping and tanks 

so that leaks are mitigated. Additionally, materials should be able to withstand external pressures and 

internal factors, such as hydrogen embrittlement. To mitigate these issues, thicker piping and tank storage 

material in line with ANSI.ASME B31.5. 

 

Pollution Type  P2G to 

Mobility Fuel 

[per kg H2] 

P2G to (Pipeline, storage 

or Industry) [per kg H2] 

Climate Change [g CO2,equiv] 4482 4093 

Terrestrial Acidification [mg SO2,equiv] 10,337 9243 

Ozone Depletion ng CFC-11equiv] 751 685 

Metal Depletion [g Feequiv] 621 567 

Photochemical Oxidant Formation [mg 

NMVOC] 

1154 1056 

Particular Matter Formation [mg PM10equiv] 389 354 
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7.2 Fail-Safe Designs and Equipment 
To prevent the majority of incidents that could occur in the Power-to-Gas system, an inherently safe design 

must be implemented to begin with. For tanks and piping, all the safety instrumentation to become 

compliant must be considered in the design.  

Safety for Compressors and Storage: Rupture discs should be present on the outlet of storage tanks and 

certain areas of piping for a scenario facing overpressure. Next, pressure and temperature indicators must 

be installed around the process units to give workers the operating conditions of the systems at all times. 

These safety measures can be supplied by Cleaver Brooks as they supply the same instrumentation for 

relatable applications, such as boilers and steam transfer [28]. Pressure relief valves will also be 

considered especially for the hydrogen storage tanks and can be supplied by Johnson Valves. Their model 

1216HP has a pressure range of 0.2 to 300 bar, so this will cover the 172 bar hydrogen storage tank [29].  

Safety for Electrolyzer: The electrolyzer will also be installed with temperature and pressure indicators 

provided by Cleaver Brooks. Level sensors must also be installed to ensure that the incoming water levels 

for the electrolysis reaction do not reach a dangerously low level. The level indicator can also be supplied 

by Cleaver Brooks.  

PLC Controls: All indicators for pressure, temperature, and water level will be interconnected in the PLC 

network. If these systems become triggered, they should be interlocked with audio and visual alarms and 

the corresponding pumps or control valves that would isolate the necessary piping to prevent escalating a 

disaster. The safety instrumentation will also be interlocked with specific audio and visual alarms 

depending on the specific emergency case. Allen Bradley and Johnson Controls are the current vendors 

for the automotive manufacturer for installing control systems and interlocking instrumentation to 

PLCs.  These mechanisms will be fail-safe, meaning that the system will resort to its safest state, through 

valve and pump isolation, in the case of a malfunction or emergency.  

Safety for Hydrogen Enriched Natural Gas Pipelines: Potential risks arise when blending the hydrogen 

with natural gas pipelines. Regulations will limit the hydrogen input rate at a speed change of less than 

2%/min. A greater input rate will pose the threat of pressure build-up, leading to combustion. There will 

be pressure sensors and regulator valves in place all connected to the PLC to ensure that this limit is not 

exceeded. Additionally, hydrogen can cause embrittlement in pipelines over time. To prevent leakage, the 

pipe material will be made thicker (schedule 80) to mitigate this issue. All piping for the distribution of 

hydrogen gas will be designed and built according to ANSI.ASME B31.3 [35]. There is also the 

possibility of ignition around hydrogen systems that could initiate a large disaster. Lower explosive limit 

(LEL) gas detectors will also be in place to ensure that the lower explosive limit of hydrogen (4%) is not 

met by alarming operators when 1% is detected in the atmosphere [27]. 

Operators will also be trained on proper lock-out, tag-out procedures when maintenance needs to be 

performed to reinforce the safety of the operators. All employees will also participate in periodic safety 

seminars to refresh their knowledge on safety when working in the presence of hydrogen and high 

pressure systems. This training will be mandatory to all relevant staff to ensure that everyone is aware of 

all the risks that are present in the system.  

 

7.3 Emergency Protocol  
Currently, Richardson Fire Systems handles the fire protection at the plant, so our team will work with them 

to extend the fire protection systems to the Power-to-Gas process. This system will be installed with the 

purpose of immediately impeding the fire or emergency once it has begun.   
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Warnings and Signals: Audio and visual alarms will be in place to alert all workers of the emergency. The 

alarm will produce a loud and repetitive sound in accordance with NFPA 72 and be able to alert all workers 

in the plant [50]. Specific training will be given to all operators and staff on evacuation procedures and 

contingency plans in the event of a crisis. 

Electrical Connections & Lighting: Simultaneously, once emergency systems are triggered, a breaker will 

also be initiated to cut off all electrical interconnections to prevent the spread of an electrical fire. When 

the network is shut down, artificial lights in all main walkways shall be powered with a safe backup energy 

source. Artificial lights will also be activated once the sun sets. 

Communications Protocol: Roles for “Emergency Response Leader” (ERL) will be decided previously to 

ensure workers in different departments recognize who to follow instructions from in a situation that may 

cause some panic. The ERL will ensure attendance of their department once they have lead them to the 

designated evacuation zones. An auto-dialer box can be used for more extreme emergencies. Its purpose is 

to automatically contact higher management in the company at any time in the day to give them notice on 

the situation. The type of alarm and specific personnel can be prioritized to ensure that the correct people 

are contacted in the event of an emergency situation. Raco can supply the auto-dialer with their Verbatim 

products, model 301VSS8C [25]. The box has up to 8 available input connections for different alarm 

systems through the plant.  

Fire Suppression System: In the case that a plant-wide emergency, such as a fire, a deluge fire system will 

be in place to detect any smoke or heat associated with the fire. A deluge system will be useful because it 

has smoke and heat detectors which can cover bulk areas of the plant that pose a greater hazard. Sprinkler 

lines with evenly distributed heads will be spread throughout the entire plant and a foam system will be 

blended in with the water if ever activated. The foam is more effective against fighting fire and can be easily 

implemented in the system. Richardson Fire Systems is able to handle this implementation and extension 

of the existing fire system.  

Ancillary Services: Video surveillance will also be installed around the Power-to-Gas system, so that the 

company can learn from the events that occurred leading up to the incident to prevent similar actions in the 

future. Additionally, for preventing fires, there should be proper HVAC systems and air conditioning to 

ensure that process units do not overheat. These HVAC systems should include ventilation at higher 

elevations because hydrogen gas has a lower density than air. Hydrogen will accumulate in the case of a 

leak, so the ventilation will assist in decreasing the risk.  

 

7.4 Failure Modes Effects and Analysis 
To get a detailed overview of the Power-to-Gas system from a safety perspective, a failure modes effect 

and analysis (FMEA) was performed. All the potential failure modes of the system are listed along with a 

possible cause and resulting effects. The severity, detection, and occurrence are also ranked from 1 to 10. 

The severity describes how serious the outcomes the event could be with 10 being the most serious. The 

detection rating indicates the effectivity of the controls in place to detect the failure in the system before it 

reaches the customer or puts anyone’s safety at risk. A detection rating of 1 means that the controls will 

certainly detect the failure in a quick manner. The occurrence rating shows the frequency of the event with 

10 being very frequent. Finally, all three metrics are multiplied and the product is represented by the risk 

priority number (RPN). This value can assist in ranking potential failures in the order that they should be 

addressed.  
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Table 7: FMEA Scale for RPN 

High Risk Medium Risk Low Risk 

   

 

The RPN column is formatted in a way to indicate higher priority failures with a red colour, medium risk 

items with yellow, and lower risk items as green. These priority ratings are all based on the relative RPN 

value that each failure mode is assigned. 

 

Table 8: FMEA Table of Main Process Functions 

Process 

Function 

Failure Mode Sev Potential Effect(s) 

of Failure 

Dete

ct 

Potential Cause(s)/ 

Mechanism(s) of Failure 

Occu

r 

RPN  

Hydrogen 

Dispensing 

Operation error 6 Leakage leading to 

deflagration 

4 Human error 3 72  

Car drives away while 

dispenser attatched 

8 Gas buildup leading 

to combustion 

6 Material defect 2 96  

Rupture of 

underground pipes 

8 Leakage leading to 

deflagration 

6 Corrosion due to cold 

temperatures 

2 96  

Backflow of gas 7 Pressure buildup 

leading to explosion 

3 Power outtage 3 63  

Storing 

Hydrogen 

Tank level at lower 

limit 

6 Imposion 3 Uncontrolled outlet flow or 

failure of control valves 

3 54  

Overflow 7 Release of H2 

leading to 

deflagration 

3 Uncontrolled inlet flow or 

failure of control valves 

3 63  

Underpressured 7 Imposion 3 Decreased temperature or 

uncontrolled outlet flow 

2 42  

Overpressured 7 Gas buildup leading 

to explosion 

4 Increased temperature or 

uncontrolled inlet flow 

2 56  

Fracture 7 Leakage leading to 

deflagration 

6 Forklift collision 2 84  

Heated storage tank 9 Pressure buildup 

leading to explosion 

5 External fire 1 45  

Hydrogen 

Compression 

Overpressure 7 Gas buildup leading 

to explosion 

4 Failure of control valves 2 56  

Heated compressor 10 Pressure buildup 

leading to explosion 

5 External fire 1 50  

Backflow of gas 7 Leakage leading to 

deflagration 

3 Reduced inlet pressure 2 42  
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Electrolysis Oxygen accumulation 7 Combustion 6 Blocked vent for oxygen gas 2 84  

Gas leaks 6 Combustion 4 Failure of control valves 3 72  

Water purification 

failure 

3 High levels of 

impurity 

3 Impurity and residue build-

up 

3 27  

Electric charge build 

up 

6 Potential ignition 

source 

2 Low water levels, improper 

wiring 

3 36  

Hydrogen 

Enriched Natural 

Gas in  Pipelines 

Hydrogen 

embrittlement 

6 Gas buildup leading 

to combustion 

7 H2 concentration introduced 

too high 

2 84  

Plugged Line 7 Pressure buildup 

leading to explosion 

3 Manually closed valve 3 63  

Overshoot hydrogen 

injection limit 

7 Pressure buildup 

leading to explosion 

4 Increased percentage of 

hydrogen pipelines 

3 84  

Excavation damage 9 Combustion 6 Human error 2 108  

Process Control 

Systems 

Uncontrolled flows 

into process units 

6 Pressure buildup 

leading to explosion 

3 Control system failure 4 72  

Overpressure of 

process units 

6 Pressure buildup 

leading to explosion 

3 Valve failure or blockage in 

pipe 

6 108  

 

7.5 Relevant Codes and Standards 
Below are also possible control measures that can be put in place to mitigate these failure modes. These 

control measures are fairly standard within the industry as there is plenty of instrumentation to maintain the 

safety within the Power-to-Gas system. Beside the control measures lists the relevant codes and standards 

associated with that failure mode. The majority of the codes are industry-wide standards, such as the 

National Fire Protection Association (NFPA), Society of Automotive Engineers (SAE), The American 

Standard of Mechanical Engineers (ASME), and The International Organization for Standardization (ISO). 

Many more are also included as these codes provide the details related to specific safety scenarios and will 

definitely prove to be resourceful in designing the Power-to-Gas system. Overall, the safety measures 

applied to our process are compliant with the codes and standards that are outlined below as the safety of 

workers and the general public are held at a high priority.  

Table 9: Codes and Standards 

Process 

Function 

Failure Mode Potential Control Measures Relevant Codes and 

Standards 

Hydrogen 

Dispensing 

Operation error Periodic training for operator 

certifications 

OSHA 1910.103 
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Car drives away 

while dispenser 

attatched 

Install audible and visual notices 

for driver if dispenser is still 

inserted 

OSHA 1910.103, SAE 

J2600, CAN 1784-000 

Rupture of 

underground 

pipes 

Apply corrosion-resistant coating. 

Use thicker piping (Schedule 80) 

OSHA 1910.103, CAN 

1784-000, ASME B31.12, 

NFPA 2, NFPA 55 

Backflow of gas Back-up power storage OSHA 1910.103, CAN 

1784-000, ASME B31.12, 

NFPA 2, NFPA 55 

Storing 

Hydrogen 

Tank level at 

lower limit 

Low level sensor interlocks and 

alarms. Preventative maintenance 

of valves 

OSHA 1910.103, CAN 

1784-000, NFPA 2, NFPA 

55, FSM Division 13.03, 

ISO-TC 58 

Overflow High level sensor interlocks and 

alarms. Preventative maintenance 

of valves 

OSHA 1910.103, CAN 

1784-000, ASME B31.12, 

NFPA 2, NFPA 55, FSM 

Division 13.03, ISO-TC 58 

Underpressured Pressure indicator interlocks and 

alarms. Preventative maintenance 

of valves 

OSHA 1910.103, CAN 

1784-000, ASME B31.12, 

NFPA 2, NFPA 55, FSM 

Division 13.03, ISO-TC 58 

Overpressured Pressure indicator interlocks and 

alarms. Preventative maintenance 

of valves 

OSHA 1910.103, CAN 

1784-000, ASME B31.12, 

NFPA 2, NFPA 55, FSM 

Division 13.03, ISO-TC 58 

Fracture Safeguards and barriers 

implemented to protect transfer 

areas 

OSHA 1910.103, CAN 

1784-000, ASME B31.12, 

NFPA 2, NFPA 55, FSM 

Division 13.03 

Heated storage 

tank 

Instantaneous fire suppression 

systems. Install temperature 

sensors 

CAN 1784-000, NFPA 2, 

NFPA 55, NFPA 70, 

NFPA 72, NFPA 110, 

NFPA 170, FSM Divisions 

13.02,13.03,16.06 

Hydrogen 

Compressio

n 

Overpressure Pressure indicator interlocks and 

alarms. Preventative maintenance 

of valves 

OSHA 1910.103, CAN 

1784-000, NFPA 2, ISO-

TC 58 

Heated 

compressor 

Instantaneous fire suppression 

systems. Install temperature 

sensors 

OSHA 1910.103, CAN 

1784-000, NFPA 2, NFPA 

55 

Backflow of gas Implement check valves OSHA 1910.103, CAN 

1784-000, NFPA 2, NFPA 

55 
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Electrolysis Oxygen 

accumulation 

Preventative maintenance 

inspections. Gas detectors in place 

ISO 22734-1:2008, ISO-

TC 58, NFPA 2 

Gas leaks Gas detetors interlocked with 

electrolyzers 

ISO 22734-1:2008, NFPA 

2 

Water 

purification 

failure 

Sensors in place to detect purity 

of water interlocked with shutting 

down electrolyzer. Preventative 

maintenance inspections. 

ISO 22734-1:2008, ISO-

TC 58, NFPA 2 

Electric charge 

build up 

Level sensors for water 

interlocked with electrolyzers 

ISO 22734-1:2008, ISO-

TC 58, NFPA 2 

Hydrogen 

Enriched 

Natural Gas 

in  

Pipelines 

Hydrogen 

embrittlement 

Apply corrosion-resistant coating. 

Use thicker piping (Schedule 80) 

CAN 1784-000, ASME 

B31.3,B31.9,B31.12, 

NFPA 2, NFPA 52 

Plugged Line Proper lock-out & tag-out 

procedures 

SAE J2578, CAN 1784-

000, ASME 

B31.3,B31.9,B31.12, 

NFPA 2, NFPA 52 

Overshoot 

hydrogen 

injection limit 

Invest in dedicated gas engines 

with sophisticated control 

systems. Control inlet of 

hydrogen to be <2%/min 

SAE J2578, CAN 1784-

000, ASME 

B31.3,B31.9,B31.12, 

NFPA 2, NFPA 52 

Excavation 

damage 

Safeguards and barriers 

implemented to protect transfer 

areas 

SAE J2578, CAN 1784-

000, ASME 

B31.3,B31.9,B31.12, 

NFPA 2, NFPA 52 

Process 

Control 

Systems 

Uncontrolled 

flows into 

process units 

Depending on the process, the 

valves should be programmed to 

be fail-safe and open/close upon 

failure 

ASME B31.12, NFPA 2 

Overpressure of 

process units 

Valves should be fail-safe. Pressure 

relief valves and rupture discs should 

be in place 

ASME B31.12, NFPA 2 

  

8.0 Maintenance and Operation 
In order to ensure long-term success of the Power-to-Gas energy hub, a maintenance and operation protocol 

and system is critical. While previously in this design proposal the optimal design parameters are outlined, 

the emphasis is now on long term stability and dependable operation of the Power-to-Gas system. In this 

section, the site operating procedures (SOPs) and maintenance operating procedures (MOPs) of each 

component of the Power-to-Gas hub are outlined. These responsibilities and procedures will then be 

integrated with the three main facilities teams, facilities maintenance, facilities operations and facilities 

engineering. With the maintenance team and operations team consolidating the new MOPs and SOPs into 
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their current system respectively, the engineering team will then be the secondary responsible stakeholders 

and will be responsible for updating any MOPs/SOPs in the event of future engineering changes. 

 

8.1 Maintenance & Operation System - Overview 
In developing a system to ensure long-term operation of the Power-to-Gas system, the following are key 

components: 

● A Power-to-Gas system SOP manual. For each unit of the Power-to-Gas system as well as the 

overall control system as a whole, the manual will outline: 

● Unit start up and commissioning protocol 

● Emergency shut down (ESD) protocol 

● Alarm response protocol 

● A cause and effect (C&E) alarm matrix and PLC control narrative of all alarms (interlock, 

notifications, sensors, etc.) 

● A Power-to-Gas system MOP manual. This manual will have the following key components for 

each unit of the system 

● A preventative maintenance checklist outlining daily and/or weekly items to be examined 

for each unit of the Power-to-Gas system 

● A preventative maintenance schedule created each year to help maintain the equipment  

● A troubleshooting guide for common problems outlining both possible solutions as well 

as valuable resources which can help solve the problem 

For each unit of the Power-to-Gas system, the contributions of each unit to each element of the M&O 

system will be explored.  

 

8.2 Solar Generation Module – Associated M&O 
The solar panels will be commissioned and set up according to both the design specifications as well as the 

panel manufacturer’s manual for IEC standard installation [51]. The relevant components of this manual, 

mainly safety precautions taken during installation, mechanical and electrical specifications, unpacking and 

storage and module installation, will be included in the overall Power-to-Gas SOP manual. There are no 

serious malfunctions of the Solar Generation system, which can cause the need to trigger an ESD. It is 

recommended that a low power level sensor be added and connected to the control system signaling low 

power generation to reduce troubleshooting downtime. These sensors should use information found on the 

manufacturers spec sheet to determine the low set points and should be programmed to existing PLC 

framework with the expertise of an instrumentation and controls engineer. In the event of this alarm, it is 

recommended that facility operators inspect the system to resolve the problem and take appropriate action 

[52]. It is also critical that the C&E alarm matrix and control narrative are respectively updated 

The maintenance of these Solar Panel modules involves a regular inspection of panels to ensure they are 

clear of snow, leaves, branches and other debris as well as monthly inspections of proper wiring and 

connections. Additionally, it is recommended the modules are cleaned with water and a soft sponge as 

required. If snow does build up (which is unlikely during winter season due to a high tilt angle), this snow 

should be cleaned with a brush with soft bristles as required [51]. In the event of panel malfunction, 

breakdown or poor performance of individual panel modules, the limited 10-year and 25-year warranty 

should be used to initiate CanadianSolar’s return material authorization (“RMA”) process [53]. It is also 

recommended that Toyota contract service providers who specialize in solar panel or develop experience 

in house to ensure the M&O processes be maintained. 
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8.3 Hydrogen Electrolyzer Module – Associated M&O 
The associated hydrogen electrolyzers will be started up and commissioned with the help of Hydrogenic’s 

consulting services. With the help of a service engineer, an integrated installation and start up is guaranteed 

as well as in-depth training with staff to help run the unit efficiently [54]Another requirement is that the 

electrolyzers be temperature proof to -40 ⁰C due to harsh Canadian climates in winter season. As mentioned 

in the safety section of this report, it is recommended a low level and high level sensor is installed into the 

utility water inlet to signal to the HMI. This will also be updated in the C&E alarm matrix and control 

narrative respectively. Additionally, a low level sensor for hydrogen production will not be required due to 

the PEM electrolyzers ability to ramp up and down very quickly (as mentioned in the technology screening 

section) [55]. Since this suggests that the electrolyzer will be ramped down to 0% very frequently in 

response to the ancillary service market, a low level sensor will clutter the existing alarm system. 

With regards to maintenance, it is highly recommended that a maintenance contract offered by 

Hydrogenic’s be negotiated. However to reduce downtime of equipment, a daily checklist is recommended 

to ensure standard operation. The lifetime of the electrolyzer system is found to be 10 years and thus a 

replacement cost of 50% of the capital cost after 10 years is considered. 

 

8.4 Control System Overview 
As mentioned in the technology screening of a control system, the two existing HMIs for facilities 

operations and CHP control will have to be augmented to include the new Power-to-Gas infrastructure. 

Based on the new control system, several process variables will require an operational plan for both day to 

day operation and system operation. A very important process variable pertains to the control of electricity 

input to electrolyzers from both the macrogrid and solar generation system. In order to control this key 

process variable, it is important that several control logics are utilized to determine electricity allocation. 

For example, a control logic to minimize grid electricity during peak electricity hours or to not put any 

constraints on grid electricity input during a low electricity price threshold will go along way to automate 

the system. Additionally, control logic to manipulate electricity input to the electricity in providing demand 

response services is critical. This control logic will be formed by comparing the auction value of demand 

response energy versus the opportunity costs of reduced hydrogen production. The second component refers 

to control of hydrogen production to match the client’s energy and heat demands. Since the flow electricity 

is unidirectional and only going towards the hydrogen electrolyzers, it is possible to control the overall 

production of hydrogen by manipulating electricity consumption of electrolyzers.  

Finally, the last critical process variable involves manipulating end-uses of hydrogen to meet the hydrogen 

economy demand of the forklifts, FCVs and HENG. Since these end-uses of Hydrogen is contingent on 

different stakeholders requirements and needs, it is critical that facilities operations be able to understand 

the priorities of the different stakeholders and evaluate the optimal distribution of Hydrogen in the Power-

to-Gas network. For this the currently existing interdepartmental communication system (regular supply 

chain meetings, email correspondence, business plans, etc.) is very useful and will now have to 

accommodate the new Power-to-Gas system. In addition, relevant process variable data will be historically 

recorded using the existing AdvantagePoint software to offer the opportunity to analyze the effectiveness 

of key process units. Below is the GUI of the graphical user interface.
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Figure 13: GUI of Control System and dual HMIs 
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For maintenance of the control system, it is assumed that the current maintenance plan is adequate and since 

no new HMIs are being integrated and the maintenance plan be updated to include the new I/O connections 

coming from the new Power-to-Gas system.  

9.0 Policy Analysis 
 

9.1 Challenging issues 
 

There are three types of obstacles for the large-scale deployment of Power-to-Gas systems. The first type 

of obstacle is the technology-related complications. These include challenges surrounding hydrogen 

production, hydrogen transportation, standards for the concentration of hydrogen in HENG, and the 

possibility of large-scale underground hydrogen storage, as well as the deployment of methanation 

systems.  

 

Although hydrogen production costs via electrolysis has shown a decreasing trend, the costs are still 

higher in comparison to conventional steam methane reforming plants [56]. After production, 

transportation of the gas is the next matter. Another major challenge is the injection of hydrogen into 

natural gas pipelines. Most pipelines are not prepared for high concentrations of hydrogen. Injecting 

hydrogen into natural gas pipelines is not common, and therefore, most North American companies have 

not experimented with this practice[49]. In Canada, companies such as TransCanada have safety 

limitations that only allow for 5 % volume of hydrogen in their pipelines [49]. Although Canada has a 

vast capability for underground storage of gas, challenges such as hydrogen leakage or hydrogen purity 

must be further investigated before that potential can be fully utilized. 

 

Methanation as an alternative for direct use of hydrogen also has a promising potential for reducing GHG 

emissions. However, the cost of methanation technology should be further reduced to make it 

economically viable. Fortunately, methanation is an alternative which allows for uncomplicated transport 

in natural gas pipelines. CO2 may be purchased from retailers or biogas plants and combined with the 

hydrogen gas to produce methane which is easily transported in the natural gas pipelines with little 

restrictions. This convenient alternative exists at the drawback of the cost. 

 

The second type of obstacle for the deployment of Power-to-Gas systems is policy-related problems. The 

first policy obstacle for the implementation of a Power-to-Gas system is the electricity market price. In 

Ontario, surplus clean electricity is sold to neighboring provinces or states at lower prices (usually at a 

loss), and electricity consumers in Ontario are charged for the resulting global adjustment (GA) payments 

[57]. This payment charged to the citizens of Ontario can be offset if the electricity is put to better use in 

Power-to-Gas technologies. 

 

The other policy-related obstacle for the development of Power-to-Gas systems in Ontario is the lack of 

incentives for the use of hydrogen in the industrial and transportation sectors. Incentivizing the use of 

renewable energy in the industry and transportation sector is more beneficial for Ontario compared to 

incentivizing the development of renewable energy for electricity generation. This is because the 

electricity generated in Ontario is already more than 90% emission-free, making it very difficult for new 

renewable generation capacity to reduce GHG emissions [57]. The transportation, industry, and building 
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sector in Ontario are mainly dependent on fossil fuels, and thus hydrogen has the noticeable potential to 

replace them and reduce emissions. At the same time, a Power-to-Gas system provides the option to take 

that renewable energy from the electricity sector to other sectors and benefit from the already-made 

investment there.   

 

Public acceptance issues are also important for developing Power-to-Gas systems. A higher acceptance 

subsequently leads to higher penetration of hydrogen into the entire energy system. While the safety 

issues of using hydrogen have already been addressed, there is a safety fear among the public about 

hydrogen exploding at end use appliances.  

 

9.2 Solutions 

Regarding the infrastructure, Canada has one of the largest natural gas pipeline networks [49], which 

makes it practical for the large-scale blending of hydrogen into the natural gas system. Aside from the 

infrastructure, Power-to-Gas can benefit from national and provisional renewable energy support 

programs.  

 

For instance, Ontario’s cap-and-trade program is one of the provincial legislation which can help increase 

the profitability of investment in Power-to-Gas technologies. This system has set CO2 emission 

limitations on industrial end-users operating within the province to promote investments towards energy 

efficiency, conservation measures, and cleaner energy technologies [58]. The Cap & Trade system works 

off the basis of “if a business pollutes less, they pay less”. This translates to Power-to-Gas allowing 

companies to sell off their remaining emission quota for a profit. In this report, an assessment of how the 

integration of a Power-to-Gas energy hub benefits an automotive manufacturing company located in 

southern Ontario trying to meet the CO2 emission cap placed on it will be conducted. This is a huge 

potential for revenue to be made from Power-to-Gas.  

 

However, it should be noted that revenue for a Power-to-Gas system is mainly based on selling hydrogen 

which requires a continuous hydrogen demand. This demand can be created by incentivizing the 

deployment of FCVs and hydrogen refueling stations (HRSs). Services that a Power-to-Gas system can 

provide such as energy storage or ancillary services can provide revenues and profit for a Power-to-Gas 

system, although these service revenues are usually an order of magnitude lower than hydrogen-selling 

revenues. Recently, the Independent Electricity System Operator (IESO) in Ontario has considered 

hydrogen as an energy storage technology to investigate its operation and availability in its “energy 

storage procurement” program [59]. In this way, a Power-to-Gas system can also benefit from ancillary 

services.  

 

9.3 Suggestions 

To address the challenges of hydrogen transport and concentration, there would have to be a compatibility 

analysis before injection to deem if the pipeline is suitable for transport of the hydrogen. Standards and 

codes regarding the gas quality (i.e., upper hydrogen concentration) in natural gas pipelines will have to 

be proposed in North America to better control risks associated with failures. Harmonized standards are 

necessary for global distribution of hydrogen gas. Operating pressures, pipeline materials, upper hydrogen 

concentrations, and other factors such as temperature must be analyzed to determine proper safety 

standards for operation.  

 

The inherent difficulty with Power-to-Gas technologies is that there is little legislation concerning its use.  
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In its breakthrough into the North American market, there is uncertainty regarding the regulatory bodies 

behind Power-to-Gas. As such, the EU (European Union) legislation can be used as the basis and starting 

point for developing regulatory measures as well as codes and standards in North America [56].  

Regarding the policy obstacles, governments should enable firms to buy the electricity at the low prices. 

In this sense, the other consumers are still benefiting from the selling of electricity and while power is 

used to produce hydrogen (instead of being exported at a loss) which not only can reduce a firm’s demand 

in times of high demand in the province but can also lead to reducing GHG emissions.  

 

The renewable energy policy issues are not limited to increasing renewable energy potential or reducing 

GHG emissions. Increasing renewable energy generation may increase the electricity costs (which has 

happened in Ontario) which can affect the number of jobs or investment in energy consuming sections 

such as manufacturing sector. A report from Fraser Institute stated that a 41% increase in industrial 

electricity prices in Ontario from 2008 to 2015 would imply a 9.3% employment loss in the same period 

[60]. 

 

A Power-to-Gas system not only decreases power exports at low prices (this export is beneficial to 

Canadian firms’ competitors below the southern border) but also decreases the GA cost for the firm using 

Power-to-Gas which has a positive effect on issues such as the job market and investments. This is 

specifically important as Ontario’s manufacturing sector accounts for almost 40% of Canada’s 

products/goods/service exports [60]. This would reduce the cost associated with these products or 

services. Decreasing the firm’s demand for peak hours not only reduces the firm’s electricity cost, but 

also leads to a decrease in electricity cost all over the province which is beneficial to other electricity 

consumers as well. 

 

The government should develop incentive schemes for hydrogen producers to inject their hydrogen into 

the natural gas pipelines or to sell it as a transportation fuel. In this sense, the government is incentivizing 

an increase in the share of renewable energy in the industrial, transportation, and residential (building) 

sectors. These sectors account for 34.5%, 30%, and 20.5% of GHG emissions in Ontario, respectively 

[61] 

 

Although Power-to-Gas was noticed in Ontario’s long-term energy plan 2017 which was published 

recently, there is still no action plan, budget, or specific recommendations. One of the outcomes of this 

project will be showing the advantage of a Power-to-Gas system for a firm in Ontario not only for 

reducing GHG emissions, but also as an efficient use of Ontario’s renewable electricity.  

 

Public awareness about hydrogen technologies can also be increased with educational projects or funding 

pilot Power-to-Gas projects for public institutions such as municipalities or universities, and colleges. In 

the research area, support for the further development of large-scale underground hydrogen storage and 

methanation technologies should be provided.  
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