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ABSTRACT
This work develops a generalized modeling framework using several approaches for assessing the
feasibility of storing energy in order to demonstrate the economic and environmental benefits of
managing the existing power generation sources in Ontario. Optimizing the costs and emissions
while maintaining energy demand is the main and general target for this study. The purpose of this
research is to provide the energy systems management and decision makers an effective tool for
assessing the optimum way of utilizing an existing energy sources in Ontario. The major
contributions from this research are: to assess the feasibility of integrating renewable energy
sources into Ontario power grid in terms of cost and emissions; and optimizing energy storage
capacity in natural gas network within the power-to-gas concept. Power to Gas as an energy storage
is a novel technology that is considered to be a viable solution for the curtailed off-peak surplus
power generated from intermittent renewable energy sources, particularly wind and solar. The
unique technology of ‘power-to-gas’ represents a promising system in managing storing energy
when addressing the current challenges of demand satisfaction, grid-flexibility, related emissions
and costs.
In the first part of the research, the integration of intermittent renewable energy sources of wind
and solar into a larger scale fossil-fueled combined cycle power plant (CCPP) utilizing hydrogen
as an energy vector is explored in order to meet the needed load following energy profile at
minimum costs and lower emissions. GAMS is used to model energy hub costs to approach the
problem using mathematical programming while power cost and emission credits represent the
model outputs. The cost-emissions models will aid in sizing of the key components within the hub
and optimizing its operation. Two different types of modeling are used, Mixed Complementary
Problem (MCP) and Mixed-Integer Linear Programming (MILP) in simulating the configuration
of the proposed energy systems, while monetizing health impacts associated with exposure to
conventional energy sources emissions.
In order to bring attention to the risks that associate with utilizing NG-fueled energy sources such
as combined cycle power plant CCPP, the third part of the research is developed to assess the
monetary value of the risks of the expected pollutants on human mortality and morbidity. The
pollutants of carbon monoxide (CO), nitrogen dioxide (NO2), fine particles (PM2.5), and sulfur
dioxide (SO2) from a sample of natural gas NG, were chosen based on their emission rates and
iv

their severity on the health impacts. To lessen the health impact from natural gas fuel, hydrogenenriched natural gas (HENG) fuel was examined to fuel the combined cycle power plant. The
Health Canada’s Air Quality Benefits Assessment Tool, AQBAT was used for monetizing the
impacts of pollutants on health by taking into account a range of morbidity and mortality outcomes
as well as their dollar value, when the natural gas and the hydrogen enriched natural gas fuels were
used.
The final part of this research is designed to measure the feasibility of new decentralized power
system as a critical mechanism in meeting energy demand and as a step forward towards an energy
sustainable future. Decentralized power systems are characterized by generating power near the
demand area, it can operate by interactions with the local grid, in which it feeds surplus power
generated to it, or it can behave as a stand-alone isolated energy system. The development of
community power requires the consideration of several sustainability criteria in order to meet the
minimum requirements that satisfy communities’ demands and maximize energy generation
benefits. These criteria include cost effectiveness, risks to the environment and humans, scaling,
efficiency, and resilience. The existing natural gas distribution system is utilized to store and to
distribute hydrogen produced via electrolysis with and without the consideration of additional
hydrogen storage while considering two recovery pathways: ‘power-to-gas-to-power’ and ‘powerto-gas-to-end users’ to satisfy power and end-users demands. The multi-objective and multi-period
mixed integer linear programming model is employed to minimize the cost of generating electricity
and storage, the cost of health impacts associated with emissions, and the cost of power losses
from renewable intermittent energy sources. The proposed model is designed to evaluate the
optimal operation and sizing of the energy producers and the energy storage system, as well as the
interactions between them.
The cost of generating electricity is found to depend on the operational hours of energy sources
and on the estimated cost of electricity varied from $0.092 to $0.11 per kWh. Blending hydrogen
with natural gas to fuel combined cycle power plant could save on human’s health and
environment, at hydrogen concentration of 2.3%, it could save CAD$1.15 for every MWh
produced when meeting power demand. Storing the surplus electricity from wind and solar during
off-peak periods by producing hydrogen through electrolysis process and storing it within the
natural gas pipeline network saved 10% of the cost of electricity that generated to meet the powerdemand.
v
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Chapter One
1. Introduction
This research focuses on demonstrating the benefits of adopting new hybrid energy concepts such
as energy hub and new systems such as ‘power-to-gas’ technology in terms of economic and
environmental aspects while meeting energy demand. Integrating these technologies into the
existing energy system in Ontario represents a critical step towards sustaining the future of energy.
The scope of this research is limited to fiscal assessment including capital costs, O&M costs, and
fuels costs (including generating hydrogen costs); and environmental effects including health
impacts due to mortality and morbidity impacts.
The area of south west of Ontario is considered to be the specified area for this research due to its
wind and solar potential. This location is connected to the major electrical and natural gas
distribution system assets plus its potential for minimizing the transportation costs of energy.
The operation of the proposed energy systems is balanced in this research to achieve two main
viable targets that are: economics and minimized environmental-health impacts; therefore, the
decision makers are considered to be the most relevant recipients particularly in managing energy
while reducing environmental impacts without interrupting any new investment in energy
facilities. The established bi-objective function in the optimization model to balance the analysis
of economic versus environmental-impacts represents the most and unique contribution to the
energy system management field.
This research presents the need to store un-expensive surplus power during off-peaks and then to
be recovered and distributed at on-peaks in order to strengthen power networks and maintain load
levels.
This research contributes to the energy systems management’s field by: achieving results of more
reality and significance due to utilizing an hourly input parameters rather than average monthly or
seasonally; accomplishing feasible targets due to incorporate the laws of thermodynamics,
economics, statistical environmental-health impacts studies and fundamentals of process design;
utilizing AQBAT as a Canadian tool that was designed for measuring health impacts from trafficemissions to measure health impacts from combined cycle power plant emissions; applying
practical cost-assessment to incorporate environmental-health impacts cost within generating
1

electricity cost in order to present the importance of integrating power-to-gas system into existing
Ontario power; examining the benefits of utilizing hydrogen as an energy carrier in storing and
transforming energy in terms of economic and environmental-health impacts; and analyzing
different concepts of storing surplus energy during off-peak periods and reuse it in on-peak periods
in terms of optimum cost-environmental objectives.
Chapter two illustrates the research background, describes in details the approach that used in
designing the energy hub concept, review the literature, and explore the new and unique concepts
that can support the current research. It includes: quantifying health impacts associated with
emissions from CCPP, comparing energy hub concept with power-to-gas technology, investigates
the technical challenges of storing hydrogen in natural gas pipelines, explores storing electrical
energy, and describes the modelling-optimization tools that are used in this research.
Chapter three focuses on integrating of wind and solar as emissions-free and intermittent
renewable sources into conventional natural gas fueled combined cycle power plant as dispatchable power generation source. The main idea is to investigate the feasibility of utilizing the
curtailed power from wind and solar during off-peak periods to be used in electrolysis process for
generating hydrogen economically. A similar approach is presented in chapter four with some
modifications, the renewable energy sources of wind and solar are used only for generating power
to feed the electrolysis process while the natural gas fueled combined cycle power plant is utilized
to meet the power demand. More hydrogen could be produced and its optimum concentration in
hydrogen enrich natural gas fuel is examined.
Chapter five performs a cost-analysis for estimating hidden costs of generating electricity from
conventional fossil-fueled sources such as combined cycle power plants. Presenting these invisible
costs will give warnings to the governments and decision makers to be more aware when
considering the conventional energy sources in meeting power demand; their environmental-health
impacts associated with emissions are serious concerns.
Chapter six examines the potential benefits of utilizing decentralized energy system to provide
communities with renewable energy, and it is also considered to be a significant step towards a
sustainable energy future. The locally sited, decentralized, and based on renewable energy
technologies can either be grid-connected or stand-alone energy system. This approach has
received increasing attention in Ontario due to the adoption of the Green Energy and Green
2

Economy Act, which includes a Feed-In-Tariff policy. The optimization-model considers the
sizing of the electrolyzers farm to maximize the capacity factor of the units during their operation.
Comparing the results of all four studies is performed and presented in chapter seven while
discussing the major outcomes and the conclusions. Recommendations are presented as well for
future work. The flow of current research is summarized in Figure (1.1).

Design of an energy hub based
on natural gas and renewable
energy sources

Integration of renewable
energy sources into combined
cycle power plants through
electrolysis generated hydrogen
in a new designed energy hub

Mixed Integer Linear
Program
MILP

Cost-analysis of health
impacts associated with
emissions from combined
cycle power plant

Integration of Decentralized
Energy Systems with UtilityScale Energy Storage through
Underground Hydrogen–
Natural Gas Co-Storage Using
the Energy Hub Approach

Figure (1.1): Research Flow

1.1 Problem Statement
There are continuing efforts to increase the capacity of renewable energy generators such as wind
and solar in the energy supply mix in order to combat the increase in carbon emissions and to rely
on more sustainable energy sources. Ontario’s feed-in-tariff (FIT) is a green energy investment
program that provides a guaranteed pricing structure of electricity produced from renewable
sources. The program incorporates standardized rules, prices and contracts with the purpose of
unlocking private cash flows into the renewable energy infrastructure (Ontario Feed-In Tariff,
2011) and (Ministry of Energy, 2011). The FIT program has contracted 8,623 MW of renewable
non-hydro energy projects as of 2015 (IESO, 2015), which is expected to increase to 12,000 MW
by 2020 (Weis, et al., 2013).
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Renewable energy resources, particularly wind and solar, are inherently intermittent, which results
in difficulties in making them dis-patchable. The maximum capacity of production from solar
photovoltaics and wind turbine generators is determined by the weather conditions. Moreover,
curtailing production during periods of surplus baseload generation is economically unfavorable
due to the fixed FIT contracts with renewable energy generators. The reduced flexibility in
production poses a concern for grid operators and hinders the penetration of these resources into
the energy supply mix.
Exploring the approach of utilizing electrolysis process in generating hydrogen as an energy carrier
in storing the surplus power from renewable sources during their available and off-peak periods in
order to be recovered during on-peak periods for long terms is critical to continue in
adopting/integrating more of renewable sources into existing grid.
The utilization of hydrogen as an energy storage medium for managing the intermittent supply of
solar and wind power in Ontario is still at the conceptual stage and is the main focus of this
research.

1.2 Research Motivation
By establishing adaptive energy ecosystems, where gas pipelines and electricity transmission are
integrated for bi-directional energy flows and seasonal storage, the provincial energy market will
achieve improved system operability, greater system efficiency, and an overall reduction in
emissions. There is an expected significant reduction in greenhouse gases, as CO2 free wind and
solar power will be effectively used and emission reductions for Ontario validated. This will
ultimately result in improved consumer economics through more efficient use of energy sources.
The use of hydrogen blends in the natural gas combustion process has shown to have air emission
reduction benefits. Since much of the infrastructure already exists, there is only a low/modest
capital investment required.
The use of energy storage technologies as a buffer between renewable energy sources and the load
is a promising solution to address the surplus generation and renewable intermittency problem.
They respond to dispatches of electric generators and demand side management, and function as a
capture technology for intermittent renewable energy from which output can be regulated.

4

Ontario has all the key conditions and industrial expertise to deliver on this transformative
convergence of infrastructure for a smart-energy-grid. This includes the technical requirement to
manage unique power grid conditions that have coincident surplus baseload with increasing
supplies of off-peak intermittent renewables. The province also contains the unique geological
infrastructure for underground storage, and Enbridge and Union Gas already maintains over 276
billion cubic feet of underground storage as two of Canada’s largest gas distributors.
Repurposing existing gas grid assets for new services such as energy storage for intermittent power
has the potential to provide significant value to ratepayer benefits for both electricity and gas
consumers. A report by International Energy Agency (IEA) estimates that the new worldwide
installations of energy storage capacity will increase 100-fold between 2011 and 2021 to
12,350MW, or a $25 billion market (IEA, 2014). Further, it estimates that 50% of this market will
be for long duration or grid-scale energy storage like power-to-gas. Establishing a domestic market
in Ontario for renewable gas technology adoption will provide advantage to local technology
developers and system integrators.
The importance of this research is to exhibit the possibilities for different energy sources to operate
in a synergistic manner in order to meet the market electricity demand at reasonable prices while
minimizing emissions impacts on the environment and health.
The successful integration of multiple decentralized energy technologies such as wind and solar
photovoltaics energy converters is highly dependent on the consideration of energy storage and
distribution technologies in the design planning of the energy system. Utilizing the underground
hydrogen-natural gas (UHNG) system to store electrolytic hydrogen produced using power outputs
of wind and solar energy during off-peak demand represents a unique path to overcome the
intermittent nature of these resources. The proposed UHNG system adds flexibility to the power
generation and distribution system, and allows for the lowering of overall emissions due to the
reduced consumption of natural gas and the higher consumption of the non-GHG emitting
hydrogen.
Unlike other energy storage options, there are different pathways by which energy can be
recovered from the UHNG. There are various configurations and tradeoffs that can be achieved in
the proposed energy system, which requires the application of optimization tools in order to
determine the optimal set of decision variables in the system. These variables include number of
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energy producers (i.e. gas turbines, solar photovoltaics, wind turbines and electrolyzers), energy
flows between energy producers and UHNG, energy flows within the UHNG system, energy flows
between energy producers and end users, and energy flows between UHNG and end users.
Exogenous parameters such as hourly power demand, hydrogen demand, fuel prices, and technoeconomic data are all considered in this research.
The distinctive features of this research can be summarized as follows:


A simulation model for an energy hub is developed to measure the availability of wind and
solar as the chosen renewable sources when they stand alone for satisfying eletcrolyzers
power demand in order to produce required hydrogen in different scenarios,



The resulted health damages due to the emissions from natural gas fueled power plants is
quantified and monetized to assess the extra hidden costs of generating power demand,



A multi-objective and multi-period MILP model is used to minimize total cost of power
production and storage, cost of health impact of emissions, and power curtailment from
intermittent renewable energy sources,



The model considers the development of potential power-to-gas that incorporate the
existing natural gas storage and distribution system to manage the off-peak surplus of
intermittent renewables, for which multiple recovery pathways are considered (i.e. powerto-gas-to-users and power-to-gas-to-power),



The multi-objective component considers various criteria that pertain to the aspirations of
users/communities, which include cost effectiveness, accessibility and reliability, and
reduction in environmental/health costs (i.e. consideration of multiple pollutants and their
associated environmental and health impact costs),



The model considers the interactions with the local grid based on the currently available
FIT policy, and



The model considers capacity expansion decisions to allow for the future planning of
community power portfolios.
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Chapter Two
2. Background
This chapter intends to provide background for monetizing environmental-health impacts
associated with Combined Cycle Power Plants (CCPPs) emissions; new energy systems including
energy hub and power-to-gas while discussing the main challenges; modelling and optimization
tools used; and the critical need for electrical energy storage system. It includes a brief summary
of similar published articles and their relations to this research.

2.1 Quantifying Health Impacts Associated with CCPP’s Emissions
Among Canada’s industrial sectors, the electricity generation sector has made a significant
contribution to the country’s air pollution, emitting more than its fair share of NO x and SOx
emissions, consequently contributing to smog, acid rain, and the formation of fine PMx (USAEPA, 2016). As the CCPPs burn natural gas (NG), a relatively clean fossil fuel, their emissions’
rates are low compared to other fossil fuels. Low levels of air pollution emissions accompanied by
a limited amount of wasted heat due to high operating efficiency are the most significant
advantages of utilizing the CCPPs in generating heat and electricity (Kehlhofer, et al., 2009).
Combusting NG produces low levels of sulfur, mercury, and particulates. Burning NG also
produces NOx, which is a precursor to smog, but the gas occurs at lower levels than when burning
gasoline and diesel (C2ES, 2013). Although NG-fueled CCPPs emit limited levels of Green House
Gases (GHGs) and criteria air pollutants compared to other fossil fuel-powered plants, the
considerable accumulated levels of these emissions cannot be ignored (European Commission,
2016). The NG-fueled CCPPs as the proposed sources for meeting power-peak demand have
noticeable environmental-health impacts due to their emitted air pollutants including NOx, PMx,
CO, and SOx in addition to the GHGs such as CO2. Air pollution impacts humans’ health and thus
imposes significant financial and social costs on the society in terms of: increased health care costs,
missed days of work, and reduced worker productivity. It is estimated that air pollution costs
society and the economy billions of dollars every year (Environment Canada, 2013). The full social
costs of air pollution could include not just damage human-health and lost human-productivity,
but are even higher to include the indirect losses such as health care expenses required to reduce
pain, reduce suffering, and preventing death. Air pollution is linked in varying degrees with a
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variety of health-impacts including asthma, cancers and cardiovascular diseases. In Canada, the
researchers from Toronto Public Health Department and from Ontario Medical Association
(OMA) all prove that air pollution complications can associate with premature death, increased
hospital admissions, increased emergency room visits, and higher absenteeism rates from work
(Environment Canada, 2013). Reductions in these emissions translate into public health benefits,
as these pollutants have been linked with problems such as asthma, bronchitis, lung cancer, and
heart disease for hundreds of thousands of people (California Environmental Protection Agency,
2012). Serious health issues like asthma, bronchitis, lung cancer, and heart disease have been
declared by the California Environmental Protection Agency (CEPA) to be the direct expected
impacts due to exposure to the aforementioned air pollutants; therefore emission abatement
requires urgent action and will translate into public health benefits (California Environmental
Protection Agency, 2012). Although NG-fuelled CCPPs emit relatively low levels of air pollution,
their accumulated emission impacts can influence the air quality in local and regional areas. Rising
concentrations of hazardous air pollutants should be managed before they can negatively affect
humans and the environment (EPA, 2015b). Long-term exposure to certain levels of the criteria
air pollutants can cause serious and unexpected health outcomes, including respiratory symptoms
and cardiac disease, and may lead to certain cancers. It has been found that the residents living
within 800 meters of NG operating facilities are at greater risk of health impacts from air pollution
than those living farther from the sites (McKenzie, et al., 2012).
When electricity generation costs do not adequately reflect all associated social/environmental
cost, the monetary value assigned to benefits or adverse effects, referred to as damages, are
“hidden” in the sense that government and other decision makers, such as electric utility managers,
may not recognize the full economic and social costs of their actions on the public. When market
failures like this occur, there is a case for government interventions in the form of regulations,
taxes, fees, tradable permits or other instruments that will motivate such recognition (NRC, 2009).
The external costs of electricity are the costs of damages imposed on society and the environment
by an electricity generation chain, but not accounted for in the market price of electricity (Molnar,
et al., 2008). Evaluating the environmental impacts of the energy sector should be expressed in
terms of external or additional cost per energy unit. These costs are called “External” because their
effects are ‘outside’ of the normal pricing system. ‘Externalities’ are also defined as benefits or
costs, generated as a byproduct of an economic activity, that do not accrue to the parties involved
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in the activity (El-Guindy, 2013). Utilizing the true cost of electricity could affect regulations in
two ways: one is in planning and permitting for new investments, and the second is through the
operation of existing facilities.
There are two main methods for estimating the true costs of electricity generation: (1) The damage
function approach which establishes the relationship between emissions and impacts and then
monetizes the accrued damages; and (2) The abatement cost approach which uses the cost of
reducing pollution given current regulations as an estimate of damages from pollution. The damage
function approach is far superior to the abatement cost approach, but is more data and
methodologically intensive (Burtraw & Krupnick, 2012).
Estimating the economic and social costs associated with external effects is a multistep process.
USA’s National Research Council (NRC) delivered a methodology based on the “damage function
approach” which starts with an estimation of pollutants’ impacts using mathematical models and
then estimates the pollutants’ resultant ambient concentrations and ensuing exposures (National
Academy of Sciences, 2009). The exposures are then associated with consequent impacts to certain
levels. These impacts then can be monetized as estimated damages. Studying people’s preferences
for reducing the health and social damages represents one of the ways that researchers can
approach assigning monetary values to energy-related adverse emission impacts. Monetizing these
damages is similar to the methodology of the price that people are willing-to-pay (WTP) for
commercial products. Based on the outcomes of external-cost studies, there should be more focus
on evaluated damages related to PMX, SO2, and NOx as the criteria air pollutants emissions
(Committee on Health and Environmental, 2010). The research associated with these studies has
monetized the impacts of air criteria pollutants on health, crops, construction materials, recreation,
and visibility. Health damage, including premature mortality and morbidity, represents the largest
area of interest in monetizing health damages. This level of interest in monetization is likely due
to the vast variety, direct impact, and high cost of morbidity, while premature mortality represents
the largest health-damage category. Burtraw et al (Burtraw, et al., 2012) provided a review of
methodologies for calculating the actual cost of generating electricity from conventional energy
technologies in the United States. The infrastructure has been built to support the integration of
renewable energy facilities through a desired policy network for the 21st century (REN21). Their
work also aims to explore new methodologies for developing new approaches in estimating the
true costs of generating electricity by adopting such technical-analysis at various levels of detail
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and rigor. The expected results of the desired analysis as well as the discussions with stakeholders
are critical in providing guidance to decision-makers. Another study by Biegler (Biegler, 2009)
estimated the external costs of utilizing coal and NG to fuel power plants; the researcher calculated
health damages due to expose to PM10, SO2, and NOX; examined the results, and then adjusted for
local application in different population densities. Using this methodology, the health-related
damage costs were estimated to be CAD$0.70 per MWh for a typical NG-fired power plant. Roth
and Ambs (Roth & Ambs, 2004) calculated the levelized cost of electricity (LCOE), including the
external costs when generating electricity from conventional fuels. Their analysis includes fuel
cycle costs incorporated by the ‘‘externalities’’ approach which increases the likelihood of
adopting renewable power resources from a societal perspective. The methodologies of
externalities include calculating all related damage costs caused by air pollution, energy security,
and transmission, and from distribution facilities. The monetized health impacts expressed as
ranges of values are explored in the literature and commonly represent the expense of maintaining
the impact of air pollution emissions (Roth & Ambs, 2004). Another investigation of the impacts
of air pollutants on public health is performed by Chen, X. et al (Chen, et al., 2016), this study
employed a spatial Durbin model to investigate the impacts of air pollutants on public health in
116 cities of China during time period from 2006 to 2012; they utilized a survey data from
mortality and respiratory diseases to investigate public health impacts as well as using a statistical
data of emissions for specified air pollutants such as SO3 and soot in order to discover how they
can be connected. Air pollution impact was investigated by the Toronto Public Health Department
(TPHD), it is found that in Toronto alone there were 6,000 hospitalizations and 1,700 premature
deaths each year that are directly related to air pollution impacts. The study showed that these
cases would not have happened if individuals had not been exposed to the chronic levels of air
pollution experienced in Toronto at different time periods (Toronto Public Health, 2004).
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2.2 ‘Energy Hub’ Concept versus ‘Power-to-Gas’ Technology
To investigate the feasibility of the economic liability of power-to-gas as the proposed technology
for storing surplus power, the energy hub concept is used in this approach (Bucher, et al., 2015).
The energy hub represents a modelling frame work used to describe such a proposed configuration
in order to perform specific analysis; whereas power-to-gas is an established technology used for
storing surplus power generated by renewable sources during off-peak periods and to be used
during on-peak periods. The surplus power can be stored as hydrogen when electrolysis process is
used or as methane when methanation process is used.
As a tool, energy hub is utilized in this research to model two different configurations as mentioned
in the first and second published papers. Both papers have proposed the concept of integrating
renewable energy sources into power grid while storing the surplus power by generating hydrogen
and to be injected into natural gas network; the 2nd paper investigates the concept of utilizing the
hydrogen enriched natural gas (HENG) to fuel combined cycle power plant for minimizing
environmental emissions.
Energy hubs can be defined as new concepts of energy systems in which the energy sources can
be integrated and interconnected; whereas their multiple energy carriers can be converted,
conditioned, and stored (Geidl, et al., 2007). Energy carriers such as electricity, natural gas (NG),
and hydrogen are critical in commercial, industrial and residential use. Harmonized such hybrid
energy systems have increasingly received better attention in the last two decades due to their
related environmental-health beneﬁts versus the controversial, conventional fossil-fueled power
plants (Giannakoudis, et al., 2010). Energy hub concept did not get enough research as most of the
simulation literature in the past has focused only on power generation systems that have
independent energy carriers such as electricity and natural gas. Just few researches have considered
multi-generation power systems in their studies (Geidl, et al., 2007), (Favre-Perrod, et al., 2005)
and (Geidl & Andersson, 2005). Improving the grid-performance, increasing the grid-flexibility,
and increasing the grid-reliability by eliminating the intermittency issues of wind and solar are the
major advantages of adopting energy hub concept. The surplus electricity generated by wind and
solar can be converted into hydrogen through electrolyzers to be stored or sold to local markets.
Such scenario will contribute to the development of hydrogen economy.
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The flexibility that the energy hub can added to the existing grid is another advantage, through the
input units the system depletes energy of different kinds such as electricity and heat; whereas the
system could produce electricity, heat, and by-products such as hydrogen or methane as the outputs
(Geidl, et al., 2007). Significant advantages can be achieved when using the energy hub concept
compared to the other existing conventional energy systems. The main advantages include:
reliability in power supply due to overcome the issue of intermittent nature of wind and solar;
increase in the system performance due to use energy management when balancing supply and
demand; utilization of various kinds of energy sources when renewable sources as well as fossilfueled sources are combined in the hub; and improvement in the efﬁciency due to minimize the
energy waste (Geidl, et al., 2007). The combination of two main objectives of maximizing energy
efﬁciency and minimizing overall energy-generation cost is the critical requirements for the
effective power generation and delivery system.
Utilizing of an energy system combines fossil-fueled such as NG-fueled CCPP with renewable
sources such as wind and solar will reduce air pollution emissions while meeting power demand
at different on/off peak levels. The techno-economic studies of PV/wind/CCPP power systems that
carried out using HOMER (Hybrid Optimization Model for Electric Renewables) software showed
that these systems will be a potential replacement for fossil-fueled power plants when meeting the
required load in terms of health and climate damages that could be avoided (Li & Yu, 2016) and
(Shaahid, et al., 2014). A detailed study from Europe concludes that reducing the dependence on
conventional power plants by integrating cleaner renewable energy systems will improve the air
quality and thus lead to significant improvements in human health and boost productivity (HCWH
Europe and HEAL, 2010). It is estimated that the European Union could save up to €80 billion a
year in the form of avoided illnesses and losses in productivity when improvements in air quality
are applied through reductions in PMx, NOx, and SO2 emissions from power generation plants.
The term “Power-to-Gas” is used to describe the process of converting electrical energy into a
gaseous form, making storage and transportation via the existing natural gas infrastructure
possible, bridging the power grid with the natural gas grid (see Figure 2.1). It is a novel concept
which emerged from Germany in the last 15 years. In the first step of the Power-to-Gas process,
the surplus electricity from renewable sources such as wind and solar is used in electrolysis to
generate hydrogen, the generated hydrogen is then injected into natural gas pipeline network to
form Hydrogen Enriched Natural Gas (HENG) fuel. The HENG fuel can be transported directly
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to customers where it can be used as a gas-blend. Large-scale electrolysis technology is critical for
the true convergence of the natural gas and power grids. Electrolysis-based hydrogen storage
technology brings with it unsurpassed energy storage capacity, timescale, and dynamic
responsiveness for grid stabilization.
Power-Grid

Gas-Grid

Nuclear Power
Plants

Natural Gas

Hydro Power
Plants

Bio Gas

Renewable
Energy Sources

H2

Electrolysis
Process

CO2

Methanathion
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CH4

Combined Cycle Power
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Figure (2.1): ‘Power-to-Gas’ bridges the power-grid into gas-grid

Informational and control systems for power and gas grids can be networked to manage this energy
flow from power to gas, and then from gas back to power when, and where, these energy
conversions are most beneficial to the provincial power grids. In power-to-gas process, the
electrolytic-generated hydrogen is directly injected into the natural gas network as an additive; the
resulting mixture, hydrogen enriched natural gas (HENG) can be used as fuel, as long as its
composition meets end-use appliances’ requirements and do not threaten the structural integrity of
network components. This direct hydrogen injection is appropriate where the renewable produced
hydrogen volumes are typically less than 10% by volume, and this process is preferred due to
technology simplicity and higher system efficiencies (> 85% conversion efficiencies). In addition
to the environmental benefits of using HENG fuel and large-scale energy storage, such
bidirectional conversion between key energy vectors is expected to improve the utilization of
assets in both energy networks and to increase supply reliability through supply redundancy. The
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challenge is two-fold. While initial market penetration of HENG fuel can occur today, achieving
the maximum system integration, renewable penetration levels, and consumer economics will
require predictive system operability modeling to asses, and plan, how the energy systems (gas
and electricity) can be optimized for geography, time, and energy supply/demand mixes.
Coincident with these efforts, industry and technology developers can use the early research
activities and results to define the techno-economic benefits of adaptive and integrated energy
infrastructure that span both electricity and natural gas grids. HENG-fuelled CCPP power plants
represents such creative and successful process to enhance the performance and to reduce the GHG
emissions of mentioned power plants to minimum levels. HENG fuel has the potential of reducing
NOx emissions without the limitations found in other NOx control methods (Melaina, et al., 2013).
As a volumetric mixture, HENG can be in the range of zero to 20% hydrogen which is compatible
with existing natural gas transmission and distribution infrastructure. Integrating sustainable, zeroemissions and non-dis-patchable resources such as wind turbines and photovoltaic solar into
Ontario power grid by producing hydrogen represents the main advantage for health and the
environment (Goldstein & MacDougall, 2012). This plan would offer cleaner, flexible and secure
energy supply while utilizing local energy resources.
For Power-to-Gas to be a province-wide, utility-scale storage solution with defined system-wide
benefits, the above interfaces must be modeled to reflect a fully engineered, functional and
seamlessly operation. The resulting modeling and research will be valuable for industry to plan
the future electricity-gas grid interfaces and to drive industry-uptake and operational-buy-in that
achieves the desired system benefits. It’s a market potentially worth billions of dollars, and it is
working with “leading utilities worldwide” on demonstration projects, setting the stage for
commercial projects. The power-to-gas approach allows it to “convert multi-megawatts of
renewable electricity to hydrogen and then use it in multiple applications.” Those applications
include commingling the hydrogen with existing natural gas, with it flowing to end-users to
generate electricity or heat (Bentein, 2014).
The challenge is preparing for the hydrogen economy by defining the conditions under which the
existing natural gas system can be used for HENG fuel; whereas the aim is to encourage and
facilitate a transition to the hydrogen economy on a shorter timeframe by providing a transition
stage by using the existing gas infra-structure to convey a HENG fuel.

14

The underground hydrogen storage with natural gas (UHNG) is an innovative technology, the
underground stored hydrogen can be recovered and send to the market while get benefits of
utilizing the existing natural gas distribution system. The stored HENG fuel can be retrieved and
directed towards two different pathways:
(1) Power-to-Gas-to-Users (PtGtU): the HENG is distributed to end users to be used instead of
pure natural gas; and
(2) Power-to-Gas-to-Power (PtGtP): the HENG fuel is sent to combine cycle power plant (CCPP)
for generating electricity, which can be exported to the power grid or to satisfy local demand.
The selected pathways for the hydrogen usage represent a near term use of hydrogen, and represent
a transitioning step to a longer term hydrogen based economy where hydrogen can become a
critical emissions free mobility fuel.
The technical issues of integration the intermittent renewable energy sources such as wind and
solar can be solved by incorporating the power-to-gas technology into NG-pipeline network. There
is no doubt that exploring a solution for scaling/sizing energy storage is critical as an inquiry for
achieving better integration of renewable energy sources in the future. Other energy storage
technologies such as flywheels, batteries, pumped-water-hydro and other facilities have their
advantages, but none of them has an ability to store seasonal surplus energy at the terawatt scale
other than power-to-gas technology. Power-to-Gas is a unique innovation that simply uses surplus
renewable electricity to generate renewable hydrogen to be stored/injected in natural gas pipelines
or can be used in transportation. Existing NG-pipelines can store hundreds of terawatt hours of
energy as hydrogen for different periods of time. Power-to-Gas can bridge the power, natural gas
and transport networks together towards unique options as an energy storage, see Figure (2.2)
(Hydrogenics , 2013).
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Figure (2.2): Power-to-Gas representation

In Germany and neighboring countries there are 30 power-to-gas plants at different levels of
commercial-power generation. The related technologies being employed to create this innovative
technology is rapid in the space. Power-to-gas begins with simple electrolysis process, using
electricity to separate water into its components hydrogen and oxygen. Produced Oxygen can be
sold or used in different industrial/commercial applications and the hydrogen can be deployed in
other energy-related applications. Hydrogen can be mixed with natural gas in NG-pipelines grid;
whereas further research is needed to determine what concentrations of hydrogen can be supported.
Originally there was thought that maximum hydrogen concentration is 5% that could be used, but
based on many technical parameters of pipeline engineering and downstream end-users, ratio can
reach up to 12% has been achieved. Cast iron and steel NG-pipes have limited ability to contain
hydrogen due to their embrittlement impacts by hydrogen. Higher hydrogen concentrations can be
achieved by using plastic NG-pipes effectively, but end-users should be informed to ensure their
appliances are not impacted by higher hydrogen ratios (Dodge, 2014).
Historically pipelines is a one-way flow of electrical energy from intermittent renewables, but
using the power-to-gas solution enables Ontario’s pipeline infrastructure to integrate the electricity
grid for bi-directional energy flows to absorb and potential store surplus power; or use the natural
gas distribution system to move the energy to another location where it can then be used for
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generating electricity or heat. The only new infrastructure required in the system is the electrolyzer.
With this addition the vast natural gas infrastructure can offer the electricity system a very large,
distributed, energy storage network that can also transport energy from one area of the province to
another while shifting the time between generation and end-use from hours, days or months.
Many technology pathways are being explored for storing energy in order to satisfy the challenges
of integrating renewable energy sources into the existing power grid. Storing access energy in
batteries are excellent from rapid charge/discharge perspectives but only for short time periods.
Other energy technologies such as pumped-water for hydro and Compress Air Energy Storage
(CAES) can offer longer time periods but are limited by the requirements of suitable geographic
areas. Chemical conversion of electrical energy into hydrogen allows the existing NG-pipelines
grid to be leveraged for massive-capacity, long-term, well distributed storage that can be in cost
competitive with other energy storage technologies.
Limited academic publications have considered the power-to-gas concept, plus a limited working
demonstrations of the concept have been conducted. In natural gas engines and natural gas turbines
it is found that adding hydrogen to natural gas results in a cleaner and more efficient burn. The
energy yield of the process increases, and emissions are generally reduced. Hydrogen assists the
complete combustion of methane, decreasing unburned hydrocarbon and carbon monoxide
emissions. Although in gas turbines, nitrogen oxide emissions may increase with the addition of
hydrogen, they can be offset by adjusting reactor temperature and excess air ratio. It is found that
excess air ratio also proves to be important in determining process efficiency and emissions (Ma,
et al., 2007), (TerMaath, et al., 2006).
Power-to-Gas offers an incredible promise future of storing electricity in North America that
should motivate the American/Canadian environmentalists to focus further on incorporating this
technology into the existing grids and to follow the Europeans in their interest in this field. The
Hydrogenics project that is assigned to store 2.5 MW of electricity within the grid in Ontario,
Canada; followed by California power authorities (Cal ISO) who shared a project with NREL
(National Renewable Energy Lab) to model the Western States Grid to identify Power-to-Gas
opportunities. California authorities have come to realize how the Power-to-Gas represents a
critical key towards integrate renewable energy sources into California’s grid in order to meet
some of the most aggressive renewable energy targets after Germany (Dodge, 2014). Canada has
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long been the center of global hydrogen and fuel cell development, with an estimated 2,000
Canadians employed in the sector, according to the Vancouver-based Canadian Hydrogen and Fuel
Cell Association (CHFCA). The CHFCA points out that hydrogen’s greatest merit is its flexibility,
since it can be produced from renewable sources at centralized manufacturing plants (from which
it is then distributed by pipeline or tanker) or through on-site production (CHFCA, 2014).
The recognized advantages of the power-to-gas technology are examined when utilize the excess
power from wind through generating hydrogen to be stored in the NG-pipelines distribution grid.
The system’s feasibility and its size are the key parameters, therefore a practical analysis is
performed when generating hydrogen that would be injected into the natural gas grid.
The study considered the wind farms located in southwestern Ontario, Canada (Garmsiri, et al.,
2014). Their model designed to consider the targeted rate of producing hydrogen as well as its rate
when injected into the local NG-grid. The system is examined where located in a wind farm that
have size of 100 MW integrating with a 16-MW capacity electrolysis process that can produce up
to 4700 kg of hydrogen in a day. In this study, linking the capacity of wind energy to the reliability
of producing hydrogen through electrolysis was examined. Mainly, the study compared the
electrolysis capacity versus wind farm size to explore the daily maximum hydrogen production
during one full year. A sensitivity analysis is performed for calculating the associated costs for this
size of wind farm and for the electrolysis capacity. The simple payback periods were estimated for
the 25-MW, 100-MW and 200-MW sizes of wind farms; their results were: 14.4 years, 13.1 years
and 12.8 years, respectively. When the large cost associated with the 200-MW wind farm is
considered and compared to the simple payback periods, the 100-MW wind farm was deemed to
be the most likely choice for utilizing hydrogen in a power-to-gas system.
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2.3 Technical Challenges of ‘Power-to-Gas’ Technology
In this section, the technical challenges that might face storing surplus electricity as electrolysis
produced hydrogen in natural gas network are addressed in some details. Addressing these
challenges is accomplished by cited the literature from different industrial backgrounds.

2.3.1

Hydrogen Leakage

Hydrogen is more vigorous in polymers than methane as the main element in natural gas, including
the modern plastic pipes used in natural gas distribution system. Hydrogen’s permeation
coefficient is higher through elastomer polymers than through plastic materials (Zhou & Ersoy,
2010). It is found that in common polymer pipes in the U.S. NG-Grid, Hydrogen’s permeation
rates are about 4 - 5 times higher than that for methane. As well known, leakage from pipelines
occurs in steel and ductile iron pipes mainly through threads or through joints. Leakage
measurements that done by GTI (Gas Technology Institute) for steel and ductile iron NG-pipelines
mentioned that the hydrogen’s leakage rate is 3 times higher than that for NG (Zhou & Ersoy,
2010).
Based on technical relationships from literature compared the permeation coefficients of hydrogen
and of natural gas in polyethylene pipes found that most gas leakage would occur through the pipes
walls, rather than through pipes joints (EIA, 2012). It is mentioned that a hydrogen concentration
of 20% in H2-NG blend within the approximately 415,000 miles of polyethylene pipes in United
States would result a loss of about 43 million ft3 of gas blend per year, 60% of the losses being
hydrogen and 40% being natural gas. This theoretical distribution main leakage rate (43 million
ft3 per year) would be 0.0002% of the 24.13 trillion cubic feet of natural gas consumed in 2010
(EIA, 2012). In general, due to the higher mobility of hydrogen molecules, injecting hydrogen into
NG-pipelines would reduce the natural gas leakage, resulting in a net reduction in the greenhouse
gas impact due to leakage. Based on experimental relations of permeation coefficients performed
by Dutch to estimate the leakage percentage from their NG-pipelines system, it is found a 17%
hydrogen blend would result a leakage rate of 0.00005% (Haines, et al., 2003).
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2.3.2

Safety

All large-scale power generation systems including fossil-fueled and renewable energy systems
are all accompanied with different types of human health and the environment risks. In general,
NG-fueled power generation plants constitute with lower risk of severe accidents than do other
large-scale power generation systems such as coal, petroleum, nuclear, and hydropower (Burgherr
& Hirschberg, 2008), (Burgherr, et al., 2012).
It is found that higher concentrations of hydrogen in distribution NG-pipelines may lead to minor
increase in overall risk (including probability and severity). The expected risks associated with
increasing hydrogen concentrations inside NG- service-pipelines are considered differently due to
their confined spaces that caused an accumulation when gas is leaked. If hydrogen concentrations
exceed 20% in NG-service-pipelines, the risk will increase significantly and much more than that
for other NG-distribution-pipelines (Melaina, et al., 2013).
The proper practices of risk management are critical to maintain the monitoring process for both
distribution and service NG-pipelines in order to reduce the overall risk.
NaturalHy project appraised (theoretically through modeling and experimentally through pilot
plant) three levels of risk when incorporate hydrogen into NG-pipelines, which are summarized in
the following points (Lowesmith, 2011):
Gas buildup- For hydrogen concentration up to 50%, the gas buildup will be slightly higher than
that for natural gas, but in general the behavior of the gas buildup of the blend was similar to that
of pure natural gas (Melaina, et al., 2013);
Explosions in enclosures- Comparing the explosion of H2-NG blend with hydrogen concentration
of up to 20% to that of natural gas alone, it is noticed that there is relative increase in the severity
when confined vented explosions are performed; and
Utilizing transmission pipelines risks- Basically the tendency for the severity will increase when
hydrogen concentration increased in the H2-NG blend inside NG-transmission-pipelines resulting
in increasing closer to the point of explosion and decreasing further from the point of explosion.
The key factor that has been noticed is the more accelerated dispersion of hydrogen blends inside
NG-pipelines, the lower concentrations at shorter distances and therefore lesser sever related risks
at the far point of the hazard area (Lowesmith, 2011).
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2.3.3

Compression of H2-NG Blend

Utilizing the large axial compressors originally designed for compressing/transferring pure natural
gas in compressing H2-NG blend (i.e. HENG fuel) will reduce the compressors head pressure and
then will result in lower their capacity. Such additional gas compressing stations may be required
to incorporate additional capacity and more support for the existing ones. It can be considered as
a complex concern, but is not regarded as a critical short-term barrier to hydrogen blending
process. Such a problem could be avoided by compressing hydrogen into the required extent
pressure when generated using its specified compressors and then can be injected into NGpipelines/grid; the H2-NG blend would therefore only pass through modest booster compressors
(Polman & Wolters, 2004).
The high pressure distribution pipelines is the cheapest way in transporting the gas for long
distances, therefore blending hydrogen with natural gas will be the most cost effective step when
performed at the high pressure entry points within the gas-grid. Producing hydrogen via
electrolysis process and injecting it into NG-pipelines will be relatively cost effective due to the
economies of scale, while the transportation step can be executed effectively via existing lines.
When hydrogen transferred by the dedicated high pressure pipelines from its centralized
production factory to the local blending facilities, more costs will be added; whereas will be
cheaper to use the existing high pressure NG-pipelines within the grid (Polman & Wolters, 2004).
It has shown that hydrogen affected the physical properties of NG-steel pipes, but the deterioration
of pipes properties is strongly related to the incidence of hard spots within the pipe which makes
these spots rely on the specifics of the pipe’s fabrication technique. The risks of cracking when
adding hydrogen increase due to the increase in the stress within the pipe’s wall resulting an
increase in pressure swings. The potential for harmful interaction between hydrogen and steel has
been known for many years and severe restrictions have long been in place. According to Europe
regulation for compressed natural gas (CNG) vehicles, the H2 content in CNG is limited to 2% by
volume, if the tank cylinders are manufactured from steel with an ultimate tensile strength
exceeding 950 MPa. This limit stems from the risk of hydrogen embrittlement which is known to
cause accelerated crack propagation in steel and is, therefore, a critical safety issue (Altfeld &
Pinchbeck, 2014).
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2.3.4

Natural Gas Pipelines Capacity

Pressure loss per transported amount of energy (i.e. bar per MWh) is the parameter used when
describing the capacity of a line in transporting specified quantity of a gas. This parameter is a
function of gas physical properties such as its density, viscosity and calorific value as shown in
Eqn. (2.1). All these physical properties will be influenced by the addition of hydrogen into natural
gas. Polman, et al. (Polman & Wolters, 2004) calculated the effect of blending hydrogen with
natural gas on the pipelines transport capacity at several pressures and their results are presented
in Table (2.1).
Pipeline Capacity = 𝐟(Density, Viscosity, Califoric Value)Gas Blend

Eqn. (2.1)

Table (2.1): Hydrogen addition related to NG-pipelines capacity
Hydrogen Content
[volume%]

Relative capacity
at 0.05 bar

Relative capacity
at 5 bar

Relative capacity
at 50 bar

0

100

100

100

5

97.4

97.3

94.0

10

94.8

94.5

87.7

15

92.2

91.8

81.1

20

89.7

89.1

74.7

25

87.2

86.4

68.6

30

84.7

83.7

63.0

The NG-pipeline’s capacity is reduced with increasing hydrogen concentration in HENG blend,
and with increasing the pressure inside the pipes, the capacity is reduced even more.
The existing grid of NG-pipelines consists of distribution pipelines, compression stations and decompression stations that are serving to transport the required amount of NG-energy to the endusers; but it can be used to store the gas whenever the gas supply exceeds the demand. This (shortterm) storage of natural gas in pipelines is called “line-pack”. Despite the fluctuating in gas
demand, the line-pack permits a continuous supply of natural gas into the grid. More storage
capacity requires higher pressures (Haeseldonckx & D’haeseleer, 2008). To meet the energy
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demand (i.e. natural gas demand as an energy carrier), the flow rate of natural gas should be
sufficiently high. This high flow rate is controlled alternatively by the pressure drop in the pipeline
when transporting the gas. The gas flow through a pipeline is described by Eqn. (2.2) (Jacobs, et
al., 1996).

(P12 − P22 )
√
Flowgas = C ∗ D2.5
∗
Eff.∗
pipe
𝜌gas ∗ Z ∗ Tgas ∗ Lpipe ∗ 𝑓

Eqn. (2.2)

Where: Flowgas is the normal flow rate, (Nm3 per hour); C is the proportionality constant
(0.000129); Dpipe is the pipe inner diameter (mm); Eff. is the pipeline efficiency; P1 is the inlet
pressure (kPa); P2 is the outlet pressure (kPa); ρgas is the relative density compared to air; Z is the
compressibility factor; Tgas is the gas temperature (K); Lpipe is the pipe’s length (km); and f is the
friction factor.
The High Heating Value (HHV) of hydrogen is about 13 MJ per Nm3; the natural gas’ one is 40
MJ per Nm3 approximately. Therefore, in order to meet the same energy demand, the volume of
hydrogen to be transported has to be three times that of natural gas; whereas the hydrogen’s density
is nine times smaller than that of natural gas. It can be seen that a greater flow rate of hydrogen
results in the same pressure drop of natural gas which is being critical parameter in a pipeline
network (Haeseldonckx & D’haeseleer, 2008).

2.3.5

Hydrogen-Natural Gas Blend Impacts End-Users

Adaptation of end-user systems is required at higher hydrogen concentrations in HENG blend.
End-users impacts due to adding hydrogen to natural gas pipelines has been investigated by
NaturalHy (De Vries, et al., 2007). Their study includes an estimation of the maximum hydrogen
concentrations that don’t require major adjustments for the end-users appliance. The conclusion
was at hydrogen concentration of up to 28% in NG-pipelines can be used safely with well serviced
existing appliances.
Haines et al. (Haines, et al., 2003) estimated the cost of upgrades/adjustments including (i.e.
sensors modifications) required when using 3% hydrogen in NG-pipelines in the countries of
United Kingdom, Netherlands, and France is found to be varied between $430,000 and $470,000.
The cost estimation of modifying engine controls was $5.6 million in United Kingdom, $30 million
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in Netherlands, and very limited cost in France; whereas cost estimation for modifying mediumpressure transmission lines was an average of $500 - $850 million per country. The cost estimation
for updating end-users appliances when introducing a 12% hydrogen blend was around $170 $470 million for each country. It is recommended by NaturalHy project that the outcomes of
adding hydrogen into NG-pipelines for commercial/industrial combustion facilities be considered
separately based on each individual case. For modernized power generation gas turbines, the
natural gas as the desired fuel has a controlled specifications, adding hydrogen into NG-pipelines
will require some adjustments to the turbine’s control system in order to modify the parameters of
the combustion process. Also, unexpected hydrogen concentration variations are unacceptable for
gas turbines (Pinchbeck & Huizing, 2006).
The increase of the flame speed represents the most critical impact of using H2-NG blend in
burners, boilers or gas engines due to the flashback risk that accompanied. This problem could be
reduced by modifying the combustion process. In general, within the flame detection system, the
burner head and the sealing will need adjustment when HENG is used. The possible solutions to
avoid multiple adjustments each time is: changing the composition of the input fuel; using
multifunctional devices which can run both on natural gas and pure hydrogen; or a mixture of these
two. The suggested applications are being developed in terms of efficiency, emissions, and safety
and the results seem satisfactory (Ilbas, et al., 2005), (Akansu, et al., 2004).
The effect of increasing flame speed is most readily measured in laminar premixed flames. The
increased flame speed consequences are as follows and as shown in Table (2.2), (Polman &
Wolters, 2004):


The temperature of the burner’s surface will increase results in lowering the burner’s
lifetime;



For both premixed and non-premixed laminar flame burners, the critical velocity
gradient for light back will increase; and



For both premixed and non-premixed laminar flame burners, the critical velocity gradient
for blow off will increase.
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Table (2.2): Hydrogen addition related to Gas Flame Speed
Hydrogen Content, by Vol.%

Flame Speed, cm/s

0

0.39

5

0.42

10

0.46

15

0.50

20

0.54

25

0.59

In Netherlands, a research was carried out by Gastec on gas cooking devices and domestic boilers
to investigate the impacts of fueling them with a gas of up to 17 % hydrogen (Polman, et al., 2003).
Three modern cooking devices and six different boilers were selected. The domestic appliances
were selected to represent a different variety of the used ones through population in the country,
while their variety in burner types and burner principles were specified. The gas composition for
testing was a blend of 0 - 17% of hydrogen. Assessments included stability of burner’s flame,
burner’s temperature, burner’s pressure, emissions rates of CO and NOx, the loads and efficiency,
the flame’s detection and condensation rate. It is found that there is no technical obstacles observed
when using H2-NG blend of up to 17% hydrogen in cooking appliances and boilers.
Increasing the hydrogen concentration up to 25% in the fuel results in increase in burner’s
temperature which leads to increase the flame light back; whereas through the laboratory
experiments, there was no increased burner’s temperature and no light back seen when the
percentage of hydrogen exceeds 17%. The wise choice of burner’s materials seems good fit to
avoid any expected flame light back. The H2-NG blend used for light back tests across most of
Europe has limit of up to 23% hydrogen (Polman, et al., 2003).
In general, for large scale power-generation and gas transport, gas turbines are currently the most
critical facility in supporting energy demand. Almost all commercial fuel gases such as natural
gas, syngas and any combination of these gases can be used to fuel the gas turbines. Gas turbines
are designed to satisfy specifications/agreement between the manufacturer and end-user. The gas
quality specifications are significant condition for achieving best performance of gas turbines.
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All different-originated natural gas have similar combustion properties, however blending
hydrogen (at different concentrations) will change the combustion properties of the new blend
significantly. There is always a risk of moving the H2-NG fuel quality outside the agreed turbine’s
design limits. Practically, gas turbines can be designed to be fueled with any fixed H2-NG blend
(i.e. HENG fuel). The manufacturer’s assistance is necessary when adapting of a gas turbine to be
fueled with a fixed ratio natural gas – hydrogen mixture which may be modified at moderate cost.
Gas turbines that use mixed fuel are commercially available, they may suite for a fixed ratios of
H2-NG fuel; whereas modifying of a gas turbine to use natural gas with variable hydrogen
concentrations is a challenge. Significant modifications will be required particularly when the
turbine is designed to satisfy the contractual specifications of power supply, rather than simple
operational specifications. The re-design technology for this application is still to be developed
(Polman & Wolters, 2004).

2.4 Storing Electrical Energy
Storing electrical energy has shown great improvements in maintaining power supply for meeting
demand through three main roles: (1) It reduces the cost by storing inexpensive electricity from
renewable sources at off-peak periods, for sale at on-peak periods at higher prices; (2) It boosts
the power supply reliability by supporting consumers when power network failures occur due to
natural disasters; and (3) It maintains and enhances the quality of the power. The current capacity
of existing electrical energy storage is less than 5% of the world's total generation capacity of 5550
GW (IEC, 2011). It has been suggested by technical performance studies that energy storage
should represents not less than 10% of the total power capacity for better peak shaving and daily
charge/discharge cycles (Chen, et al., 2009). There is a significant potential to cut the cost of power
generation through minimizing the costlier modes by storing electrical energy generated by lowcost sources (or the surplus power from renewables) during off-peaks being reused into the grid
during on-peaks periods.
Due to the flexibility and reliability needed, introducing mixed energy sources into electrical
power grid became an urgent target for many researches. In general, power grid faces major
challenges in transmission and distribution activities during the remarkable variations in hourly,
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daily, and seasonal demand. As a pack up, storing the surplus of electrical energy and recover it
when needed, is the most promising solution for these challenges. Storing electrical energy refers
to the technology of transforming the surplus power into a storable state (energy carrier) in order
to be retained back at maximum efficiency (Chen, et al., 2009).
Storing electricity as a technical approach can be defined as the delivery of energy from the
upstream power suppliers to the downstream end-users, therefore it is providing buffering capacity
in order to motivate the suppliers and the end-users maintain their transactions needed in a none
simultaneous way. The bulk of the gathered energy by a specific society for variety of applications
comes from a few primary power generation sources, of which the fossil fuels have the major part
at about 80.9% (IEA, 2012). Since the location of the primary fossil-fuels energy resources are
located at far distances from the different demands locations, therefore there is a need to
store/transport energy to the final destination in which consumed (Birol, 2013). Scale-up the
electrical energy storage has gathered significant research interest due to the commitment of the
power grid reliability especially when the share of the intermittent renewable power generation is
rising significantly. The classical approach for overcome the fluctuation in power demand is done
by adjusting the power supply; whereas the outputs of the renewable energy sources such as wind
and photovoltaics cannot be dispatched due to their intermittent nature. Utility-scale energy storage
has been proposed as a tool to maintain grid reliability at the required level, while enabling the
integration of renewable energy sources (Denholm, et al., 2010).
The main target for electrical energy storage is to increase the use of the renewable energy sources
and to be more effective in matching power demand, this will enable the power operators to run at
a higher capacity while meeting demand and at the same time reducing the need for peaking power
plants. In general, electrical energy storage technologies are desired to improve the power’s system
responsiveness, power grid’s reliability, and the overall flexibility while minimizing the whole
related costs for both suppliers and customers (Schaber, et al., 2004).
Storing electrical energy from the intermittent renewable sources during off-peaks demand adds
value to the supplied demand during on-peak by making this type of energy predictable and
guaranteed (e.g. when deliver electrical power upon needed). This kind of buffer storage should
be regulated and maintained by cost, efficiency and retrieval time. As a function of time, the power
demand varies considerably during the day or from season to season; therefore the electrical energy
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can be stored only to satisfy just a limited portion of the nominal demand, while it should be made
available as a result of a contractual compromise (Ibrahim, et al., 2008).
The electrical energy systems can be classified as shown in Figure (2.3) into mechanical,
electrochemical, chemical, electrical and thermal systems; whereas for large energy quantities,
secondary systems such as hydrogen and hydrogen enriched natural gas (HENG) can be used as
energy carriers via electrolysis process and/or via methanation process to produce methane (IEC,
2011). The main idea is use surplus generated electricity from renewable sources during off-peak
periods to produce hydrogen via water-electrolysis process and to be used as energy carrier either
as pure hydrogen or as HENG fuel. In addition, although the efficiency of this system is not high
at the current time, but the significant advantages of the large amount of energy that can be stored
and for long time encouraging researches for improving the system efficiency.

Electrical Energy Storage Systems

Pumped Hydro

Capacitors
Batteries

Superconductors
Compressed Air

Flywheel
Hydrogen

Sensible Heat

Figure (2.3): Electrical Energy Storage Systems of different categories

Power-to-Gas represents a feasible and relatively low-cost technology to large-scale electricity
storage; whereas electrolyzers can be used in other grid functions such as rapid demand or supply
response, spinning reserve, and frequency and voltage regulations. This technology is close to the
scale of compressed air but it is much more modular and flexible in siting while it can be utilized
its vast storage capacity within the NG-grid (see Figure 2.4). There is about 130 billion cubic feet
28

of natural gas storage capacity exists in Southern California (California Hydrogen Business
Council, 2015), this is enough to supply all of the gas-fired generation in the whole region for more
than two months.
1000

1 Month

Discharge Time, hour

100

COMPRESSD AIR
STORAGE

10

POWER-TO-GAS
1 Day

1

BATTERIES
0.1

0.01

FLYWEEL

0.001

1 kWh

10 kWh

100 kWh

1 MWh

10 MWh

100 Mwh

1 GWh

10 GWh

100 GWh

1 TWh

10 TWh

100 TWh

Storage Capacity

Figure (2.4): Electricity storage technologies

Hydrogen is one of the most favorable choices to store electrical energy due to its cleanness and
reproducible capability as an energy carrier for both transportation and stationary applications.
Interest in the research of hydrogen energy has developed dramatically to investigate the best for
utilizing hydrogen as an alternative fuel due to its high energy density; therefore, the hydrogen
energy development proceeds through three major areas: production, storage, and utilization (Liu,
et al., 2010). In general, such an electrical energy storage system that utilize hydrogen as energy
carrier can contain an electrolyzer, hydrogen storage tank and a fuel cell; all of these facilities are
subject to specific characteristics based on system capacity, operation, and supply-demand.
Different approaches studied for storing generated hydrogen, either as a gas under high pressure,
a liquid at very low temperature, or adsorbed on metal hydrides; whereas gaseous hydrogen under
pressure represents the most common method.
Storing energy is a unique method for adjusting the time discrepancy between power supply and
demand. To improve the power quality and make the renewable energy generation resources more
reliable, energy storage systems can play a crucial role. In the near future electrical energy storage
will become crucial in emerging IEC-relevant markets in the use of more renewable energy, to
achieve CO2 reduction and for Smart Grids.
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2.4.1

Storing Electrical Energy in Ontario

Ontario is working to manage periods of surplus base-load generation (SBG) from emissions free
renewable sources and from nuclear power plants. Storing energy for long periods of time (i.e.,
months) would have opportunity to time-shift surplus baseload energy, to supply Ontario demand.
For storage technologies with longer storage cycles, there would be an opportunity to mitigate,
approximately 25% of the expected annual SBG (IESO, 2016). Gas energy storage offers the
equivalent of a system-wide, distributed storage system during periods of surplus power, off-peak
power periods, or when system operators need to immediately absorb spikes in generation during
high wind periods. Also, in Ontario, fluctuations from renewables will increase, to 10,000+MW
of new renewables (non-hydro) to be connected through 2018. Stemming from increased
penetration of intermittent renewables, grid operators will have increased need to control power
fluctuations, grid frequency, etc. and energy storage is an alternative to curtail renewables or
operating thermal plants in the off-peak periods to control system stability.
By converting "excess" renewable energy and surplus base-load power into ‘stored electrical
energy’, the constraints on increased renewable energy deployment are lifted and costly
infrastructure additions (i.e. electric transmission towers and lines) are not required. Through the
convergence of the electric distribution grid with the gas distribution and storage infrastructure,
Ontario can achieve more flexible and adaptive operations across multiple vectors in the provincial
energy system. Ontario’s electricity sector is blessed with a relatively low-carbon electricity grid;
however, with over 50% of the energy supplied by nuclear energy the grid has less operational
flexibility to balance supply and demand during off-peak periods.
Balancing the grid will be even more challenging when the existing 2,000+ MW of variable
generation, like wind, is expanded to 10,000 MW of variable generation by 2018. There are short
periods when the intermittent nature of new renewable power sources will result in surplus
electricity supply being available to the grid and this surplus is a necessary and expected result of
Ontario’s diverse portfolio of power sources and the need to ensure peak system capacity at all
times. With additional quantities of must-run hydroelectric power, the province can anticipate
significant periods of surplus power going forward.
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Ontario’s natural gas infrastructure can accommodate the equivalent of 80 TWh of energy that can
be stored for many months. To offer a sense of scale for this energy storage, this is the equivalent
of approximately 55% of the provinces annual electricity consumption. The peak, daily capacity
for existing gas storage systems is so large it could accommodate the entire daily energy output
from Ontario’s nuclear fleet. This can be repeated for months without the need to discharge the
stored energy. The conundrum - this surplus power must be converted to a gas to access this
existing and cost-effective infrastructure.
As a gas, surplus energy can be stored, transported and converted into a dis-patchable and
renewable power using existing NG-pipelines through utilizing Combined Cycle Power Plants
(CCPP). Using CCPPs with renewable HENG-fuel could optimize these assets for lower overall
costs of operation.
Storing electricity as electrolytic-produced hydrogen inside NG-pipelines has the potential to
reduce the impact of extreme or sudden changes in power demand and renewable sources (i.e.
wind and solar) availability, which would lessen the need and utilization of peaking plants (i.e.
CCPP) and lower overall system costs.
Seasonal electrical energy storage and energy distribution are required in Ontario, and electrolysisproduced hydrogen can provide this storage vector as it can be generated from off-peak electricity,
and then stored with natural gas in existing pipelines network storage facilities. To make the energy
network “smart”, energy storage will need to be deployed, including the existing gaseous energy
storage.
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2.5 Modelling and Optimization Tools
In this research, two modeling tools are used: General Algebraic Modelling System (GAMS)
which is used for modelling and optimizing the objective functions; the second tool is Air Quality
Benefits Assessment Tool (AQBAT) which is used for monetizing health impacts associated with
emissions from NG-fueled CCPP.

2.5.1

General Algebraic Modelling System ‘GAMS’

GAMS is a high level Computer programming language for modeling and solving optimization
problems such as linear, non-linear, and mixed integer programs. It is especially useful for
handling large and complex problems. GAMS enables the user to model problems in a natural
way, so it can be easily change the formulation – even convert a model from linear to nonlinear
with few steps. The goal from developing was to create a powerful but easy-to-use computer
programming language that would greatly simplify the modeller’s task of formulating and solving
complex optimization problems. GAMS offers many advantages over other conventional
computer optimization, it enables the modeller to:
(1) Describe the model to a computer in an easy and simple way. The model can be formulated
using concise algebraic statements that is easy to read by computers and by humans.
(2) The specified statements can be created in one statement; whereas other optimization software
requires entering individual constraint. GAMS can generate the constraint equation based on the
input and specified data values.
(3) GAMS allows the modeller to enter data only once, the basic data can be entered as table which
saves time and reduces the possibility of making mistakes.
(4) GAMS allows to include explanatory text as a definition of any symbol or equation.
Furthermore, GAMS automatically incorporates the comments into the output report which
making the results easy to understand.
(5) GAMS compiles the desired model while searching for any errors before run the model. It
checks for errors in numerical operations and mathematical consistency. GAMS tells the modeller
where the errors occur in the model and what sort they are.
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GAMS is designed for modeling linear, nonlinear and mixed integer optimization problems; it is
especially useful for handling large, complex, one-of-a-kind problems (McCarl, 2012). The MCP
is a natural format for expressing a variety of economic models for markets. Algorithms for solving
MCPs are relatively reliable and eﬃcient (Rutherford, 2002). GAMS is used in the current research
to model and to optimize the costs-emissions as the main objective functions. Mixed
Complimentary Problem (MCP) and Mixed Integer Linear Programming (MILP) are the
simulation-models that used in the four different studies; the related results are presented in the
following chapters.

2.5.2

Air Quality Benefits Assessment Tool ‘AQBAT’

The Air Quality Benefits Assessment Tool (AQBAT) is developed by Health Canada as a
computerized simulation tool to calculate the burden of illness and economic impact caused by air
pollution. The economic impact of air pollution, including health damage, can be calculated by the
AQBAT. Within this approach, health outcomes are monetized using health endpoint valuations.
The AQBAT is based on the people WTP approach, which has been used to assess the value of
doing riskier jobs and assessing the level of wages required in order to encourage participation in
those jobs. Minimization of mortality risk is used in AQBAT when performing mortality valuation;
whereas the cost of a treatment approach is used in evaluating the morbidity outcomes, including
direct medical expenses, lost productivity, and all other averting expenditures. Utilizing the
AQBAT for evaluating the external cost of air pollution is not new. It has been used for similar
studies in Hamilton, Ontario, and in British Columbia while evaluating the transportation sectors
across Canada. In addition, this tool has been applied to estimate the burden of illness due to trafficrelated air pollution by the TPHD (Toronto Public Health Department, 2007).
As a computer-based simulation tool, it allows to define different scenarios and models by
incorporating flexibility to connect air pollutants such as CO, NOx, PM, and SO2 into health
impacts while considering other variables such as geographic areas and time under the study. It
requires to utilize a dispersion model to calculate the pollutants concentrations in μg per m3 and
then related them to the distance (in meter) from the pollution source at which the highest
pollutant’s concentration can be reached. More flexibility can be found in AQBAT by
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considering a wide range of health impacts within the impacted area; i.e. mortality, morbidity,
respiratory & cardio-vascular, asthma, reduction in lung capacity, hospitalization, restricted
activity, and cancers. The fundamental calculation when using AQBAT is presented by Eqn. (2.3):
No. of Accidents = Risk Coff. ∗ ∆CPollutant ∗ HIR ∗ P

(2.3)

Where: RiskCoff. represents the percentage of health impacted due to an increase of pollutant’s
concentration; ΔCPollutant is the increase in pollutant concentration; HIR represents the health
incidence rate, i.e. number of health impact incidents per million of population; and P is the
population under study in millions.
AQBAT is used in this research to monetize health impacts associated with emissions from
utilizing combined cycle power plants (CCPP) in meeting power demand. Monetizing health
impacts is critical to investigate the hidden cost of electricity generated by fossil fuels such as
natural gas (NG). Expected pollutants from NG-fueled CCPP is specified, whereas health impacts
matrix is addressed as shown in Table (2.3):

Table (2.3): Air Pollutants – Health Impacts Matrix
Health Impacts

Mortality

Morbidity

Respiratory and
Cardio-Vascular

Asthma

Hospitalization

Restricted Activity

Cancers

Carbon Monoxide, CO

High

N/A

High

N/A

N/A

Low

N/A

N/A

Nitrogen Oxides, NOx

Very high

N/A

High

N/A

N/A

N/A

N/A

N/A

Particles Matters PM2.5

Very high

N/A

Medium

Medium

N/A

Medium

N/A

Very high

Sulfur Dioxide, SO2

Medium

N/A

Medium

N/A

N/A

N/A

N/A

N/A
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Reduction of lung
capacity

Primary Air Pollutants

Chapter Three
3. Design of an energy hub based on natural gas and renewable
energy sources
3.1 Introduction
This research focuses on generation, exchange, and conversion of energy between many types of
energy generators such as combined cycle power plant (CCPP) as a critical energy source within
the proposed hub. In a CCPP, a natural gas-turbine generates electricity, while the exhaust heat is
used to generate steam in order to drive a steam turbine to generate additional electricity. The
CCPP is utilized for a dis-patchable and reliable power supply, while the renewable energy sources
of wind turbines (WTs) and photovoltaic (PV) solar cells are utilized for sustainable and emissionfree power supply. The surplus electricity from the WTs and the PV solar cells during off-peak
times can be used by alkaline electrolyzers to generate hydrogen which is proposed to be used for
direct sale to the hybrid electric vehicles. The main objectives is to assess the combination of a
conventional NG-fuelled CCPP with the renewable energy sources of WTs and PVs in terms of
costs and emissions that could be save. In general, Ontario’s policies recommended increasing the
integration of renewable energy sources into existing power grid to reduce the environmental
impacts of the power generation sector (IESO, 2009). Furthermore, based on 2005 projection,
Canada’s government plan to reduce the GHGs by 17% by 2020 would offer a more stable and
secure energy supply through the use of local energy resources of NG, wind, and solar (Goverment
of Canada, 2010). Figure (3.1) shows the major constituents of the proposed energy hub. The
CCPP dispatches the power demand, while WTs and PV solar cells provide a clean power
intermittently. The surplus power of WTs and PVs during the off-peak periods is to be utilized by
alkaline electrolyzers to generate hydrogen. Storing hydrogen is a vital step through what is named
“hydrogen-economy”. The inverters and/or transformers that located within the power
conditioning system (PCS) are used to enhance electricity interchange among the hub units.
Storing NG and H2 did not included in the proposed energy hub’s model.
This energy system technology could be used to support existing power grid or to meet limit
demand of such a remote area. The capacity of this system is generated by utilizing CCPPs, WTs,
and PVs. Excess energy from wind and solar during permitted weather conditions can be
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transformed into another form of energy such as hydrogen using energy conversion technologies
such as alkaline electrolyzers.

Power
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Wind Turbines

Hydrogen

Electrolyzers
PV Solar Farm

Natural
Gas

Pipelines &
Compressors

NG

Reservoir

Combined
Cycle Power
Plants

Separator

H2 Market

Figure (3.1): The configurations of the proposed energy hub

3.2 Developing the Simulation Model
GAMS is used to develop the simulation process using the mixed complementary problem (MCP)
solver. Different hourly inputs such as air temperature, solar insolation, and power demand were
used for better reality, accuracy and signiﬁcance to the research’s results. The input and output of
the hourly parameters over a one full year are coupled with Micro-Soft Excel for better visual and
organized manner. The simulation-model was designed based on the fundamental laws of
thermodynamics, economics, and process design. The process ﬂow diagram of the proposed CCPP
has been showed by Figure (3.2).
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3.2.1

Developing Cost Model for CCPP

The main parts of the combined cycle power plant as the only fossil-fueled power source used for
meeting dis-patchable demand are presented in Figure (3.2).
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Figure (3.2): The CCPP’s main parts

The net of power generated by CCPP in MWh per hour is calculated as shown in Eqn. (3.1):

PowerCCPP,i = PowerGas−Turbine,i + PowerSteam−Turbine,i − PowerCompressor,i − PowerPump,i

(3.1)

The main power generator in CCPP is the gas-turbine which is burning natural gas to generate
electricity, the hourly power output of this generator in MWh is calculated using Eqn. (3.2):

𝑃𝑜𝑤𝑒𝑟𝐺𝑎𝑠−𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖

n
P5,i
= M5,i ∗ R ∗ T5,i ∗ (
) ∗ [( )
n−1
P6,i

n−1
n

− 1] ∗ t

(3.2)

Where: M5,i is the molar ﬂow rate of the air–fuel mixture in mole per hour, n is the expansioncompression index, R is the gas constant, T5,i is the stream temperature at point 5 of Figure (3.2),
t is the time interval in hours, and P5,i , P6,i are the streams pressures at points 5 and 6 of Figure
(3.2) respectively.
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The relationship between inlet and outlet conditions is governed by the adiabatic compressionexpansion relations. The pressure drop due to the flow of air-fuel mixture through the combustion
chamber should be considered in the calculations. The stream’s pressure at the combustion
chamber exit (i.e. at point 4 in Figure (3.2)) is calculated as a difference between the combustor’s
inlet pressure P3a and the pressure drop at the combustion chamber which is assumed to be 3% of
P3a. Energy balance around the combustion chamber is used to calculate the stream’s temperature
at point 4 T4,i of Figure (3.2), this temperature is called of the “adiabatic flame temperature” or the
combustion temperature of the gases that exit the chamber. The adiabatic temperature as been
determined by (Smith, 2005) is calculated by trial and error method to find an approximate value
as shown by Eqn. (3.3):
o
∆HCombustion
= ∆HProducts − ∆HReactants

(3.3)

Where: ΔHProducts represents the change in enthalpy of the products of the combustion reaction in
the combustion chamber, and ΔHReactants represents the enthalpy change of the reactants. The
°
∆𝐇𝐂𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧
is the standard heat of combustion at 298 K. The enthalpy change ΔHj of a component

is a function of its heat capacity as shown in the Eqn. (3.4):
𝑇𝑜

∆𝐻𝑗 = ∫ 𝐶𝑝,𝑗 ∙ 𝑑𝑇

(3.4)

𝑇𝑖

Where: The heat capacity 𝐂𝐩,𝐣 is given by Eqn. (3.5):
Cp,j = αj + βj . T + γj . T 2 + δj . T 3

(3.5)

°
Where: The parameters 𝛂𝐣 , 𝛃𝐣 , 𝛄𝐣 and 𝛅𝐣 are constants for a given component j. The ∆𝐇𝐂𝐨𝐦𝐛𝐮𝐬𝐭𝐢𝐨𝐧

of combusted natural gas (NG) is calculated using the combustion reaction of methane CH4 as
shown in Eqn. (3.6):
𝐶𝐻4 + 2 ∗ (𝑂2 + 3.7 ∗ 𝑁2 ) → 𝐶𝑂2 + 2 ∗ 𝐻2 𝑂 + 7.52 ∗ 𝑁2

(3.6)

The heat recovery steam generator (HRSG) is the unit that utilizes the excess energy from exhaust
gases that exit from gas-turbines to be used for generating steam in the steam-turbine. This unit
consists of super-heater, evaporator and economizer; whereas the total energy transferred to the
steam in point 8 of Figure (3.2) is calculated using Eqn. (3.7):
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T6,i

EnergyHRSG,i = ∫

∑ (Mj,i ∗ Cp,j ) dTi

(3.7)

j

T7,i

Where; EnergyHRSG,i represents the energy transferred from the hot gases exhaust at point 6 of
Figure (3.2) to the generated steam, Mj,i represents the molar flow of component j at hour i, and
CP,j is the heat capacity of component j at hour i. The power generated by steam turbine in MWh
per hour is calculated as shown in Eqn. (3.8):

PowerSteam−Turbine,i

n
P8,i
= M8,i ∗ R ∗ T8,i ∗ (
) ∗ [( )
n−1
P9,i

n−1
n

− 1] ∗ t

(3.8)

Where: M8,i represents the molar flow rate of the steam at point 8 of Figure (3.2). The power
consumed by air compressor in MWh per hour is calculated using Eqn. (3.9):

PowerCompressor,i

n
P2,i
= M1,i ∗ R ∗ T1,i ∗ (
) ∗ [( )
n−1
P1,i

n−1
n

− 1] ∗ t

(3.9)

Where: T1,i represents the stream’s temperature at point 1 of Figure (3.2), it is assumed to be equal
to the ambient temperature T0. P1,i represents the stream’s pressure at point 1 of Figure (3.2), this
pressure is equal to the difference between ambient pressure and the pressure drop at the
compressor inlet. The pressure drop is assumed to be 2% of the ambient pressure; n is the
expansion-compression index.
The heat energy removed by the condenser is calculated based on (Sinnott, 2005). The shell-andtube type condenser with an overall heat transfer coefficient range of 1250 W/(m2.˚C) is considered
in this research. Eqn. (3.10) is used to calculate the heat energy removed by the condenser:
𝐸𝑛𝑒𝑟𝑔𝑦𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟,𝑖 = 𝑈𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 ∗ 𝐴𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 ∗ 𝐿𝑀𝑇𝐷𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟,𝑖

(3.10)

Where; EnergyCondenser, i represents the heat energy transferred at any hour i, UCondenser is the heat
transfer coefficient in W per m2.K, ACondenser is the heat transfer area in m2, and LMTDCondenser, i
represents the Log Mean Temperature Difference at any hour i which is calculated as shown in
Eqn. (3.11):
𝐿𝑀𝑇𝐷 =

∆𝑇ℎ − ∆𝑇𝑐
𝑙𝑛 (∆𝑇ℎ ⁄∆𝑇𝑐 )

(3.11)
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Where: ΔTh represents the difference in hot terminal temperature; whereas ΔTc represents the
difference in the cold terminal. These equations are used to rate, size and to estimate the cost of
the condenser.
The work energy consumed by the boiler-feed pump (water pump) is calculated using
incompressible fluids-Bernoulli’s equation as shown in Eqn. (3.12):
PowerPump,i = (9.81 ∗ m11,i ∗ ∆h10−11 ) + (

m11,i
m11,i
friction
∗ ∆P10−11,i ) + (
∗ ∆P10−11,i
)
ρH2O
ρH2O

(3.12)

Where: PowerPump represents the pump’s power in Watt required at any hour 𝐢 given, m11,i
represents the steam’s mass flow rate in kg per second, Δh10-11 represents the difference in altitude
measured in meter, ΔP10-11,i represents the pressure drop in Pa between the points 10 and 11 as
𝐟𝐫𝐢𝐜𝐭𝐢𝐨𝐧
shown in Figure (3.2), and ∆𝐏𝟏𝟎−𝟏𝟏,𝐢
represents the pressure drop in Pa due to the friction between

the points 10 and 11.
Air pollutants emissions represent critical parameters that are considered in modeling the
combustion of the combined cycle power plant (CCPP). In general, the rate of emission of the
different pollutants is a function of the temperature of the exhaust gases and pressure drop through
the combustor chamber. The semi-empirical relations are adopted from (Rizk & Mongia, 1993) to
calculate the rates of gas emissions as shown by the following Eqns. (3.13), (3.14), and (3.15).

NOx

Ratei

=

RateCO
=
i

0.15E16 ∗ τ0.5 exp(−71100/T4,i )
0.5
p0.05
3,i (Δp3a−4 /p3,i )

(3.13)

0.18E9 ∗ exp(7800/T4,i )
p23,i ∗ τ ∗ (Δp3a−4 /p3,i )0.5

RateUHC
=
i

(3.14)

0.755E11 ∗ exp(9756/T4,i )
0.1 ∗ (Δp
0.6
p2.3
3a−4 /p3,i )
3,i ∗ τ

𝐍𝐎𝐱

Where: 𝐑𝐚𝐭𝐞𝐢

(3.15)

𝐔𝐇𝐂
, 𝐑𝐚𝐭𝐞𝐂𝐎
represent the rates of emissions (Nitrogen Oxides, Carbon
𝐢 and 𝐑𝐚𝐭𝐞𝐢

mono-Oxide, and Un-burned Hydro-Carbons) measured in gram of pollutant per kg of the fuel
which is NG at any hour 𝐢, and 𝛕 is the residence time in the primary zone and it is assumed to be
2 milliseconds (Lazzaretto & Toffolo, 2004).
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Calculating costs is a key step in modeling CCPP as it represents the crucial part of the total cost
of electricity (COE). The CCPP’s cost estimation is divided into capital costs and operating &
maintenance (O&M) costs. The following relationships are used to calculate the capital costs of
the main equipment of CCPP in $US (Attala, et al., 2001).
Capital Cost Gas−Turbine = 3,832 ∗ Nominal − PowerGas−Turbine 0.71
Capital Cost HRSG = 17,000 ∗ ∑(

(3.16)

Heat RemovedCondenser 0.6
)
∆TCondenser

(3.17)

Capital Cost Steam−Turbine
= 3,197,280 ∗ Area Steam−Turbine 0.261 + 823.7
∗ Nominal − PowerSteam−Turbine 1.543

(3.18)

Capital Cost Condenser = 162 ∗ Area Condenser 1.01

(3.19)

0.3
Capital Cost Pump = 1,293.44 ∗ Nominal − PowerPump 0.8 ∗ (1 + [
]−0.46 )
1 − ηPump

(3.20)

Where: ηPump is the efficiency of the pump.
In order to estimate the annual payment for the calculated capital costs over the entire life of the
project, the following Eqn. (3.21) is used:
Payment = Current Value ∗ (

Interest ∗ (1 + Interest)N
)
(1 + Interest)N − 1

(3.21)

Where: the payment will be in $ per year and N represents the number of payments; whereas the
interest is assumed to be 5%.
The CCPP’s O&M costs are divided into fixed and variable costs. The fixed O&M costs are
function of the nominal power plant; whereas the variable O&M costs are function of the CCPP’s
generated electricity as shown in the following Eqn. (3.22).
Cost O&M = cFixed ∗ Nominal − PowerCCPP + cVariable ∗ PowerCCPP

(3.22)

Where: CFixed is assumed to be $20 per (kW.year), and CVariable is $0.002 per kWh (Mansouri, et al.,
2012).
The natural gas cost is calculated based on the following Eqn. (3.23):
8760

Cost NG = ∑

i=1

Cost NG,i ∗ Mass FlowNG,i
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(3.23)

Therefore, the average COE of generated electricity by CCPP in $ per kWh can be calculated as
shown in Eqn. (3.24):
COECCPP =

3.2.2

Capital Cost CCPP + Cost O&M + Cost NG
PowerCCPP

(3.24)

Developing Cost Model for Wind Turbines

The proposed wind farm is based on Port Dover & Nanticoke wind (PDN); the plan is to generate
105 MW of electricity utilizing 58 wind turbines of V-90, which each turbine produces 1.8 MW
of power as stated by Capital Power (Capital Power, 2015). The PDN Wind project is located on
privately-owned leased lands within Haldimand and Norfolk Counties, Ontario, near the north
shore of Lake Erie.
For the on-shore wind farm, the data of wind speed, air temperature, etc. for this farm is adopted
from Environment Canada at 42.791 N, -80.168 W, and at altitude of 80 m. Table (3.1) provides
the seasonal wind profile of the proposed wind farm.
Table (3.1): The expected wind speed data for on-shore farm
Season

Mean wind speed, m/s

Annual

6.96

Winter

8.26

Spring

6.91

Summer

5.53

Fall

7.26

The cost model for proposed wind turbines starts by calculating the power generated by each
turbine in watts as shown in Eqn. (3.25) (Wizelius, 2007):
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3
PowerWT,i = 0.5 ∗ ρair ∗ Arotor ∗ CoffPerformance ∗ ηWT ∗ ηMech. ∗ Vair,i

(3.25)

Where: the ηWT and ηMech. represent the efficiency of generator and the mechanical efficiency of
gear box respectively. Based on Kurtulan et al. (Kurtulan & Sevgi, 2009), the performance
coefficient can assumed to be 0.35; whereas the mechanical efficiency is assumed to be 0.95
(Kurtulan & Sevgi, 2009) and the Vair, i is the wind speed at any hour in meter per second.
Calculating the costs of wind turbine represents the next step in modeling development, the cost
of electricity (COE) for WTs is governed by capital costs, O&M costs and other auxiliary costs.
The on-shore WTs capital cost for the proposed capacity is varied from 1100 to 1400 € per kW
(Blanco, 2009). As an average value of $1700 per kW is assumed for this model, therefore the
capital cost in $ per year is presented as shown in Eqn. (3.26):
Capital Cost WT = 1700 ∗ Nominal − PowerWT

(3.26)

The O&M costs for on-shore WTs vary with the size of wind farm, it include maintenance, spare
parts, and administration fees. In the current model, it is assumed the O&M costs is an average of
0.7 ¢ per kWh (Fingersh, et al., 2006) as shown in the following Eqn. (3.27):
8760

Cost O&M = ∑

i=1

0.007 ∗ PowerWT,i

(3.27)

In the last step for WTs cost of electricity calculation, the COE is calculated similar to the one of
CCPP before, as shown in the following Eqn. (3.28):
𝑂𝑛−𝑆ℎ𝑜𝑟𝑒
𝐶𝑂𝐸𝑊𝑇
=

Capital Cost WT + Cost O&M
Power WT

(3.28)

For the off-shore wind turbines, the location is in Lake Erie, Nanticoke region. The related wind
speed data is adopted from Environment Canada at 42.772 north, 80.116 west at altitude of 80 m
as shown from Table (3.2):
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Table (3.2): Expected wind speed data for off-shore farm
Season

Mean wind speed, (m/s)

Annual

7.47

Winter

8.83

Spring

7.38

Summer

5.97

Fall

7.78

The off-shore’s WTs characteristics are selected based on the model SWT 2.3-93 from Siemens
(Siemens AG, 2009). The turbine has a nominal power of 2.3 MW makes it superior for moderate
wind speeds. By the same way that has been followed in calculating on-shore WTs, cost
calculations for off-shore WTs are modelled; the capital cost as per specified capacity is assumed
to be $2,924 per kW (Blanco, 2009).
The O&M costs of off-shore WTs are higher than that of on-shore WTs due to the extra costs of
the special equipment needed as the maintenance process is more complex for the off-shore WTs,
therefore, an assumed cost of 2 ¢ per kWh is considered in this model based on an estimation from
the National Renewable Energy Lab (Fingersh, et al., 2006). The average COE of off-shore WTs
is presented in Eqn. (3.29):
Off−shore
COEWT
=

3.2.3

Capital Cost WT + Cost O&M
PowerWT

(3.29)

Developing Cost Model for PV-Solar

The PV’s SPR-400 is an existing design brand in the market from Sunpower Corporation
(Sunpower Corporation, 2008). This solar panel has 128 monocrystalline cell incorporates with an
efficiency of 18.5% and an ability to generate 400 W maximum. Based on market information
from Solarbuzz (Solarbuzz, 2011), the inverter’s cost was 71.4 ¢ per Watt.

44

The power generated by PV-solar is calculated as a function of the hourly solar insolation, Gi (in
Watt per m2) and the modular efficiency ηSolar,i for generating power as shown from Eqn. (3.30)
(Russell & Bergman, 1986):
PowerPV,i = Gi ∗ Area Solar ∗ ηSolar,i

(3.30)

Calculating the cost of the power generated by PV-solar is the next step, the capital costs of gridconnected solar farm is assumed to be $7000 per kW for this model based on Ayoub et al. report
(Ayoub, et al., 2010). The O&M costs of solar is assumed to be $0.01 per kWh as per PV cost
factors report (Muneer, et al., 2011), therefore the COE of power generated by solar farm is
calculated as shown in Eqn. (3.31):
COEPV =

3.2.4

Capital Cost PV + Cost O&M
PowerPV

(3.31)

Developing Cost Model for Electrolyzers

The electrolyzers as the main equipment used for generating hydrogen from water through the
electrolysis process, the alkaline electrolyzer HySTAT-60 model from Hydrogenics is chosen in
this study as well-known brand in Ontario’s market. The following Table (3.3) is presenting the
main characteristics of the proposed electrolyzers:
Table (3.3) Specifications of the proposed alkaline electrolyzer
Specification

Value

Reference

Electrolyte

H2O + 30% wt. KOH

(Hydrogenics Corporation, 2009)

Power Constant, kWh/Nm3

5.2

(Hydrogenics Corporation, 2009)

Max H2 generated, Nm3/h

60

(Hydrogenics Corporation, 2009)

H2 purity, %

99.998

(Hydrogenics Corporation, 2009)

H2 output pressure, bar (g)

10

(Hydrogenics Corporation, 2009)

Temperature range, oC

(-20) - (+40)

(Hydrogenics Corporation, 2009)

Electrolyser running capacity
range, (Nm3/h of H2)

24 - 60

(Hydrogenics Corporation, 2009)
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As per Hydrogenics Corp., the HySTAT-60 alkaline electrolyzer can generate 60 m3 of hydrogen
per hour at Normal-operating conditions of pressure and temperature, thus the hydrogen that can
be produced hourly is calculated as shown from Eqn. (3.32):
Flow − RateH2,i = Flow − RateNormal−Conditions ∗ NElz,i

(3.32)

Where: NElz,i represents the number of electrolyzers in operation in each hour.
In order to calculate the total costs of producing hydrogen via electrolysis process, it is to note that
these costs are impacted significantly by capital costs of electrolyzers and the cost of electricity
that will be used in electrolyzers. The capital costs of electrolyzers is a function of electrolyzer’s
capacity for producing hydrogen as shown in Eqn. (3.33):
Capital Cost Elz = 224.49E3 ∗ Flow − RateNormal−Conditions 0.6156

(3.33)

The O&M costs of the proposed electrolyzers are assumed as a percentage of 5% of the capital
costs of the electrolyzers (Saur, 2008) as shown by the following Eqn. (3.34):
Cost Elz
O&M = 0.05 ∗ Capital Cost Elz

(3.34)

The electricity consumed by the proposed eletcrolyzers is calculated as shown in Eqn. (3.35) and
Eqn. (3.36); whereas the cost of this electricity is calculated by Eqn. (3.37):
PowerElz = ∑8760
i=1 PowerElz,i ∗ NElz,i

(3.35)

kWh
Nm3
PowerElz,i = 5.2 (
)
∗
60
(
)
Nm3
hour

(3.36)

8760

Cost Power−Elz = ∑

i=1

COERenewable−Power ∗ PowerElz,i ∗ NElz,i

(3.37)

The cost of water CostWater used in eletcrolyzers for generating hydrogen can be included in the
total costs of electrolyzers, therefore the total costs of utilizing alkaline electrolyzers in generating
hydrogen is expressed as shown in Eqn. (3.38):
Elz
Cost Elz
Total = Capital Cost Elz + Cost O&M + Cost Power−Elz + Cost Water
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(3.38)

The cost of producing hydrogen in $ per kg is calculated using the following Eqn. (3.39):
𝐶𝑜𝑠𝑡𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 =

Cost Elz
Total
Flow − RateH2 ,i

(3.39)

3.3 Running Different Scenarios
Three different scenarios are designed in this research to examine techno-economic performance
of the proposed energy hub; each scenario is presented with a unique simulation model to study,
assess and to investigate the feasibility of the energy hub in terms of: electricity cost, CCPPemissions, renewable generated energy by WTs & PV-solar, and utilizing hydrogen as an energy
carrier as seen from the following scenarios:
i.

Scenario A: Meeting demand by utilizing CCPP only,

ii.

Scenario B: Meeting demand utilizing energy hub, and

iii.

Scenario C: Hydrogen as an energy carrier.

Accordingly, an hourly input data are fed into each scenario; whereas an outputs such as electricity
generated, CCPP’s emissions, hydrogen generated, and all related costs, are collected and
presented in results and discussions section.

3.3.1

Scenario A: Meeting Demand by Utilizing CCPP only

This scenario is proposed for utilizing NG-fueled CCPP to meet the desired power demand (i.e.
through all times periods including off-peaks and on-peaks), therefore this scenario is used as a
base step in performing all the needed calculations including generating electricity, related CCPP’s
emissions and all related costs. The objective of this scenario is to be the reference point for the
subsequent scenarios in terms of electricity cost, emissions, and CCPP’s efficiency. The power
demand reflects the 2009’s profile that provided by Independent Electricity System Operator
(IESO). The NG cost is assumed to be an average of monthly price. The hourly outputs such as
electricity produced, air pollutants emitted, and all related costs are considered and presented to
be used for comparison later on among other scenarios.
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It is assumed that NG is a pure CH4 in the calculation of mass and energy balance and it is sulfur
free, i.e. emissions of SOx at the exhaust is neglected as well as PMx emissions. Table (3.4)
summarizes the inputs/outputs parameters as well as related variables that are modelled in this
scenario.
Table (3.4): Scenario A: Meeting Demand by Utilizing CCPP, inputs/outputs
Hourly power demand in MWh
NG monthly average cost in $ per kg
Inputs
CCPP’s design parameters such as T5,i and P5,i
Exhaust gases properties such as heat capacity Cp
Hourly electricity generated in MWh
Cost of electricity (COE) in $ per kWh
Outputs
Average CCPP’s efficiency ηCCPP
Hourly emissions of CO2, CO, NOx, and UHCs in kg

3.3.2

Scenario B: Meeting Demand Utilizing Energy Hub

This scenario is proposed for utilizing energy hub including NG-fueled CCPP, on-shore WTs, offshore WTs and solar to meet the desired power demand, therefore incorporating the renewable
energy sources of wind and solar is what this scenario differs from Scenario A. In addition to the
inputs that included in Scenario A, the inputs for scenario (B) are including wind speed, insolation,
air temperature, etc. plus the speciﬁcations of WTs and solar as the design parameters. In this
scenario, the wind speed inputs for on-shore and for off-shore WTs are of seasons average, while
the air density is assumed to be un-impacted by air temperature variance. Table (3.5) summarizes
the main inputs/outputs of this scenario.
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Table (3.5) Scenario B: Meeting Demand Utilizing Energy Hub, inputs/outputs
Scenario A inputs
Hourly wind speed for on-shore WTs, nominal power, number of WTs, and WTs specifications
Inputs

Hourly wind speed for off-shore WTs, nominal power, number of WTs, and WTs specifications
Hourly insolation for PV-solar, air temperature, nominal power, number of PV modules, and module
specifications
Hourly power generated from energy hub in MWh

Outputs

Cost of electricity (COE) in $ per kWh
Hourly emissions of CO2, CO, NOx, and UHCs in kg

3.3.3

Scenario C: Hydrogen as an Energy Carrier

This scenario is proposed to utilize the surplus power from renewable energy sources of WTs and
solar in eletcrolyzers for producing hydrogen while meeting the power demand. The surplus power
during off-peak periods will be used in electrolyzers to produce hydrogen, which can then be sold
to fuel power cell vehicles. The proposed energy hub in this scenario includes NG-fueled CCPP
in addition to the renewable energy sources and alkaline electrolyzers. For inputs, this scenario
showed the hourly excess electricity and its cost in addition to the inputs that mentioned in scenario
B. For outputs, this scenario showed the hydrogen generated hourly and its cost. Table (3.6)
summarizes the inputs/outputs of Scenario C.
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Table (3.6): Scenario C: Hydrogen as an energy carrier, inputs/outputs.
Scenario B inputs
Electrolyzer’s design parameters, such as power constant, operating pressure, etc.
Inputs
Hourly surplus power in MWh from WTs and Solar after meeting the demand.
Hourly renewable energy cost (COE) to feed the electrolyzers in $ per kWh.
Hourly H2 generated in kg per hour.
Hourly cost of H2 in $ per kg.
Outputs

Hourly power produced in MWh.
Hourly Cost of electricity (COE) in $ per kWh.
Hourly emissions of CO2, CO, NOx, and UHCs in kg

3.4 Results and Discussions
The following sub-sections are specified for assessing the performance of the three scenarios
abovementioned based on the generating electricity for meeting demand, cost of electricity (COE),
NG-emissions levels, and using hydrogen as an energy carrier.

3.4.1

Scenario A: Results and Discussions

The NG-fueled CCPP is the only energy source used to generate the required power for meeting
the demand, a maximum power of 3150 MW in year of 2009 is used to size the proposed CCPP.
Based on the low heating value (LHV) of NG, the CCPP’s efﬁciency is considered to be around
60%. The proposed power demand profile is presented in Figure (3.3) and based on this simulated
proﬁle, the CCPP units were at low-capacity for 1456 hour (i.e. about 17%); whereas the operating
time at medium/high capacity was about 83% during the year.

50

Figure (3.3): Hourly power supply by the CCPP unit through Scenario A

The average cost of electricity produced by the NG-fueled CCPP is basically a function of the
capital costs, O&M costs, and NG price. Maximum of 8 CCPP units were utilized at a time, while
the average COE produced while meeting the demand is about $0.074 per kWh as shown in Figure
(3.4) for different months of the year. It is noticed that as the rate of generating electricity growing
up, the COE is going down.

Figure (3.4): The average monthly COE for Scenario A.

As this scenario proposed to utilize the conventional CCPP as the only energy source for meeting
the demand, it is expected to have the highest levels of emissions during the operating hours. The
emission rates of CO2, NOx, CO, and UHCs reached the maximum levels during on-peak periods
and felt down to the minimum levels during off-peaks ones. Table (3.7) presents the emission rate
of every pollutant measured based on the operating conditions of CCPP.
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Table (3.7): Scenario A emissions rates

3.4.2

Air pollutants gases

Emission rate, kg per kWh

CO2

0.317

NOx

0.015

CO

0.004

UHCs

0.002

Scenario B: Results and Discussions

Energy hub system is used in this scenario to generate the required power for meeting the demand,
the NG-fueled CCPP, on-shore and off-shore WTs and PV-solar cells were all utilized to ﬁll the
gap between the power demand and its dis-patchable supply.
As the power demand profile is kept same as well as the desired CCPP’s capacity and efﬁciency
in this scenario, about 97% of the proposed demand is met by CCPP units. The rest of the demand
which is only 3% are met by:


A 30 MW capacity of on-shore WTs by using 20 turbines,



A 46 MW capacity of off-shore WRs by using a 20 turbines, and



A 20 MW capacity of PV-solar by using 50,000 modules that occupied around 108,100 m2
of land.

Figure (3.5) presents the contribution of each energy source into the required power demand as an
average operating hours during the year. For the renewable energy sources, the contribution of onshore WTs was 0.9%, the contribution of off-shore WTs was the highest of about 1.6%, while the
contribution of solar (mainly during summer time) was the lowest at about 0.4%. In this scenario,
the surplus power of renewable energy sources during off-peak periods was uncontrolled i.e. as it
is assumed to be curtailed.
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(a) CCPP units profile

(b) On-shore WTs profile

(c) Off-shore WTs profile

(d) PV solar farm profile

(e) Energy hub profile
Figure (3.5): Power generated utilizing Scenario B: (a) CCPP, (b) On-shore WTs (c) Off-shore WTs (d) PV solar
farm, and (e) Energy hub.
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The COE for each power generation technology is calculated in this scenario, the average of solar’s
COE is the highest at about 18 ¢ per kWh followed by the off-shore’s COE at about 15.8 ¢ per
kWh, followed by the COE of on-shore at 10.2 ¢ per kWh. The COE of CCPP has the least
value at an average of 7.5 ¢ per kWh. Although CCPP’s share in generating the required power
within the energy hub is the main at around 97%, incorporating the renewable energy technologies
has increased the COE from the energy hub into 9.2 ¢ per kWh, i.e. by about 23%. On the other
hand, utilizing the renewable energy sources resulted in an emission abatement at about 3% when
compared to the emissions in Scenario A.

3.4.3

Scenario C: Hydrogen as an Energy Carrier

The integration of the alkaline electrolyzers is what characterized this scenario when compared to
scenario B, they were utilized in producing hydrogen when needed. The eletcrolyzers operation is
restricted to employ the excess power from WTs and solar cells whenever they are available during
the off-peak periods to generate hydrogen. It is counted that about 490 electrolyzers were available
for use at a time to employ power at a range of 12 – 42 MW per hour from available renewable
sources as seen from the proﬁle of the renewable electricity generated in Figure (3.6).

(a) Wind Turbines Profile during operation

(b) PV Solar profile during operation

Figure (3.6): The renewable electricity consumed by electrolyzers in Scenario C.

The on-shore wind turbines operate for 1,795 hour per year with a capacity factor of 20.5%;
whereas the off-shore ones operate for 2,099 hour per year with a capacity factor of 24%. The solar
farm operated for 3,837 hour per year with a 13.7% of its maximum design capacity.
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The average production capacity of the electrolyzers at operation is about 400 kg of hydrogen per
hour with an efﬁciency of 68%. The monthly hydrogen generated from the electrolyzers units is
shown in Figure (3.7).

Figure (3.7): The monthly hydrogen production.

The average estimated cost of producing hydrogen was about 17 $ per kg, this relative high cost
is due to the COE’s high value of renewables that used in electrolyzers for producing hydrogen.
Average seasonally produced hydrogen as well its production cost are presented in Table (3.8),
more off-peaks periods during winter resulted in producing more hydrogen and therefore its cost
is dropped, while the summer with less off-peaks periods resulted in less hydrogen produced and
therefore its cost went high.
Table (3.8): Average hydrogen production and its cost during different seasons
Seasons

Average H2 production, kg

Average H2 production cost, $ per kg

Winter

1,054,000

11.1

Spring

1,018,400

15.8

Summer

803,360

26.9

Autumn

1,098,300

14.8

Annual

3,974,000

55

17.1

As expected, Cost of Electricity (COE) increased with incorporating renewable energy sources of
wind and solar as seen from scenario A versus scenario B, and other hand the reduction in
emissions is achieved when the shares of wind and solar increased in meeting power demand. Due
to the amount of hydrogen that produced in scenario C, therefore this scenario looks the most
feasible one from the economic perspective when selling hydrogen to the market is considered.

3.5 The Conclusions
Simulation-mathematical model is developed in GAMS based on materials/energy balance,
thermodynamic and techno-economic relations to investigate the feasibility of integration the
renewable energy resources into NG-fueled energy hub in terms of costs and emissions.
Utilizing NG-fueled CCPP alone in meeting power demand has the lowest cost but the highest
emissions, while integrating wind and solar has increased the cost of electricity by about 23% and
decreased the emissions by about 3%. Among the renewable energy sources, COE of solar power
generated has the highest value of 18¢ per kWh followed by off-shore’s COE value of 15.8 ¢ per
kWh, and followed by on-shore’s COE value of 10.2 ¢ per kWh due to the main cost components
that included in the model such as capital costs, O&M costs, etc.
The feasibility of utilizing the surplus power of wind and solar during off-peak periods is
investigated and approved, alkaline electrolyzers used this power for producing hydrogen that can
be sold as a storable, clean and viable energy to the market.
Fast-paced developments of the wind and solar are critical for minimizing their cost and
maximizing their performance to increase their integration into existing power grids. Based on the
current results, improving the hydrogen-fueled technologies offers clean power and more of grid
flexibility due to the use of curtailed electricity.
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Chapter Four
4. Integration of renewable energy sources into combined cycle
power plants through electrolysis generated hydrogen in a
new designed energy hub
4.1 Introduction
The current energy infrastructures built 30-40 years ago, will have difficulty meeting the growing
energy demand while considering emission issues for the future. In Ontario-Canada, many
electricity generation facilities are approaching the end of their lifetime. In addition, electricity
demand is rapidly growing, therefore, new and clean energy generation capacity has to be built or
replaced. Replacing old power plants, continuing to meet the electrical demand while considering
climate change issues are critical challenges. Green House Gases (GHGs) and criteria air emissions
of Nitrogen Oxides (NOx), Sulphur Oxides (SOx) and Particulate Matters (PMx) from fossil-fuelled
power generation are the constraints in any future energy plans. Furthermore, the intermittent and
the non-dis-patchable nature of renewable sources such as wind and photovoltaic solar will raise
the question of how to integrate these sources into the current energy network. The intermittent
nature of wind and solar needs to be balanced when connected to the grid for stability purposes,
therefore electricity storage is required. In Germany, e.g., the estimated residual power is about 60
GW (Gotz, et al., 2016); whereas the shortage in suitable capacity to store the surplus-energy from
renewable sources for long time represents one of the main challenges (Bucher, et al., 2015). All
of these challenges motivate the researchers to adopt new ideas for the future of energy or the
energy for the future. The power-to-gas technology is one of the favorable options since it enables
both temporal and spatial solutions for aforementioned challenges at a time with respect to power
supply and required storage (Jentsch, et al., 2014). Utilizing power-to-gas in a competitive way
can be employed in five different pathways including: power-to-gas-to-electricity, power-to-gasto-NG pipeline, power-to-gas-to-industrial hydrogen, power-to-gas-to-methanation process, and
power-to-gas-to-mobile fuel (Walker, et al., 2016) which adds more flexibility to the operating
power-system.
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An energy hub is a simulated framework representing ‘power-to-gas’ concept where multiple
energy sources can be converted, conditioned, and stored in a synergistic fashion. It provide an
interface between different energy infrastructures and/or loads (Geidl, et al., 2007), (Bakken &
Holen, 2004). Modelling energy hub from techno-economic perspective will help to understand
the feasibility of adopting ‘power-to-gas’ technologies when connected to the grid. In addition to
renewable sources of wind and solar, the conventional energy sources such as natural gas (NG) as
well as energy carriers such as electricity and hydrogen are considered in the network of energy
hub model; whereas their costs and emissions are to be optimized. The main advantage of
modelling the energy hub in the current study is to improve the incorporation of the combined
cycle power plants (CCPPs) as a dis-patchable energy source with renewable energy sources (REs)
as zero-emissions sources. The rationale of adopting energy hub is to reliably meet electricity
demand, to maintain affordable cost, and to achieve optimum efficiency while minimizing
emissions. This study explores the possibility of utilization CCPP as base-load linking with wind
turbines (WTs) and photovoltaic solar panels (PVs). The CCPP is a competitive power plant as a
result of the rapid development and the wide availability of low-cost NG in North America. CCPPs
respond to changes in outside conditions as well as their short start-up time and high-loading
gradients which make them favoured in meeting power demand (Kehlhofer, et al., 2009).
Hydrogen is utilized in the current energy hub as the energy carrier. Producing hydrogen using
water electrolysis is currently one of the most promising methods. Electrolysis technologies have
been successfully integrated into renewable- and hydrogen-energy-based systems (Harrison &
Miller, 2012). In particular, highly effective alkaline electrolysis systems generally have larger
hydrogen production capacities were integrated successfully with CCPPs using RE sources (Saur
& Ramsden, 2011). Hydrogen as an energy vector within the hub was studied by Hajimiragha et
al. (Hajimiragha, et al., 2007); it is shown that due to storage capability of this energy vector, more
flexibility on energy conversion inside the hub is provided, which brings more freedom in system
planning and operation. Electrical energy obtained from REs can be converted to hydrogen using
electrolyzers which, in turn, can be converted back to electrical energy by mixing hydrogen with
NG as feed stock for fuelling CCPP to reduce emissions. Hydrogen assists in the complete
combustion of methane, decreasing unburned hydrocarbons and carbon monoxide emissions;
whereas hydrogen-enriched natural gas (HENG) fuel represents the potential option to minimize
GHG emissions (Melaina, et al., 2013), (TerMaath, et al., 2006) and (Atlantic Hydrogen, 2009).
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Sharif et al. (Sharif, et al., 2014) present a deterministic simulation model for an energy hub
consisting of NG turbines as the main source of energy in addition to the two RE sources of WTs
and PVs. It has been found that CCPP and REs would offer energy production that not only meets
the demand but also reduces emissions. Nevertheless, the high electricity costs continue to remain
an obstacle in adopting the energy hub concept in today’s economy.
The Ontario Power Authority (OPA) projects that 15,700 MW of future electricity demand will
have to be met either by new REs or by adding CCPPs. This is due to an expected increase in peak
demand in Ontario, and the fact that 80% of the current power generation will have to be replaced
or refurbished over the next 20 years (Ministry of Energy, 2013). HENG-fuelled CCPP represents
such a creative and successful solution to enhance the performance of the CCPPs and to reduce
their GHG emissions to minimum levels. The HENG fuel has the potential for reducing NOx
emissions without the limitations found in other NOx control methods (Melaina, et al., 2013).
Integrating sustainable, zero-emissions and non-dis-patchable resources such as WTs and PVs into
the grid through producing hydrogen represents the main advantage for health and the environment
(Goldstein & MacDougall, 2012). This method offers cleaner, more flexible and secure energy
supply while utilizing local energy resources of NG, wind, and solar. The importance of this
research is to exhibit the possibilities for different energy sources to operate in a synergistic manner
in order to meet the market electricity demand at reasonable prices while minimizing hub fossil
impacts on the environment.
The proposed energy hub consists of CCPPs, WTs and PVs as the energy sources. CCPPs are set
up to meet the power demand while REs are designed to meet electrolyzer’s power demand as
shown in Figure (4.1). Renewable-produced hydrogen by alkaline electrolyzers (AELs) is injected
directly into NG pipelines. Utilizing REs for supplying power to the AELs will stabilize the cost
while maintaining hydrogen availability. The current study is targeted to meet a proposed load
profile (CHFCA, 2008).
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Figure (4.1): Block diagram of the modeled energy hub

4.2 Developing Simulation Model
The energy hub cost model is developed in the current study by using General Algebraic Modeling
System (GAMS) as a Mixed Complementarity Problem (MCP) and solved by the CPLEX solver.
The objective function is to maximize revenue from selling electricity and from emissions credits;
whereas hydrogen concentration in CCPP fuel (range from 0.0 to 5.0% vol.) is to be tested for
maximum revenues. Meeting power demand and the limits of the hydrogen concentration in CCPP
fuel are the most effective constraints for the model. Hourly inputs such as load profile, wind
speed, air temperature, solar insolation, and other inputs in a whole full year are fed into the energy
hub model rather than average monthly or seasonal data in order to get more accurate and reliable
results. The current energy hub model is built based on laws of thermodynamics, economics, and
power plant process designs. The proposed energy hub consists of: a fixed number of CCPPs each
has capacity of 555 MW; on-shore wind turbines each has capacity of 1.8 MW; off-shore wind
turbines each has capacity of 3.0 MW; PV-solar modules each has capacity of 0.191 kW; and
alkaline electrolyzers with a production normal capacity of 60 m3 per hour (power constant of 5.2
kWh per m3). The main costs including capital costs, operating & maintenance (O&M) costs, the
fuel cost, and other technical and services costs for the CCPP and the RE sources are considered

60

and discussed in the following sections. The CCPP configuration is evaluated and presented in this
section. The design of the CCPP is based on a market-ready technology that is commercially
available. The plant consists of two advanced F-class Combustion Turbine Generators (CTGs),
two Heat Recovery Steam Generators (HRSGs) and one Steam Turbine Generator (STG). In
Figure (4.2), the block flow diagram of CCPP with process data for the streams is given (Black,
2013).
Stacks
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Figure (4.2): CCPP power plant configuration

The considered power plant has two NOx reduction technologies; the first is the Dry Low NOx
(DLN) burner, and the second is the Selective Catalytic Reduction (SCR) system. An existing
CCPP design with the characteristics shown in Table (4.1) (Black, 2013) is used in the model.
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Table (4.1): CCPP’s specifications and performance summary

NG
Turbine

HRSG

Nominal Power,
PGT

184,400 kW

Nominal power, PPUMP

5,400 kW

Isentropic Pump
Efficiency, ȠIsen

90%

Cooling Duty

1,139*106
kJ h-1

Surface Area, S

1,388 m2

Pressure in PIn

1.013 bar

Pressure out POut

8.634 bar

Air flow rate, FlowAir

877 kg s-1

Water Pump
NG mass flow
rate

Heat Recovered,
QHRSG

Nominal Power,
PST

75,969 kg h

-1

174,578 kW

Condenser

213,000 kW

Steam
Turbine

Air
Compressor
Section Area, A

4,577 m2

Emissions
CO2

365 kg per MWh

NOx

0.027 kg per MWh

SO2 & PMx

Negligible

The cost of electricity (COE) produced by CCPP in $ per kWh is calculated using Eqn. (4.1).
COECCPP = [CFuel +

CCapital + CO&M
] /AEPCCPP
n

Eqn. (4.1)

Where: CFuel is the fuel’s cost, CCapital is the capital cost, CO&M is the operating and maintenance
costs, AEPCCPP is the annual electricity produced in kWh, and n is the number of units. The capital
costs of the main equipment and auxiliaries are calculated based on the cost relationship used by
Attala et al. (Attala, et al., 2001) as shown in Eqns. (4.2) and (4.3).
CCapital = CEquipment ∗ Af

Eqn. (4.2)

CEquipment = CGT + CST + CHRSG + CCOND + CPUMPS + CGEN + CCOMP

Eqn. (4.3)

Where: CGT is the gas turbine’s cost, CST is the steam turbine’s cost, CHRSG is the cost of the heat
recovery of steam generator, CCOND is the condenser’s cost, CPUMPS is the pumps cost, CGEN is the
generator’s cost, and CCOMP is the compressor’s cost. The amortization factor Af is calculated in
Eqn. (4.4).
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A f = Dr ∗

(1 + Dr )n
(1 + Dr )n−1

Eqn. (4.4)

Where: Dr is the discount rate, and n is the number of years; the other cost factors of equipment
that appeared in Eqn. (4.3) are calculated in the following equations (4.5 – 4.11) (Attala, et al.,
2001):
0.71
CGT = 3832 ∗ PGT

Eqn. (4.5)

Where: PGT is the nominal power of gas turbine; the cost of steam turbine is calculated by using
Eqn. (4.6).
1.543
CST = 3,197,280 ∗ A0.261 + 823.7 ∗ PST

Eqn. (4.6)

Where: A is the heated surface area of the steam turbine, PST is the nominal power of steam turbine.
The cost of HRSG is calculated based on Eqn. (4.7).
CHRSG = 17,000 ∗ Q0.6
HRSG

Eqn. (4.7)

Where: QHRSG is the heat recovered by HRSG; the cost of condenser is calculated based on Eqn.
(4.8) as follow:
CCOND = 162 ∗ 𝐴1.01
𝑆𝑢𝑟𝑓𝑎𝑐𝑒

Eqn. (4.8)

Where: ASurface is the condenser’s surface area; the pump’s cost is calculated based on Eqn. (4.9).
CPUMPS = 37.6 ∗

0.8
PPUMP

1 − 0.7 −0.46
∗ [1 + (
)
] ∗ 34.4
1 − ηIsen

Eqn. (4.9)

Where: PPUMP is the nominal power of the pump, and ηIsen is the isentropic efficiency of the pump.
The cost of gas and steam generators is calculated in Eqn. (4.10) based on Kotowicz et al
(Kotowicz & Bartela, 2010):
CGEN = 3082 ∗ (PGT + PST )0.58

Eqn. (4.10)

Where: PGT and PST are the nominal powers of gas turbine and steam turbine respectively. The cost
of air compressor is calculated in Eqn. (4.11) as previously determined by Siemiatycze et al
(Sieniutycz & Jezowski, 2013) :
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FAir ∗ MAir POut
POut
CCOMP = [
]∗
∗ Ln(
)
0.9 − ηAC
PIn
PIn

Eqn. (4.11)

Where: FAir is air fraction, MAir is the air’s molecular weight, ηAC is the air compressor efficiency,
PIn, and POut are the inlet and outlet pressures respectively. The NG fuel cost in $ is calculated in
Eqn. (4.12) based on Cetin et al (Cetin, et al., 2008).
CFuel = 3,600 ∗ 8,760 ∗ PriceNG ∗ PCCPP ∗ Loadfactor /(HHVNG ∗ ηCCPP )

Eqn. (4.12)

Where: HHVNG is the high heating value of the natural gas, ηCCPP is the CCPP’s efficiency. The
thermal efficiency ηCCPP that appears in Eqn. (4.12), is calculated in Eqn. (4.13) as follow:
ηCCPP =

PCCPP
Q NG

Eqn. (4.13)

The fuel thermal energy QNG that appears in Eqn. (4.13) for natural gas is calculated in Eqn. (4.14)
as follows:
Q NG = MNG ∗ HHVNG

Eqn. (4.14)

Where: MNG is the natural gas molecular weight; the O&M cost CO&M that appeared in Eqn. (4.1)
is calculated in Eqn. (4.15) based on Black, J. (Black, 2013):
CO&M = 0.00132 ∗ AEPCCPP

Eqn. (4.15)

The Annual Energy Produced (AEP) by CCPP in kWh AEPCCPP that appeared in Eqn. (4.1) is
calculated in Eqn. (4.16):
8,760

Eqn. (4.16)

AEPCCPP = ∑ (PCCPP ∗ Loadfactor )
i=1

The On-shore WTs that designed by Vestas (Vestas, 2008) as well as the off-shore WTs (Vestas,
2004) are considered in the model; all specifications are summarized in Table (4.2).
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Table (4.2): Wind turbines specifications
Specifications

On-shore WTs

Off-shore WTs

WT Nominal Power, NP

1,800 kW

3,000 kW

Hub height, Hh

80 m

90 m

Rotor Diameter, RD

80 m

90 m

Area swept, ARotor

5,027 m2

6,362 m2

The cost of electricity (COE) generated by wind turbines in $ per kWh is calculated in Eqn. (4.17)
as follows:
COEWT = (Cost Capital + Cost O&M + LRC + LLC)/AEPWT

Eqn. (4.17)

Where: LRC represents the levelized replacement cost, and LLC is land lease cost; the capital cost
of WTs as a sum of the individual costs of parts and services accompanied with the installation
stages are calculated in Eqn. (4.18).
Cost Capital = ∑ Cl + ∑ Cm
l

Eqn. (4.18)

m

Index ‘l’ represents the main parts of WTs such as blades, hub, gear box, tower, yaw, etc.; whereas
index ‘m’ represents the services accompanied such as connections, transportation, civil work, and
engineering. The capital cost relationships are adopted based on Fingersh et al (Fingersh, et al.,
2006). Further capital costs are considered for off-shore WTs such as support and structure cost,
turbine installation cost, and other costs (Fingersh, et al., 2006). The O&M costs as a function of
WTs power produced AEPWT are considered in Eqn. (4.17); it is 0.008 $ per kWh for on-shore WT
and it is 0.02 $ per kWh for off-shore WTs (Fingersh, et al., 2006).
Cost O&M = fO&M ∗ AEPWT

Eqn. (4.19)

Where: fO&M is the operating & maintenance factor. The annual energy produced AEPWT in kWh
that appeared in Eqn. (4.17) is calculated in Eqn. (4.20):
8,760

Eqn. (4.20)

AEPWT = ∑ Poweri
i=1
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The hourly power produced by WTs in Watts is calculated using Eqn. (4.21) as follows:
Poweri =

1
∗ ρ ∗ V 3 ∗ ARotor
2 Air i

Eqn. (4.21)

Where: ARotor is the rotor area; whereas the air density ρAir is modified at different elevated WT’s
rotor heights and is calculated in Eqn. (4.22):
ρi = (

ρAir −g∗h
) R∗Ti
R ∗ Ti

Eqn. (4.22)

Where: ρi and Ti are the air density and air temperature at any hour respectively; h is the height
and R is the gas constant. According to Vestas WTs specifications, the wind speed range of 3 – 25
meter per second is required for best achievement. The on-shore Levelized Replacement Cost LRC
is calculated in Eqn. (4.23) based on Fingersh et al (Fingersh, et al., 2006):
LRC = 10.7 * NP * NT

Eqn. (4.23)

Where: NP is wind turbine nominal power, NT is the number of wind turbines. For the off-shore
wind turbines, the LRC is calculated in Eqn. (4.24) based on Musial et al (Musial & Ram, 2010).
LRC = 17 * NP * NT

Eqn. (4.24)

The Land Lease Cost LLC is principally based upon the land used by the WTs. The factors applied
in different wind farms developments vary widely depending on the wind class of the particular
site, the nature and value of the land, and the potential market price (Fingersh, et al., 2006). The
LLC for on-shore wind turbines is calculated using Eqn. (4.25); and for off-shore ones, the LLC is
calculated as in Eqn. (4.26):
LLC = 0.0012 * AEPWT

Eqn. (4.25)

LLC = 0.0008 * AEPWT

Eqn. (4.26)

The CS6P-256mm PV-Solar module is selected to represent the base unit of solar energy model
from Canadian Solar (CanadianSolar, 2013). Table (4.3) presents the module’s specifications and
its operating conditions.
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Table (4.3): PV-solar specifications and operating conditions
Specifications
Nominal power, Np

0.191 kW

Life span of PV cells, LSm
Module efficiency,

Operating Conditions

Ei ff

Module’s area, Amodule

25 years

Nominal operating temperature, Tnom

45 ⁰C

Ambient air temperature, To

20 ⁰C

17%
Operating temperature, Tioperating

(- 40) - 85 ⁰C

2

0.02434 m

The cost of electricity (COE) in $ per kWh is calculated using Eqn. (4.27):
COEPV = Cost total /AEPPV

Eqn. (4.27)

The total PV costs as a sum of capital, O&M and labor are calculated in Eqn. (4.28) as follows:
Cost total = Cost Capital + Cost O&M + CLabor

Eqn. (4.28)

The capital cost as a function of equipment cost and land cost is calculated using Eqn. (4.29):
Cost Capital = CEquipment + CLand

Eqn. (4.29)

Based on Buzz Solar (Buzz Solar, 2012), the cost of equipment CEquipment is $0.215 per kWh; for
labor cost, each MW of newly installed PV-solar requires 44 jobs (Mitchell, 2010). Median of
Canadian employed income by 2006 was $41,400 per year (CanadaStatistics, 2011). As a result,
the cost of labor as part of installation cost will be $1822 per kWh per year. The cost of land CLand
is calculated based on proportional land market prices as $ per kWh per year (Gwartney, 2015).
The O&M cost is calculated as a factor of $0.01 per kWh as per Bing, J. M. (Bing, 2007). The
annual PV-solar power produced AEPPV in kWh is calculated in Eqn. (4.30).
8,760

Eqn. (4.30)

AEPPV = ∑ Poweri
i=1

The hourly power produced from PV-solar is calculated in Eqn. (4.31) based on (Earth Observation
System, 2012):
Poweri = Gi ∗ Eiff ∗ Amodule

Eqn. (4.31)
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Where: Gi is the hourly insolation, Eff is the hourly efficiency, and Amodule is the module’s area. For
the eletcrolyzers, the model HySTAT-60 from Hydrogenics (Hydrogenics, 2011) is considered in
calculating the costs of the electrolysis process. Hydrogen production cost in $ per kg is calculated
in Eqn. (4.32):
Power
Water
AEL
Cost Hydrogen = (Cost AEL
Capital + Cost O&M + Cost Consumed + Cost Consumed )/HydrogenProduced

Eqn. (4.32)

The capital cost of the AEL is calculated in Eqn. (4.33) based on (Zoulias & Lymberopoulos,
2007) and (Li, et al., 2009).
0.6
Cost AEL
Capital = 250,000 ∗ (AELCapacity ∗ ρHydrogen )

Eqn. (4.33)

Where: ρHydrogen is the hydrogen’s density; the AEL’s production capacity is 60 Nm3 per hour
(Hydrogenics, 2011). The power consumed by each AEL is calculated by multiplying power
consumption (5.2 kWh per m3) by the capacity at operating conditions; whereas the hydrogen
produced in kg per hour is calculated in Eqn. (4.34).
Poper ∗ MWHydrogen
HydrogenProduced = AELCapacity ∗ [
]
R ∗ Toper

Eqn. (4.34)

Where: MWHydrogen is the hydrogen’s molecular weight, Poper and Toper are the operating pressure
and temperature respectively. The cost of renewable power consumed by the electrolyzers has a
significant impact on the cost of hydrogen production and is calculated in Eqn. (4.35) as follows:
Cost Power
Consumed =

(COEWT ∗ AEPWT ) + (COEPV ∗ AEPPV )
(AEPWT + AEPPV )

Eqn. (4.35)

The O&M cost of the electrolyzers is considered to represent 2% of the direct installed capital cost
as per Saur et al (Saur & Ramsden, 2011); and the cost of water is calculated based on the cost of
demineralized water cost ($1.04 per 1,000 kg) as in Eqn. (4.36):
Cost Water
Consumed = 1.04 ∗ (

MWWater
) ∗ HydrogenProduced
MWHydrogen

Where: MWWater is the water’s molecular weight.
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Eqn. (4.36)

4.3 Storing Electrical Energy as Hydrogen in NG Pipeline
Storing electrolytic-renewable produced hydrogen in the NG pipelines network as an innovative
idea is adopted in this research which is based on assumptions of the 'Power-to-Gas' projects
(Hydrogenics, 2012), (Eichman, 2015), and (California Hydrogen Business Council, 2015). This
clean energy solution establishes a bridge between the electricity and NG networks to bring
seasonal storage capabilities to electricity networks. It also underscores the importance of pipelines
in meeting the objective of increased REs penetration. The technology could be particularly
advantageous in markets with large amounts of intermittent RE sources. By converting the
electricity to gas and storing it in the vast NG pipelines, more RE’s energy can be stored for long
periods while increasing the amount of clean energy that is available for consumers. A
mathematical model developed by Tabkhi et al (Tabkhi, et al., 2008) based on NG-H2 blend
transport through pipelines and compressors to be compensated for the pressure drops by implying
mainly the mass and energy balances on the basic elements of the network. This work deals with
the quantitative amount of hydrogen that can be added to the NG network. Their quantitative
results show that the addition of hydrogen to NG pipelines significantly decreases the transmitted
power; whereas, the maximum fraction of hydrogen that can be added to natural gas is around 6
mass percent.

4.4 The Methodology
A flow diagram of the calculations is presented in Figure (4.3). The hydrogen concentration in
CCPP fuel (as a starting point) is to be used to determine the number of REs in operation including
WTs and PVs and to determine the required number of electrolyzers for operating to produce
hydrogen. The next step is to calculate all the related costs of the energy hub parts including
CCPPs, on-shore WTs, off-shore WTs, PVs and AELs considering capital costs, O&M costs, NG
fuel cost, and related auxiliaries. Based on the calculation of the energy hub cost model, the unit
power cost in $ per kWh will be calculated. This unit will be compared to two scenarios: (1) the
retail cost equivalent value for the electricity which is based on smart meter in $ per kWh; (2) the
set of wholesale price equivalent value for the electricity. Injecting electrolytic-renewable
produced hydrogen into CCPP’s fuel will improve emissions. The objective function is to
maximize the annual revenues that will be gained from selling power to meet the demand and to
maximize the emissions credits that will be achieved. In order to measure the emissions
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improvements in terms of monetary value, the Monetary Value of Carbon (MVC) and the Marginal
Abatement Cost (MAC) were considered. The MVC measures the full global cost of an
incremental unit of carbon emitted, summing the full global cost of the damage it imposes over
the whole time in the atmosphere (Thornton, et al., 2007). MAC refers to the sum of the marginal
costs, or the area under the MAC curve which is plotting CO2 prices against a corresponding
reduction amount for a specific time and region (Mrris, et al., 2008). Based on the aforementioned
studies including Ball et al (Ball & Kennett, 2012), $13 per ton is considered for CO2 emission
reduction credit and $55 per ton for NOx. The CO2 and NOx emissions credits will be added to the
revenues in the objective function to balance the high cost of using REs in producing hydrogen.
Sensitivity analysis is carried out to compare power unit cost before and after adding hydrogen to
the CCPP’s fuel, and to compare CO2 and NOx emissions credits achieved. Sensitivity analysis
results will determine the best hydrogen concentration in HENG fuel in terms of optimum annual
revenue.
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Figure (4.3): Block diagram of the applied methodology for cost’s model
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PV Costs:
Capital Costs
Operation Costs

PV unit cost,
$ per kWh

4.5 Results and Discussions
In the following sections, two scenarios are discussed: (1) cost model results when meeting
proposed load profile (power demand) utilizing NG-fueled CCPPs; and (2) cost model results
when meeting same power demand utilizing HENG-fueled CCPPs. In scenario (2) and in order to
examine the achieved revenues, two sub-scenarios will be discussed: (A) comparing the power
cost calculated to retail price equivalent value; and (B) comparing the power cost calculated to a
set of wholesale price equivalent values. The proposed load profile is used to determine the number
of CCPPs required to meet the dis-patchable demand as shown in Figure (4.4).

Figure (4.4): Hourly proposed load profile

The expected hourly demand is varied between 2,116 – 4,873 MW, and based on this range the
number of CCPP required is 9 power plants to be available for hourly response operation.
Emissions in ton per year from the desired CCPPs are calculated based on load factor and operating
time. CO2 has the highest emission level followed by NOx as seen in Figure (4.5).

Figure (4.5): Calculated CCPP’s annual emissions
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4.5.1

Scenario (1): Cost Model for NG-fueled CCPP

CCPP’s cost model is used to calculate all the required capital cost, O&M cost, NG fuel cost; Eqn.
(4.1) is used to calculate the CCPP’s unit power cost in $ per kWh. The results are summarized in
Table (4.4).
Table (4.4): CCPP power cost model results
CCPP required to meet variable power demand
Average hourly power produced, MW
Average NG fuel used, kg per hour

9 plants
3,162
469,581

Average efficiency, low heating value basis

42.7%

Average fuel cost, $ per hour

9,190.5

Average cost of electricity COE, $ per kWh

0.087

Average load factor

90%

As seen from Table (4.4), the average energy power cost is high when compared to the average
unit power cost of base-load sources like nuclear and hydro. In North America, combined cycle
power plants are designed for meeting high peak demand. Thus their power cost of about $0.09
per kWh is acceptable when compared to the high peak market price.

4.5.2

Scenario (2): Cost Model for HENG-fueled CCPP

Based on the hydrogen concentration in CCPPs fuel and REs availability (required wind speed and
insolation), the number of on-shore, off-shore wind turbines, PVs and AELs in operation are
calculated and illustrated in Table (4.5). Hydrogen rate is varied between 2,000 kg per hour at H2
equal to 1% (low rate) and up to 22,000 kg per hour at H2 equal to 4% in CCPP’s fuel.
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Table (4.5): No. of REs and AELs at different %H2 in CCPP fuel
H2
Concentration
in HENG fuel

No. of RE Sources
On-shore WTs

Off-shore WTs

PV-Modules

1%

444

274

115,111; (42 acre)

78

2%

887

543

228,577; (83 acre)

156

3%

1330

812

342,043; (124 acre)

234

4%

1773

1085

457,154; (167 acre)

312

No. Of AELs

The target in this scenario is to calculate the unit power cost in $ per kWh after blending hydrogen
with NG to fuel CCPPs. This calculation is performed by adding the hydrogen production costs to
the CCPP’s unit power cost that calculated previously. The hydrogen production cost is based on
the mathematical equations introduced in previous section. In Table (4.6), the aforementioned
calculated costs are summarized based on 2% hydrogen as an example of the results. It is found
that electrolytic-renewable produced hydrogen costs about $4.1 per kg, which is about $0.13 per
kWh of the renewable power supplied to AELs.
Table (4.6): HENG Blend costs for 2% H2 (sample of results)
Calculated Costs

$ per kWh

On-shore unit power

0.098

Off-shore unit power

0.141

PV-Solar unit

0.370

Average Renewable Power

0.1023

Average Hydrogen Production

0.13

The renewable electricity used in AELs to produce hydrogen costs more than 80% of the total
hydrogen production costs in $ per kWh as shown in Table (4.6). There is a significant potential
to reduce the costs of renewable power in short term future, and then the cost of electrolyticrenewable produced hydrogen will have more chance to compete other methods for producing
hydrogen.
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4.5.3

Scenario (2A): Power Cost vs. Retail Price

As discussed above, the power cost from CCPP is high when it is used to meet the base-load of
the proposed load profile. In this scenario, the target is to compare power cost to Ontario retail
price equivalent value which is based on smart meter readings and at different hydrogen
concentrations in CCPP fuel as shown from Figure (4.6). The cost of power produced varies
between an average of $0.09 per kWh at H2 equal to 1% and an average of $0.13 per kWh at H2
equal to 4%. Power cost is compared to the retail price of 2011 as shown from Figure (4.6). When
the hydrogen concentration equal to 1% and 2%, revenue is achieved when the CCPPs are operated
for almost the whole year. While when the hydrogen concentration equal to 3%, revenue is
achieved after the month of May to the end of the year; whereas at 4%hydrogen barely any revenue
is made.

Figure (4.6): Power cost vs. hydrogen concentrations compared to Ontario-retail price

4.5.4

Scenario (2B): Power Cost vs. Set of Wholesale Price

While increasing the amount of hydrogen in CCPP’s fuel, the drop in revenue is greater than
emissions credits gained as shown from Figure (4.7). It is found that revenue made from selling
electricity to meet the demand is the most effective part of the objective function. In general, losing
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profitability when adding hydrogen into CCPP’s fuel is expected and can be adjusted by examining
different weights for the emissions credits in the objective function. The curve of the annual
revenue is intersecting with the CO2 & NOx emissions credit curve at hydrogen concentration of
3.7%, it means that the objective function is derived by two paths: exponential drop in revenue up
to H2 equal to 3.7% followed by slow linear incremental emissions credits.

Figure (4.7): Selling power revenue & emissions credits vs. Hydrogen concentrations in CCPP fuel

This scenario is performed in order to find out the best price to sell electricity at different hydrogen
concentrations in CCPP fuel. The wholesale price values is ranged from $0.03 per kWh up to $0.37
per kWh while examining the annual revenue as shown from Figure (4.8). At lowest hydrogen
concentration and at highest wholesale price, the highest revenue can be achieved. At wholesale
price of $0.12 per kWh the model starts to make revenue when the hydrogen concentration ranged
from 1 to 3%. At hydrogen concentration 3.7% the wholesale price should be above $0.12 per
kWh. The wholesale price of $0.12 per kWh is critical point towards making revenue, and this
agrees with what Ontario set for on-peak price.
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Figure (4.8): Annual revenue compared at a set of wholesale price at different H 2-concentration in HENG fuel

4.5.5

Results Sensitivity Analysis

A sensitivity analysis is performed in this section to examine the uncertainty of hydrogen
concentration in CCPP fuel and how changing this parameter will impact the emissions credits.
Credit of CO2 emission is found to be more sensitive to the increase in hydrogen concentration
than the credit of NOX emission as seen from Figure (4.9). This approach is due to two facts: (1)
the amount of CO2 emissions released in ton per MWh is much larger than the amount of NOx
emissions; and (2) the CCPPs that are considered in the current study incorporated with SCR and
DLN units, but they don’t have the CO2 capture unit.

Figure (4.9): Emissions credits of CO2 and NOx at different hydrogen levels
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4.6 The Conclusions
The energy hub is modelled as a framework of ‘Power-to-Gas’ concept to incorporate the zeroemissions renewable sources into dis-patchable combined cycle power plants via introducing
hydrogen as an energy vector to be a replacement of the conventional fossil-fuelled power plants.
Adding hydrogen into natural gas as a fuel for combined cycle power plants will create extra costs
and reduce annual revenue, but at the same time will increase the CO2 and NOx emissions credits.
Selling electricity at a price of $0.12 per kWh when hydrogen is 3.7% in CCPP’s fuel represents a
starting point towards increasing annual revenue. Revenue from selling electricity is more sensitive
to increasing hydrogen concentration in CCPP’s fuel than revenue from CO2 and NOx emissions
credits. The credit of CO2 emission is more sensitive to adding hydrogen into HENG CCPP’s fuel
than the credit of NOx emission.
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Chapter Five
5. Cost-analysis of health impacts associated with emissions
from combined cycle power plant
5.1 Introduction
Power generation plants fueled by fossil fuels including natural gas (NG) have remarkable
environmental impacts. The impacts associated with human health are the most important ones
that can result in increased mortality in terms of reducing life expectancy. Additionally, the
airborne pollutants can result in increased morbidity in terms of cardiovascular and pulmonary
illnesses. Exposure to carbon monoxide (CO), particulate matters (PMx), nitrogen oxides (NOx),
or sulfur oxides (SOx), has a noticeable impact on human’s health in both the long and short term
during normal plant operations. Airborne pollutants impact human health directly, thus having a
significant effect in the form of hidden costs in many different ways, including increasing the cost
of health care and the number of missed working days, as well as reducing the productivity of
impacted workers. Airborne pollution costs society and related economies billions of dollars every
year (OMA, 2005). The real direct and indirect social costs of air pollution are even higher. The
costs of health and social impacts due to air pollution also include indirect impacts such as losses
in social welfare, suffering from pain, and early death. Airborne pollution from power plants has
been related to a wide range of health concerns, starting with asthma and extending to
cardiovascular diseases. Previous studies performed by the Toronto Public Health Department
(TPHD), the Government of Canada and the OMA, show that air pollution can have serious
impacts that may increase the rate of workers’ absence and the numbers of emergency room visits
and hospital admissions, and may lead to premature death (OMA, 2005).
When electricity generation costs do not adequately reflect all associated health and societal costs,
the monetary value assigned to all causal impacts, considered damages, are “hidden” in the sense
that governments and decision makers are not aware of the full economic impact of their actions
on the public. These “hidden” impacts should motivate governments to adopt and establish
protective actions such as regulations, taxes, and fees, or other restrictions for better recognition
(National Academy of Sciences, 2009). The hidden costs of generating electricity can be defined
as the costs of all health, social, and environmental damages imposed by the power generation
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facilities that are not included in the market price of electricity (Molnar, et al., 2008); therefore, all
of these related costs should be considered when evaluating the entire impact of the energy sector
and should be expressed in terms of external costs per energy unit. The hidden costs are considered
external due to their undeclared impacts within the normal pricing system, they can also be
considered by-products generated by techno-economic activities that are unrelated to the parties
involved in the activity (El-Guindy, 2013). The impact pathway approach (IPA) developed as part
of the External Costs of Energy (ExternE) Project (Bickel & Friedrich, 2005) is one of the most
common practical methods for assessing the environmental effects of different energy sectors; it
is a unique tool for estimating the damage costs of airborne pollution to health and society. This
step-by-step approach conceptualizes pollution as a burden and links it to its related impacts
(Bickel & Friedrich, 2005). Calculating the actual cost of electricity will impact existing
regulations in planning and undertaking the investments in new energy systems and operating
existing power generation facilities. The main approach used in calculating the actual costs of
generating electricity is conceptualizing the damage function as a relationship between pollutant
emissions and the direct environmental impacts followed by monetizing the accrued damages. In
general, this approach is considered superior when compared to the other approaches due to the
intensive technical data required before utilizing this approach (Burtraw, et al., 2012).
With increased penetration of renewable energy sources such as wind and solar facilities, there is
a need for additional peak power generation facilities to account for the intermittent nature of these
sources. In addition, the power generated by intermittent renewable sources may not provide
supplied power at the right time in order to be consistent with demand, nor is it likely to be in an
appropriate location. Thus integrating these resources into the existing grids requires a unique
energy system that can connect the inputs and the outputs of different energy flows in order to
convert, conditioned and stored the energy; such a system called the energy hub (Buhler, 2010).
Thus, energy hub is designed for providing benefits for the transportation of energy as well as
load-matching capabilities from different sources of energy. Hydrogen generated via electrolysis
process from renewable sources as an energy carrier in energy hub system can be fed with NG and
consequently used by combined cycle power plants (CCPPs), thus capturing the full value of the
intermittent renewable capacity. Both provide the added benefit of reducing air pollution from
power generation facilities.
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This work is to explore the health impacts as one of the most significant environmental damages,
and to monetize these damages in order to reveal the hidden costs of generating electricity from
NG-fueled CCPP. In this manner, it continues to detect the potential of utilizing the energy hub
system that designed in the previous study (AlRafea, et al., 2016) with respect to reduced emissions
and society health impacts through a case study of NG-fueled CCPP.
The CCPP under study operates during times of higher electricity demand, which typically occur
during daytime hours on summer and winter business days, but this may vary depending on
changes in the spot market prices for electricity and NG (Greenfield South Power Corporation,
2012). Southwest Ontario is the assumed air-shed under consideration using the annual scenario
of 2014. This location provides appropriate electrical transmission assets as well as the potential
for the location of large-scale wind and solar facilities.

5.2 Air Quality-Health Assessment
Investigating the relationship between the quality of air and its impact on human health has been
an objective for researchers for more than two decades. Burnett et al (Burnett, et al., 2004)
examined the impact of short-term exposure to different concentrations of NO2 on daily mortality
cases registered in different Canadian cities under study.
Burnett and his colleagues linked the air pollution activities to the mortality cases recorded within
the same areas of study using statistical methods. Their study can be used to provide unbiased
estimation of the uncertainty in such air pollution-mortality association. This study showed that
within certain groups of people, and in specific areas and time periods, there are direct relationships
between a person’s age at death and warmer months of the year. The conclusions from this work
and other related studies suggest that, by reducing the number of fossil-fueled combustion power
plants and utilizing cleaner facilities, public health benefits will result.
Understanding the sources of the air pollution, the characteristics of the emission, and the
geographic and meteorological conditions as the main contributors to local air quality are required
in order to achieve successful assessments (Barn, et al., 2011).
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The Air Quality Health Index (AQHI) was established by Environment and Climate Change
Canada in June 2015 as an effective tool in forecasting air pollution levels within 17 different
locations in Ontario. It is designed for protecting people’s health by guiding them to make the right
decisions in minimizing short-term exposure to air pollution and by engaging in daily activity
during periods with low levels of air pollution. This tool can provide valuable guidance on the best
means to enhance the quality of the air breathed (Environment and Climate Change Canada, 2015).
Evidence from observational studies indicates that higher daily pollutant concentrations are
associated with increased incidences of asthma attacks, hospital admissions, daily mortality, and
other markers of morbidity (Fig 5.1) (US EPA, 2014). Quantifying the health impacts associated
with emissions from power generation facilities was applied through the impact pathway approach
(IPA) Gunatilake et al (Gunatilake, et al., 2014). They applied a proposed methodology to an 800
MW coal-fired power plant facility located in India to demonstrate practically how a reduction in
air pollution is feasible and economically applicable. They were successful in reducing the health

Seriousness of health impacts

impact costs associated with air pollution from CAD $12.58 per kWh to only CAD $1.05 per kWh.

Number of people impacted
Figure (5.1): Health impacts vs. population impacted
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5.3 Measuring Health Impacts Paths
A limited number of approaches are used to measure health impacts associated with emission from
power plants. In an epidemiological path, people in the same exposure area with different pollutant
concentrations can be compared. The health impacts then can be measured based on real human
populations by observing models and relationships between pollutant concentrations and the
resulting health impacts. Unfortunately, the uncertainties in an epidemiological path are large
(Rabl, 2005). Another option is to measure health impacts through a toxicological path. In this
approach, the mechanisms of pollutants’ actions can be identified through animals, which are the
only way to identify carcinogenic effects. Toxicology can also suggest new questions to be
investigated by epidemiology (Rabl, 2005); however, the toxicological approach is omitted in this
work due to the difficulty of extrapolating the results to humans. In order to carry out an
epidemiological approach, two types of studies can be employed: cohort and time studies. Cohort
studies are observational studies in which a group of selected people is specified and related
information can be collected to determine which subjects have specific characteristics that are
suspected of being related to exposure to a possible epidemiological agent. Setting a period of time
is the followed step, and then incidents of impacted individuals are compared to the incidents of
non-impacted individuals within the same group and living in the same area. In general, these
studies are designed for exploring long-term exposure health impacts associated with air pollution.
Although they are expensive, they can be used to observe serious impacts such as chronic
symptoms that require observations over many years. Unlike other studies, they started by
classifying exposed people according to their exposure-level followed by observing their reactions
to certain health events such as early death, hospital admission, or an emergency department visit
(Region of Waterloo Public Health, 2008). In contrast, time studies are designed for discovering
health impacts associated with short-term exposure to different levels of pollutant concentrations.
Within large cities, relations can be made between pollutants’ concentrations and the occurrence
of health impacts during the subsequent days. These studies are inexpensive, but only acute
impacts can be observed. As another approach, the health impacts associated with air pollution for
a specific exposure and at certain levels can be measured and linked to the risks of expected health
illness. These determined links were used to form rational relations for counting the likelihood of
each impact to occur (Robinson, 2008). The direct relationship between costs and illness can be
found through cost of illness (COI) or burden of disease (BOD) approaches that consist of various
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aspects of measuring a disease’s impact on an individual’s health while living in a country, region,
or small community (Changik, 2014). Measuring the direct costs of medical treatment, nursing
care, and drugs; and indirect costs such as related expenses associated with expected diseases.
Estimating the savings from eliminating these diseases is also another approach.
A related measurement can be performed via a human capital survey. Such assessments estimate
how the illness as a health outcome might lower productivity. This approach also monetizes the
loss of an exposed person’s life based on the association between economic losses and premature
mortality; therefore, the conclusion is that the value of people’s WTP should be greater or at least
equal to their earnings that they would lose when dying prematurely (Remoundou & Koundouri,
2009). The quality-adjusted life year (QALY) as an approach to employ the cost-effectiveness
concept in measuring health impacts; it aims to guide the decision makers to allocate rare resources
across competing health care programs (Weinstein, et al., 2009). It directs to merge the health
interventions of both mortality impacts as well as morbidity impacts into a unique index through
a common currency to enable comparisons across various diseases. Within a certain timeframe,
different health impacts appear on those who have been exposed to certain pollutants, therefore,
the next step is to weigh these impacts according to specified scores associated with the impacts
(Whitehead & Ali, 2010). Cost of damages is a simple way to place a value upon changes in air
pollution levels and allow researchers to estimate the cost to society of a change in the emission
of different pollutants. It can be determined for a specific pollutant, source, and location (DEFRA,
2015a). Per ton, the damage’s cost of NOx from the energy supply industry is £1,263, of PMx is
£2,906, and of SOx is £1,956. These damage costs are used to assess national policies, programs,
and projects by location and source (DEFRA, 2015b).

5.4 Atmospheric Dispersion Models
The atmospheric dispersion model can be defined as a function in the form of a mathematical
relationship describing the dispersion of air pollutants in the ambient atmosphere. It can be
executed by computer programs that solve sets of equations and algorithms to mimic the dispersion
mechanism of air pollutants.
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Dispersion models are significant due to their role in estimating the air pollutant concentrations at
different distances from the source as well as their ability in incorporating atmospheric chemistry
into the model when secondary pollutants are formed. Additionally, these models are useful in
examining a new air pollution source when it will impact a specific area or in forecasting the best
ways to control a specific source. Dispersion models are utilized when a forecast of ambient
concentrations is required, specifically to review a new air pollution source or evaluate suggested
plans for emission reduction (EPA, 2015a) and (Stockie, 2011). Selecting a relevant model from a
wide range of models is significant in meeting the requirements of the proposed task followed by
applying quick estimations of the highest air pollutant concentrations that are likely to occur. These
models will be used when the study area is large (e.g. province-wide) or when ordinary models are
unable to address such an exceptional situation (Alberta Environment, 2010). The approved
dispersion models as per the Ontario Ministry of the Environment (OME) for discharge of a
contaminant are AERMOD and SCREEN3 (Ministry of the Environment, 2008). The SCREEN3
dispersion model provides a simple method of estimating contaminant concentrations. The
SCREEN3 methods were structured based on the EPA’s publication Screening Procedures for
Estimating the Air Quality Impact of Stationary Sources (Jesse, et al., 2007).
As it is capable of measuring the worst-case dispersion (maximum concentration) of various
pollutants, SCREEN3 is a useful tool to simulate the dispersion of different emission sources (i.e.,
points, areas, volumes, and flares). The emission from an area sources represents a homogenous
distribution of the air pollutants from a two-dimensional surface area; whereas the emission from
volume sources represents emission of air pollutants from buildings or roof monitors
(Abdelwaheb, et al., 2014) and (Taha, et al., 2005).
SCREEN3 is chosen for measuring pollutant concentrations in the current study due to: (1) its
ability to provide ground-level concentrations of pollutants for different areas, flare, and variable
sources; (2) its ability to conservatively estimate the impact from several sources, and modeling
several sources that emit the same pollutant with similar parameters; and (3) its ability to provide
1-hour, 3-hours, 8-hours and 24-hours measurements of air pollutants concentrations (US EPA,
2005). Its schematic diagram is represented in Fig. (5.2). Pollutant concentrations modeled by
SCREEN3 are compared with cited literature in the results section.
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Figure (5.2): Schematic diagram of SCREEN3 dispersion model.

5.5 Integration Renewable Energy Sources – Energy Hub Model
In the present work, the demonstration of the integration of these technologies is not specifically
modelled; however, the analysis considers a scenario where hydrogen enriched natural gas
(HENG) is used to fuel the CCPP. Future works will demonstrate the overall optimization of all
the technologies together. A simulation of blending hydrogen with NG to fuel CCPPs in order to
examine its potential for reducing air emissions is adopted in the current study. The reason for this
approach is to drive interest in analyzing the use of HENG in matters of cost and emission
effectiveness; HENG enhances significantly flame stability lean combustion and so permits a
stable combustion at low temperatures, which are required for minimizing the emissions of NO x
(Schefer & Oefelein, 2003).
The objectives of the current study are: (1) measuring the concentrations of the most considerable
air pollutants that emit from CCPP while using NG fuel and then to be compared to the ones from
using HENG fuel; (2) studying the impacted areas by air pollution that surrounded the proposed
CCPP facility in terms of population’s health impacts; (3) monetizing the population’s health
impacts that associated with exposure to the specified air pollutants within the impacted areas; and
(4) performing a cost analysis in order to investigate the hidden costs of health impacts that will
be added to the main costs of generating electricity.
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5.6 The Approach
Attempting to estimate the cost of health damage due to air pollutant emissions from a specific
source is inconsistent with a considerable number of uncertainties accompanied by the effect and
range of the damage. Because of uncertainties surrounding global climate change and due to the
length of time required to determine its effects, the current study does not consider global climate
change damage but simply regional impacts within an air shed. The principal steps in evaluating
the health impact of a pollutant by carrying out an IPA assessment and tracing its passage from
the emission’s source to the impacted receptors can be grouped as follows:
(a)

Specifying the technologies and environmental burdens they impose (e.g., kg of NOx
emitted per MWh generated by the CCPP);

(b)

Calculating pollutant concentrations that have increased in all affected regions (e.g., using
models of atmospheric dispersion, such as SCREEN3);

(c)

Calculating the extent of the increased exposure and its impact, which can be stated as
damage in physical units using a concentration-response function (e.g., number of asthma
incidents associated with increases in a pollutant’s concentration;

(d)

Evaluating the health impact (e.g., how much does an asthma incident cost?); and

(e)

Evaluating the health impact of using HENG-fired fuel in CCPP and then comparing that
impact to health impacts caused by utilizing NG-fired fuel.

In the present proposed study, the emission factors for various pollutants based on NG
characteristics will be used to evaluate the emissions from electricity generation. Estimations of
health damage will then be used to provide a monetary valuation of the damage costs. The current
study will be constituted of the following major steps (Fig 5.3). First, an up-to-date, efficient,
emission-controlling NG-fired CCPP will be recruited to the study. Preferably the plant will be
able to control emissions as part of the Ontario government’s plan for replacing coal-fired power
plants. Although different equipment within the power plant emits different pollutants, the study
will propose the desired CCPP as the only source of emissions. The second step is to consider the
CCPP’s emission rate of CO, NO2, PM2.5, and SO2 and the severity of the associated health
impacts. Based on the power plant’s location, the population distribution in the specified area of
study is assessed in terms of age, distance from the emission source, and the time period during
which the statistical data are available. In addition, the design specifications of the plant’s
emissions stacks is used to implement the dispersion model for calculating the emissions’
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concentrations. Anticipated health impacts are considered and tabulated using a matrix according
to daily exposure. Health damage, including mortality, morbidity, cardiovascular disease, and
asthma are considered and measured based on epidemiological studies. In this stage of the study,
the conditions of people in the same exposure area will be correlated with different concentrations
of pollutants. In order to connect the change in the concentrations of pollutants on the relevant
receptors, the exposure response function (ERF) is used within the AQBAT. The ERF for health
impacts is calculated from semi-empirical relations which are mainly based on a survey of
epidemiological studies (Hainoun, et al., 2010). The dose from the increased exposure to the
surplus contaminants, as well as the impacts from this dose, is identified using a concentrationresponse function. For optimal implementation, one needs to know the level of the damage caused
by specific pollutants emitted from specific sources. The last stage of the process is the monetary
valuation of the counted health impacts. Converting the counts of various human health impacts
to monetary values allows for a summation of valuations across health endpoints to estimate the
overall monetary value of health incidents (Judek, et al., 2012).
Specifications of
Proposed CCPP

Specify Air Pollutants:
NOx, SO2, CO, and PM2.5
Investigate the Emission
Rate, g s-1

Utilize Dispersion
Model, SCREEN3
Calculate the Emissions
Concentrations, g m-3
Establish Air Pollutants –
Health Impacts Matrix
Specifying the impacted
area and the population
distribution

Monte Carlo
Simulation @RISK
Monetizing Health
Impacts from NG fuel
using (AQBAT)

Monetizing Health
Impacts from HENG
fuel using (AQBAT)

Values:
$ ton-1
¢ kWh-1

Figure (5.3): Flow diagram of steps for calculation the monetized value of emissions impacts
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5.7 Methodology
Five steps are considered in the methodology, which focus on calculating health impacts’ costs
resulting from specified emissions of air pollutants from the proposed CCPP. The first step in this
process is to propose a CCPP facility that would meet the incremental power demand. The second
step is to specify the air pollutants that are being emitted from the proposed CCPP. The third step
is to calculate the concentration of each pollutant using the SCREEN3 model. The fourth step is
to correlate the health incidents with the air quality change in the region under consideration.
Finally, the fifth step is to utilize AQBAT software for monetizing health impacts. The location in
southwest Ontario was selected to be consistent with earlier work (AlRafea, et al., 2016). It is
worth noting that this location is suitable for an energy hub as it has suitable wind and solar
resource potential, the potential for hydrogen storage, and available electrical transmission grid
capacity. As the epidemiological path is chosen in this study in calculating exposure response
function (ERF) as well as the concentration response function (CRF) within AQBAT tool; the
related uncertainties are large. The methodology is designed to justify and to reduce the
accompanied uncertainties by employing real inputs and data while correlating air pollutants to
health damages costs.

5.7.1

Step 1: Propose CCPP - Green Electron Power Project

The Green Electron Power Project is a NG-fueled CCPP facility with an annual average capacity
of 289 MW located in St. Clair, Ontario; it is an existing power plant and is chosen to be the source
of actual data in meeting the proposed demand. It consists of one gas turbine generator fueled by
NG, one heat recovery steam generator (HRSG), and one triple pressure, reheat, full-condensing
steam turbine generator. The plant utilizes an existing transmission infrastructure which feeds the
regulator controlled grid (IESO, 2014). The thermal efficiency of the plant is 48%. The gas turbine
is equipped with dry low NOx burner technology which was selected to reduce NOx emissions.
The power plant is projected to operate at near 100% capacity for up to 10.9 hours per non-holiday
weekdays or 2,676 hours per year (Eastern Power Limited, 2012); and (Greenfield South Power
Corporation, 2012).
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5.7.2

Step 2: Specify the air pollutants from the CCPP

The atmospheric emissions from the specified NG-fueled CCPP during operations hours include:
NOx’s emissions which is consisting of NO and NO2; CO’s emission which is resulting from
incomplete combustion; SO2’s emissions which is resulting from a mercaptan odorant additive;
and PM10, and PM2.5 emissions (Vogt & Holbein, 2012). The proposed HENG-generation facility
would emit only about 9.1% of the NOx, 0.035% of the SO2, and none of the mercury that is
emitted under current models. The annual expected emissions are presented in Table (5.1) (Vogt
& Holbein, 2012). For the purpose of consistency, the emission rates from other NG-fired CCPPs
are compared to what is considered in the current study (Table 5.2) and demonstrates that the
simulated emission profile is consistent with values reported in other studies.
Table (5.1): Expected annual emissions from the proposed CCPP

Species

Emissions

Emissions

Species

(tons)

(tons)

NOx

94.9

PMx

92.5

CO

148.4

SO2

12.8

UHC (CH4)

0.90

Hg

None

Table (5.2): Comparing emissions rates from current study with other CCPPs from cited literatures
Emissions rate (kg per MWh)
Pollutants

Cited literatures
Current Study
(NETL, 2010)

(Black, 2013)

(Spath & Mann, 2000)

(NPI, 2012)

CO

0.24

0.100

-

0.287

0.10

NO2

0.16

0.370

0.027

0.570

0.54

PM2.5

0.15

0.006

-

0.133

-

SO2

0.021

0.014

-

0.324

-
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5.7.3

Step 3: Calculating Pollutants’ Concentrations using SCREEN3

The SCREEN3 dispersion model is used in the current study to predict the emission concentrations
from the proposed CCPP. According to Canada’s Ministry of the Environment (MOE), only CO,
NO2, PM2.5, and SO2 are evaluated because of their significant impact on the surrounding air
quality. The receptors of interest have been specifically chosen to be close to the proposed CCPP.
The input required to run SCREEN3 are the emission rates for each pollutant, the stack’s height
and it’s inside diameter, the gas velocity from the stack’s exit, the stack’s gas exit temperature,
and the ambient air temperature (Table 5.3).
Table (5.3): The expected emissions from all CCPP auxiliaries and the stack characteristics of the CCPP
Emission rate (g/s)

Stack height (m)

43

Emission Sources

HRSG
Cooling Towers
(4 Stacks)
NG-Fired Heaters
(12 heaters)

CO

NOx

PM2.5

SO2

Stack inside diameter (m)

5.5

9.76

10.40

1.63

0.12

HRSG stack exit temperature (K)

360

-

-

4*0.005

-

Ambient air temperature (K)

293

0.014

0.07

0.004

0.0004

HRSG’s stack exit flow rate (m3/ s)

500

In order to calculate the emission’s flow rate from each stack, a relationship by Madrzykowski and
Kerber (Madrzykowski & Kerber, 2009) is used as shown in Eqn. (5.1).
(5.1)

Q = C ∗ A ∗ √2 ∗ g ∗ H ∗ (Ti − To)/Ti

Where: Q is the pollutants’ flow rate that exit from the stack in m3 s-1; C is the discharge coefficient
of gas flow through a channel, its value can be determined based on the characteristics of fluid
flow as well as channel’s dimensions, and it is a dimensionless factor; A is the cross sectional area
of the stack, measured by m2; g is the gravitational acceleration in m.s-2; H is the stack height in
m; Ti is the stack’s inside temperature in K; whereas To is the stack’s outside temperature in K.
The gases’ flow is proportional directly to the discharge coefficient and to the cross-sectional area
of stack; direct proportional to the square root of both the height of the stack and the
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inside/outside temperatures. This equation is a well-known tool for measuring volumetric gas flow
through channels (Bahrami, et al., 2013).

5.7.4

Step 4: Correlate the health incidents during exposure periods

This step represents the AQBAT calculations for quantifying health incidents due to the changes
in pollutant concentrations. In the AQBAT, the concentration response function (CRF) is
employed to measure the frequency of the occurrence of health damages which occurred when an
increase in pollutant concentrations happened. The AQBAT’s calculations are based on risk
coefficients from epidemiological studies in previous scientific literature (Table 5.4).
Table (5.4): Risk Coefficients that are used by AQBAT
Risk Coefficient Estimates
Pollutants

Exposure Mortality,
(% change per 10 units
pollutant)

Respiratory Admissions
(% change per 10 units
pollutant)

Cardiovascular Admissions
(% change per 10 units
pollutant)

CO (ppm)

0.19

-

2.77

NO2 (ppb)

0.75

-

-

PM2.5 (µg/m3)

6.8

0.75

0.71

SO2 (ppb)

0.46

-

-

The number of health events is the product of the four factors: the CRF which is expressed as
excess adverse endpoints per unit of increase in pollutant concentrations; the change in pollutant
concentrations; the baseline rate of the incidence of the health endpoint in the specified population
to which the CRF is applied; and the specified population. Estimates of the health impact related
to air quality in the region under consideration are performed by the AQBAT, which is modeled
according to a literature review of air pollutants and health impacts (Rabel, et al., 2011); (Rabl,
2005); and (Region of Waterloo Public Health, 2008). The methodology used to estimate the
number of health incidents due to air pollution exposure in the Air Pollution Burden of Illness in
Toronto report (Toronto Public Health Department, 2007) was adopted for use in the current study,
whereas Equation (5.2) is used to calculate the health incidents.
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N = HE ∗ RC ∗ ∆PC ∗ Pop

(5.2)

Where: N is the number of health incidents due to exposure to the specified air pollutants; HE is
the expected health end points (health impacts); RC is the risk coefficient as a relationship between
relative risk increased due to increase in the concentration of an air pollutant; ΔPC is the
concentration change of the air pollutant that expected to cause such a health impact (measured in
micro gram per m3); Pop is the population number that under investigation.

5.7.5

Step 5: Using AQBAT in Calculating Health Impacts’ Costs

Based on the AQBAT approach discussed earlier and according to current studies, three
components of: air pollutants, health endpoints, and scenario year are linked to four key model
input factors in estimating health impacts. Each of these components are indices of the factors
involved in estimating the health impact outputs. The air pollutants and health impacts are linked
by assigning CRF, the first key input factor, and a quantification of the influence of a pollutant on
a health. The change in a pollutant’s concentration is the second key input factor to estimate health
impact, which can be expressed as a baseline health endpoint occurrence. For long-term exposure
mortality, corresponding CRFs applied to the concentration changes are also transformed to
estimate changes in life expectancy. The monetary valuation estimate assigned to one occurrence
of a health outcome is termed a health impact valuation, which is the third key input factor. As is
the case with CRFs, the health impact valuation estimates are generally statistically derived and
revealed in the choice of a distribution form and its corresponding parameter values. Other factors
involved in the determination of health impacts are the baseline health endpoint occurrence rates,
population counts, and various global constants. All of these factors are deterministic values and
are collectively considered the fourth key input factor. Monetary valuations are expressed in
Canadian dollars. The cited values of CRF for each pollutant that are considered in the AQBAT
are summarized in Table (5.5).
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Table (5.5): The CRFs for each pollutant considered in AQBAT and their respective cited literature
Pollutant

CRFs used by AQBAT

Reference(s)

24 hour CO-Concentration (ppm) - Acute
Exposure Mortality

(Burnett, et al., 2004)

CO
1 hour CO (ppm) - Elderly Cardiac Hospital
Admissions
NO2

24 hour NO2 (ppb) - Acute Exposure
Mortality

(Burnett, et al., 2004)

24 hour PM2.5 (µg per m3) - Acute
Respiratory Symptom Days

PM2.5

SO2

(Burnett, et al., 1997); (Sctwartz & Morris, 1995)

(Krupnick & Harrington, 1990)

24 hour PM2.5 (µg per m3) - Adult Chronic
Bronchitis Cases

(Abbey, et al., 1995)

24 hour PM2.5 (µg per m3) - Asthma
Symptom Days

(Ostro, et al., 1991)

24 hour PM2.5 (µg per m3) - Cardiac
Emergency Room Visits

(Burnett, et al., 1995)

24 hour PM2.5 (µg per m3) - Child Acute
Bronchitis Episodes

(Dockery, et al., 1996)

24 hour PM2.5 (µg per m3) - Respiratory
Emergency Room Visits

(Burnett, et al., 1995); (Stieb, et al., 2000)

24 hour PM2.5 (µg per m3) - Chronic
Exposure Respiratory Mortality

(Pope III, et al., 2001)

24 hour SO2 (ppb) - Acute Exposure
Mortality

(Burnett, et al., 2004)

The four components of the AQBAT model are pollutants, health endpoints, geographic areas, and
scenario year (Fig. 5.4). Each of these components is an index to the factors involved in estimating
the health impact outputs. The pollutant, health endpoint, and geographic area components are
linked by CRF, whereas the pollutant, geographic area, and scenario year components are linked
by the pollutant concentration change factors. The geographic area and scenario year components
are linked by the factor of end-point evaluation. In AQBAT, mortality and/or morbidity impacts
as outcomes are the last step in cost valuations. The value of statistical life (VSL) path is used for
mortality valuation as a measurement of how much people are willing to accept different levels of
risk, whereas losing wages, treating health issues, averting expenditures, and suffering from pain
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are all related to morbidity outcomes. The database block represents other factors that are
deterministic, including baseline health endpoint occurrence rates, population counts, and various
global constants. Health benefit (or damage) counts and monetary valuations are the AQBAT
outputs.

Pollutants
Concentration Changes

Health
Endpoints

Concentration
Response
Functions, CRFs

Geographic
Area

End-Point
Evaluations, EPVs

Data Base

Scenario
Year

Health Impacts Counts

Monetary Value, $

Figure (5.4): AQBAT Schematic Diagram
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5.8 Results and Discussions
In this section, the outcomes are collected and presented according to their performance in the
following scenarios:

5.8.1

Scenario 1: Meeting the demand utilizing the NG-fueled CCPP

In this simulation, the proposed CCPP was used to encounter the on-peak power demand. The
hourly power demand is simulated based on the aforementioned projected design in section 5.6.1
and the desired operation of the proposed CCPP under consideration. The proposed hourly
operation scenario of this power plant is presented in Fig. (5.5); whereas the load factor of the
CCPP is varied between 73 - 99% during the 2,676 operating hours per year.

Figure (5.5): Proposed operating scenario for NG-fired CCPP, hourly basis

Based on the hours of the CCPP’s operation and its load factor, and based on the expected
emissions from the CCPP’s auxiliaries as shown in Table 3, the hourly emissions that are expected
are presented in Fig. (5.6). The emission rates of NO2 and CO have similar profiles and vary
between 25 - 37 kg per hour. The PM2.5 emission rate is less impacted by a CCPP’s operation and
is almost stable at five kg per hour; whereas the emission rate of SO2 has a minimum value of
about 0.35 kg per hour.
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Figure (5.6): The expected emissions rates in kg from proposed NG-fueled CCPP

In order to measure the concentrations of the specified pollutants, SCREEN3 dispersion model is
run (Fig. 5.7). The pollutant’s concentration in μg per m3 as the results are related to the distance
from the pollutant’s source which is measured in meters. The pollutants reached their maximum
concentration value at almost the same distance from the source, which is varied from 1,000 to
1,200 meters (Fig. 5.7).

Figure (5.7): SCREEN3 results, NG-pollutants concentrations vs. distance
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This finding means that all of the receptors living within this area will be impacted by different
levels of pollution. The pollutant concentrations are then used in the AQBAT as one of the required
inputs. In order to measure the additional pollutant concentrations in the affected area due to the
CCPP’s operation and to be compared to the existing pollutant concentrations measured by Eastern
Power Limited (Itliong, et al., 2012), a comparison is presented in Table (5.6).
Table (5.6): Impact of the expected emissions on existing emissions in air shed
Existed 5 years
average pollutants
concentration

Additional pollutants concentration
caused by operating CCPP, calculated
by SCREEN3

(μg per m3)

(μg per m3)

CO

385.6

9.9

2.6%

NOx

48.9

10.8

22.1%

PM2.5

21.8

1.7

7.8%

SO2

17.9

0.122

0.7%

Species

Expected increased
percentage in the existed
air shed

The specific pollutant that most impacted the outlined area was NO2. An analysis by Eastern Power
Limited (Itliong, et al., 2012) showed that the proposed power plant’s emissions will meet MOE
Guideline A-5 for limits of oxides for N2, CO, and SO2. At this stage, all the required inputs for
the AQBAT software are specified: the four pollutants under study, the impacted health endpoints,
the geography of Sarnia, Ontario, and the scenario year of 2014. Health impacts are monetized by
running the AQBAT software (Fig. 5.8).

Figure (5.8): The costs of the health impacts associated with using NG fuel
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The damage cost of PM2.5 is highest as reflected in the wide range of health cases impacted.
Although CO has the highest expected annual rate of emission, its damage cost is low due to its
limited monetary value. The total impact as expressed as a health cost that can be expected from
the proposed CCPP is CAD $33.50 per MWh. This hidden cost represents an additional 30% above
the LCOE that should be considered when evaluating the on-peak power generation cost. This
means that for every hour the health impact (damage) will cost receptors living in the surrounding
area about $7,600 due to the emissions from NG-fueled CCPP. The results of the current study
compared to similar studies (Table 5.7), demonstrating that this specific simulation agrees with
calculated values of the health impacts of CO, PM2.5, and SO2, while the health impact due to NO2
is found to be higher in the current study. The deviation in calculated NO2 health impact according
to the cost associated with NG-fired CCPP is due to the wide range of health endpoints assigned
by the AQBAT and due to the 2014 dollar value in the current study.
Table (5.7): Comparing current study results to the cited literature for health impacts from NG-fired CCPP
Health Impacts Cost
Citations

(Friedrich,
et al., 2001)

(Roth &
Ambs,
2004)

(AEA,
2005)

Current
study

Morbidity (cardio, heart failure, chronic
cough, etc.); Mortality (reduction in life,
congestive heart failure, etc.); cancers

Best estimation from literatures

Chronic effects on: Mortality and Morbidity;
Acute effects on: Morbidity
Acute Exposure Mortality; Acute Respiratory
Symptoms Days; Adults Chronic Bronchitis;
Asthma Symptoms; Child Acute Bronchitis;
and Cardiac & Respiratory Emergency Rooms
Visits
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Health Impacts
Cost
($/MWh)

($/kg)

Criteria of Measuring Health Damage Cost
CO

NO2

PM2.5

SO2

-

15

13.5

9.5

5.0

1.10

8.0

5.0

2.0

-

-

53.65

110

23

-

0.87
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114

11

33.50

5.8.2

Scenario 2: Health Impacts associated with NG-fueled vs. HENGfueled CCPP

This scenario is designed as a techno-economical assessment to evaluate the approach of adding
hydrogen into NG when fueling the CCPP in order to reduce emissions. The energy hub cost model
mentioned in section 5.5 is used to perform this evaluation. Adding electrolysis-produced
hydrogen into NG to form HENG fuel is used to level up the integration of the intermittent sources
of wind and solar into the conventional source of NG-fueled CCPP (AlRafea, et al., 2016). The
environmental benefits can be achieved when the HENG fuel is utilized in CCPP while meeting
demand, and the range of hydrogen concentration in HENG fuel is in the range of 0 - 5%. For this
purpose, the reduction in air pollutants’ emissions can be acquired from two ways simultaneously:
(1) by incorporating wind and solar into the grid while meeting demand through producing
electrolysis-hydrogen during off-peak hours; and (2) by using electrolysis-produced hydrogen with
NG in fueling CCPP. The emission rates of all expected pollutants when the CCPP is fueled by
HENG are calculated by considering hydrogen is generating zero emissions when used as a fuel;
the results are presented in Table (5.8).
Table (5.8): The expected emission rates from HENG fuel
Emission Rate (kg/MWh)
Pollutants
When H2 = 1% in HENG fuel

When H2 = 5% in HENG fuel

CO

0.154

0.148

NO2

0.240

0.231

PM2.5

0.150

0.144

SO2

0.021

0.020

The pollutant concentrations from the HENG-fired fuel were calculated using the SCREEN3
dispersion model (Fig. 5.9). The highest concentration in µg per m3 is for NO2, which is consistent
with results of the NG-fired power plant scenario (Fig. 5.7).
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Figure (5.9): SCREEN3 results, HENG-pollutants concentrations vs. distance

The pollutants’ concentrations from the NG and HENG fuels are presented and compared in Fig.
(5.10). The same pattern is found for all pollutants by graphing their concentration levels against
the distance of the emission source in the impacted area.

(a)

(c)

CO Concentration vs. Distance

(b)

NO2 Concentration vs, Distance

PM2.5 Concentration vs. Distance

(d)

SO2 Concentration vs. Distance

Figure (5.10): SCREEN3 results, comparing pollutants concentrations of different fuels.
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All the pollutants reached the highest concentrations at a distance of 1,000 - 1,200 meters from the
CCPP facility. For both fuels, the highest concentration was of NO2 followed by CO, PM2.5, and
SO2; the concentrations of all pollutants emitted from NG had higher values than those from
HENG due to hydrogen’s presence in HENG. Using the same path as used in scenario 1, the health
impacts associated with the pollutants emitted from the HENG-fueled CCPP are monetized and
presented in Table (5.9).
Table (5.9): The costs of health impacts associated with using HENG fuel

Pollutants

Health Impacts for HENG-fired fuel
($/MWh)

CO

0.21

NO2

15.14

PM2.5

16.76

SO2

0.23

Total

32.33

The results suggest that blending hydrogen with NG to fuel CCPP could save CAD $1.14 for every
MWh produced. The costs of the health impact resulting from NG-fueled CCPP are compared to
the ones from HENG-fueled CCPP and are shown in Fig. (5.11).

Figure (5.11): Comparing the costs of health Impacts for both fuels, $ per MWh

Neither CO nor SO2 pollutants’ health impact costs were affected by adding hydrogen into NG
when fueling CCPP, whereas there is a partial positive saving of NO2 and PM2.5 pollutants in health
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impact costs (Figure 5.11). Additionally, a comparison of the monetary value of both fuels is made
(Table 5.10). While using HENG to fuel CCPP, the CO health impact cost was reduced by an
average of 1.65%, while SO2 health impact costs were reduced by only 0.5%. The NO2 health
impact cost had the highest reduction at 3.7% followed by the reduction of PM2.5’s health impact
cost, which averaged 3.3%. Incorporating the HENG fuel with a hydrogen concentration of up to
5% into energy supply system has enhanced the health impact’s saving of NO2 and PM2.5 in terms
of money saved in Canadian dollars per MWh. The average saving for both pollutants is around
CAD $1.14 per MWh, which represents 3.4% of the health impact cost associated with using NG
fuel.
Table (5.10): NG fuel vs. HENG fuel in costs of health impacts
Monetary value, ($)
Pollutants

CO

NO2

PM2.5

SO2

Heath Impacts Criteria
assigned by AQBAT

% Reduction in Health Impacts costs
when using HENG fuel

NG-fuel

HENGfuel

Acute Exposure Mortality

126,043

124,185

1.5

Elderly Cardiac Hospital
Admissions

3,351

3,290

1.8

Acute Exposure Mortality

9,593,637

9,235,759

3.7

Acute Respiratory Symptom
Days

277,237

269,381

2.8

Adult Chronic Bronchitis
Cases

4,122,748

3,994,400

3.1

Asthma Symptom Days

32,556

31,470

3.3

Cardiac Emergency Room
Visits

10,570

10,223

3.3

Child Acute Bronchitis
Episodes

25,748

24,781

3.8

Respiratory Emergency
Room Visits

11,729

11,347

3.3

Chronic Exposure
Respiratory Mortality

6,085,237

5,883,704

3.3

Acute Exposure Mortality

139,242

138,560

0.5
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The cost of electrolysis-produced hydrogen from renewable energy sources in Canadian dollars
per MWh was compared to health impact costs that are saved due to using HENG (Table 5.11).
The total health impact savings on NO2 and PM2.5 pollutants is CAD $1.14 per MWh, which is still
less than the hydrogen production cost when its concentration in HENG is as high as 5%; therefore,
HENG-fired fuel created from hydrogen that is produced from a renewable-electrolysis process is
not yet the most economical solution for saving on the health impact from CCPP emissions.

Table (5.11): Comparing health impact costs saved with cost of producing hydrogen
Cost

$/MWh

NO2-health impacts cost saved due to using HENG fuel (5% hydrogen)

0.58

PM2.5-health impacts cost saved due to using HENG fuel (5% hydrogen)

0.56

Average hydrogen production cost

5.8.3

60 -70

Sensitivity Analysis

A sensitivity analysis is performed in this section to assess the health impact savings while adding
hydrogen into NG to fuel CCPPs and then compared to the LCOE as the total cost of electricity
when meeting the on-peak power demand. The objective function is controlled by two categories:
first is the increase in LCOE due to incorporating the cost of the electrolysis-produced hydrogen;
and the second is the decrease in the cost of health impacts due to adding hydrogen into CCPP fuel
(Fig. 5.12). Increasing the hydrogen concentration in HENG fuel from 1% to 5% will increase the
LCOE from CAD $100 to CAD $140 per MWh. This is an increase of about 30%. At the same
time, the cost of the health impact will decrease from CAD $16 to CAD $1 per MWh, for a decrease
of about 94%. While increasing hydrogen concentration in HENG fuel, the LCOE is increasing;
whereas the health impacts cost decreasing. The two lines are intersecting at hydrogen
concentration of 2.3% (Fig. 5.12) which is considered as an optimum point. At a hydrogen
concentration of 2.3%, the LCOE is found to be CAD $111.4 per MWh while the cost of the health
impact was calculated at CAD $12.7 per MWh.
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Figure (5.12): Comparing LCOE with cost of health impacts saved while using HENG fuel.

The next step of the sensitivity analysis was to measure the effect of cost components on the LCOE,
and is performed at the optimum hydrogen concentration of 2.3%. Four main cost components
compose the LCOE: costs associated with capital, cost of operation and maintenance (O&M), cost
of fuel, and cost of health impacts. Each cost’s component is increased by 20% and then reduced
by 20% while calculating the LCOE in each step to assess how sensitive it is to these changes
(Figure 5.13). At a LCOE level of CAD $111.4 per MWh, the health impact cost represented
11.4% of the total cost. Capital costs are the component that most impacted the LCOE followed
by the fuel’s cost, health impact’s cost, and O&M’s cost. In short, the costs of capital and fuel
increased the LCOE significantly when incorporating more hydrogen in a CCPP’s fuel due to
utilizing more wind and solar power generation technologies and due to utilizing an extra number
of electrolyzers.

Figure (5.13): Comparing cost’s components and assessing their impacts on LCOE
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5.9 The Conclusions
This chapter presents a cost analysis of health impacts associated with emissions of air pollution
from natural gas fueled combined cycle power plant. The hidden cost of electricity when generated
from this facility is found to be CAD$33.5 per MWh due to the cost of health impacts associated
with air pollution emission; this cost represents about 30% of the levelized cost of electricity for
the on-peak power generation cost. The results show that PM2.5’s emission has the most expensive
health’s cost due to the wide range of health impacts attributed to it, followed by NO2, SO2, and
CO. Employing hydrogen enriched natural gas in fueling CCPP has reduce the cost of NO2’s health
impacts by 3.7%, and reduce the cost of PM2.5’s health impacts by 3.3%. For more saving on cost
of health impacts, increasing hydrogen concentration in CCPP’s fuel is examined. At hydrogen
concentration of 2.3% is found to represent an optimum point when the LCOE is CAD$111.4 per
MWh and the cost of health impacts is CAD$12.7 per MWh.
The uncertainties due to the morbidity studies that considered in monetizing the health impacts are
analyzed and justified. The justification is performed by using real data from an existing power
generation facility located on specified area, by using long-term statistical studies when correlating
the increased pollutant’s concentration to health damages, and by comparing the found results to
the most related citations. Despite of the significant enhancement in health when incorporating
hydrogen into CCPP’s fuel, the electrolysis-renewable produced hydrogen is not yet the most
economical solution for saving on health costs.
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Chapter Six
6. Integration of Decentralized Energy Systems with UtilityScale Energy Storage through Underground Hydrogen–
Natural Gas Co-Storage Using the Energy Hub Approach
6.1 Introduction
There is a growing concern about the significant negative health and environmental impacts
associated with emissions resulting from the increasing production and use of fossil fuel energy
sources. The utilization of low carbon intensive fuels such as natural gas has been playing an
important role in achieving emission reductions and transitioning to a low-carbon energy future.
However, this role is limited as the attained emission reductions are being offset by the
considerably increasing energy demands. Electricity demand is increasing at twice the rate of
overall energy consumption, which is imposing the requirement of clean electricity production
(Environment Canada, 2014).
The use of renewable energy sources in electricity generation as emission-free and sustainable
alternatives has been considerably increasing in the energy mix of several markets around the
world. Nuclear energy is considered to be the most efficient and reliable source for clean, largescale, and around-the-clock electricity production. However, investments in nuclear energy are
judged critically due to the significant external costs associated with the environmental impacts of
radioactive waste storage and water consumption, as well as public and government acceptance
and very long construction times (Ramana, 2009). Renewable energy sources such as wind and
solar have a high cost per unit of output and are intermittent. However, they are suitable in
providing a sustainable marginal clean power source (IRENA, 2015).
Canada is a world leader in the production and use of renewable energy resources, in which they
account to approximately 65% of the country’s electricity generation. The majority of which is
hydroelectric power. Other renewable sources such as wind and solar have a relatively small
market share, collectively accounting to 3 per cent of total electricity production and is expected
to increase to 12 per cent by 2035 (CEA, 2014). The integration of these renewable sources is
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typically done at building or residential level and contribute to a small share of total energy
requirements.
There is significant dependence on large centralized energy systems that are mainly based on fossil
fuels despite the negative impacts they impose on national security, global climate, and economy.
Moreover, the limited capacity of primary fossil fuel resources will eventually hit a peak and
decline. Current centralized energy systems (e.g. nuclear, coal, natural gas, etc.) are vulnerable to
supply chain disturbances and failures (e.g. ageing, natural disasters). On the other hand,
decentralized energy systems can improve reliability, accessibility, security of supply, and
efficiency, and can reduce overall energy losses. Producing energy locally reduces imports of
energy, which reduces transmission requirements and transportation losses. Community power is
considered to be an important framework that can be utilized to provide communities with
decentralized sources of renewable energy, and it is also considered to be a significant step towards
a sustainable energy future. The potential benefits of this approach in harvesting clean renewable
energy sources is increasingly receiving attention from policy makers and community groups.
Community power are projects that locally sited, decentralized, and based on renewable energy
technologies, which can either be grid-connected or stand-alone. The community power approach
has received increasing attention in Canada, particularly Ontario since the adoption of the Green
Energy and Green Economy Act, which includes a Feed-In-Tariff policy.
The reliable integration of sustainable decentralized energy systems such as solar photovoltaics
and wind energy is a challenging task that requires proper demand side management in order to
facilitate the efficient utilization of the produced energy. Thereby the intermittent generation of
wind and solar units can be balanced to match peaks in electricity demand, in which, for example,
energy storage can be utilized to store excess energy during off-peak hours and discharge stored
energy during on-peak hours (Denholm, et al., 2010).
Forecasting renewable intermittent sources of energy and varying their output is a challenging
task. The power generated from these resources must be sent to the grid as it is, which does not
provide enough flexibility to vary production in order for it to match the market supply and
demand. This hinders the viability of developing renewable energy projects, particularly when
government subsidies are eliminated. However, the use of energy storage technologies can allow
for an improvement in the profitability of these projects, which is achieved by making the power
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output more predictable and dis-patchable. The utilization of storage technologies becomes more
important as the penetration of renewable energy sources in the supply mix increases. This is
because of the increase in the unpredictability of the power output (IRENA, 2015).
The application of an energy storage technology depends on its storage capacity, response time,
and rate of storage and retrieval of energy. Technologies typically used in for grid energy storage
include batteries, compressed air, capacitors, pumped hydro, flywheel, superconducting magnetic,
and hydrogen. Among these options, energy storage through hydrogen offers a lot of advantages
(Carnegie, et al., 2013). Hydrogen is characterized by having higher energy density compared to
other common fluids (e.g. compressed air and pumped water). In addition, unlike other storage
options the energy from hydrogen can be recovered and utilized at a different location from that
of the storage facility. Moreover, hydrogen as an energy carrier has off-site applications as a
valuable industrial feedstock and transportation fuel (Lipman, 2011).
There is still a lack of adequate energy carrier alternatives to fossil fuels. Over the recent years
there has been an increasing interest in the concept of hydrogen economy, in which energy is stored
and transported in the form of hydrogen. Delivering energy in the form of hydrogen provides a
mitigation option to the environmental impacts of energy use and reduces concerns about the
security of fossil-fuel supplies. As a final form of energy, hydrogen burns without producing
harmful emissions. Moreover, if hydrogen is produced through a pathway that does not generate
greenhouse gas emissions (e.g. renewables), it can form the basis of a highly sustainable energy
system.
There are various methods for the storage of hydrogen, which are categorized based on its phase.
Hydrogen can be stored as a compressed gas in above or underground storage facilities, as a
cryogenic liquid, or as a solid hydride. The selection of a suitable storage method for hydrogen
depends on its final application. At the utility scale and for the application of grid energy storage,
hydrogen will be most commonly used in gaseous form when it is recovered (e.g. gas turbines)
(Lipman, 2011) and (Burke & Gardiner, 2005). Therefore, for grid energy storage underground
large scale storage of hydrogen is an attractive alternative. This is particularly true when
considering the co-storage of hydrogen with natural gas in underground geologic formations as a
mixture (Crotogino, et al., 2010).
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The storage of natural gas underground is successful worldwide, and the co-storage of hydrogen
in the existing storage infrastructure for natural gas is economically attractive due to the reduced
capital investment requirement for the establishment of new hydrogen storage facilities (Melaina,
et al., 2013). The hydrogen to be stored underground is produced through water electrolysis,
which utilizes the excess power from decentralized energy systems (e.g. wind and solar) during
off-peak demand hours. The hydrogen-enriched natural gas (HENG) mixture can then be
recovered to be utilized in combine cycle gas turbines for the production of power, or the delivery
of pure hydrogen or HENG to end users (e.g. transportation fuel or heating applications).
Recently the energy hub concept has emerged as a modeling framework that can be customized
for analyzing and planning of future energy systems. The concept is used as a tool to determine
the optimal configurations and operations of future energy systems, and develop the transition
paths from the current aging energy systems to the future’s optimum. The energy hub system
allows for the distribution, conversion and storage of multiple energy carriers. There are various
nodes that comprise an energy hub, which are multiple energy sources, different alternatives of
energy conversion and storage technologies, distribution networks, and consumers. In addition to
the various configurations of the nodes of the energy hub network, there are numerous alternatives
for the energy flows among them, which provides an opportunity for the optimization of the multienergy system (Geidl, et al., 2007).
The design and optimization of multi-energy systems incorporating decentralized energy systems
has been addressed in several studies in the literature (Erdinc & Uzunoglu, 2012). Petruschke et
al. (Petruschke, et al., 2014) developed a hybrid synthesis method for the design of renewable
energy systems that is based on heuristic equipment preselection and superstructure-based
optimization. Sharafi and ElMekkawy (Sharafi & ElMekkawy, 2014) proposed a hybrid multiobjective optimization-simulation approach for sizing renewable energy systems. Different multienergy systems at the neighborhood level are designed and addressed in the literature, in which
mathematical programming techniques were used to optimize their design and operations
(Krajacic, et al., 2011), (Petruschke, et al., 2014), (Ren, et al., 2010), (Mehleri, et al., 2012), (Weber
& Shah, 2011), and (Omu, et al., 2013).
However, these studies did not consider the use of energy storage technologies to facilitate the
system’s operations, or their design is limited only to a few operating days. Mehleri et al. (Mehleri,
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et al., 2012) developed a mixed integer linear programming (MILP) model to determine the
optimal configuration of distributed energy systems on a neighborhood level. Yang et al. (Yang,
et al., 2015) and Wouters at al. (Wouters, et al., 2015) also proposed MILP models to design
decentralized energy systems for residential neighborhoods, from which they determined that
optimal configurations can result in annual cost reductions of up to 25%, and that combined heat
and power units are essential for the efficient operations of residential micro-grids.
Another modeling approach that is used to integrate multiple energy systems and manage energy
flows among them is based on the energy hub concept. The energy hub modeling approach is based
on optimization techniques to determine the optimal configuration of energy hub designs, as well
as optimal operating schedules for existing energy hubs. The application of this approach to the
design of decentralized energy systems have been addressed in several studies in the literature.
Maroufmashat et al. (Maroufmashat, et al., 2015) developed an optimization model to improve the
economic and environmental performance of a complex network of energy hubs, for which it was
determined that distributed energy provides significant advantages.
Orehouing et al. (Orehouing, et al., 2015) proposed a method for the integration of decentralized
energy systems, such as biomass and photovoltaics, at a neighborhood scale based on the energy
hub concept. Their method can be used to evaluate and size energy production and storage systems
based on their economic and environmental performance, and allows for lowering peaks of energy
demand and overall energy consumption.
Wasilewski (Wasilewski, 2015) addressed several limitation and operational constraints in the
original energy hub model by reformulating the problem using the graph and network theory,
which was verified by steady-state calculations. Several studies in the literature have also
addressed the problem of determining optimal energy flows and schedules of multicarrier energy
hub networks (La Scala, et al., 2014), (Brahman, et al., 2015), (Orehouing, K.; Evins, R.; Dorer,
V.; Carmeliet, J., 2014), (Ramirez-Elizondo & Paap, 2015), and (Moghaddam, et al., 2016).
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6.2 The Approach
In this study the energy hub concept is deployed (Geidl, et al., 2007), considering the integration
of intermittent wind and solar renewable power generation with a set of dis-patch-able natural gas
fueled CCPP to service a set community, to be referred to as the community energy hub. The
integration of these power generation technologies is facilitated with the use of hydrogen
generation for energy storage within the natural gas distribution system, which can be later
retrieved to be utilized for power-to-gas-to-users or power-to-gas-to-power applications. In this
manner, the community becomes an energy hub with power generation and energy storage within
the hub. The community energy hub represented in Figure (6.1) is a delimited system, which
balances energy flows within its boundaries, but it is also connected to the local natural gas
distribution network to store or extract energy.
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Community
Power Demand

PV Solar Cells
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NG-Pipeline Net Work

Figure (6.1): The superstructure of the energy hub system

A mathematical optimization model is formulated for an energy hub to represent energy systems,
demand and supply at the community level. Energy systems for distribution, conversion and
storage are integrated within the energy hub concept. The model is formulated based on the logic
presented in Figure (6.2). The model is designed to use surplus-power from wind and solar
whenever they are available and during off-peak demand hours to supply a set of electrolyzers
for producing hydrogen. Electrolytic hydrogen will mixed with natural gas and stored in UHNG.
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The HENG can be recovered and utilized in two different ways, which are to fuel CCPP for power
production, or distributed through the NG-pipeline to the community’s end users. Available energy
flows from potential energy sources is used as an input into the energy hub model. Energy sources
include decentralized energy systems, which are distributed solar photovoltaic panels and wind
turbine generators. In addition, dis-patchable NG-fueled CCPP can also supply electricity in the
energy hub. Moreover, input data including hourly electricity load profiles of the community, as
well as the natural gas demand requirements for end-users (e.g. heating applications) are
considered. The amount of hydrogen demanded depends on the total amount of natural gas
requirements, as well as the optimal concentration of hydrogen in the HENG fuel. The model
allows for the assessment of the synergy between natural gas based dis-patch-able power
generation and wind and solar energy sources, as well as the synergy between the use of natural
gas and hydrogen.
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Figure (6.2): Energy flow in the energy hub system
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The mathematical model of the energy hub is combined with optimization techniques with an
objective function geared towards cost minimization. The cost objective includes the investment
and operating costs of power and hydrogen producers, fuel costs, and the health impact costs
associated with the generated emissions. The input data for the optimization model include the
power demand of the community, capital and operating costs of power and hydrogen production
technologies, fuel emission factors (CO2, CO, NO2, PM2.5 and SO2) and their associated health
impacts costs, and the performance characteristics of all the technologies considered in the system.
The model is subject to a set of design constraints that balances the energy supply and demand
within the system boundaries, as well as capacity constraints for the energy systems for
distribution, conversion and storage.
The proposed model is used to determine the optimal combination of renewable energy sources
(i.e. solar photovoltaic and wind generators) and dis-patch-able NG-fueled CCPP, and the optimal
configuration of the UHNG storage system required to achieve energy autonomy and curtail peaks
in energy demand. The decisions variables include the number of power generation units, amount
of power produced from wind generators, solar panels and CCPP, flowrate of hydrogen produced
from electrolyzers, flowrate of HENG to CCPP and end users, flowrate of hydrogen to end users,
and the concentration of hydrogen in the HENG. The resulting model is a Mixed Integer Program
(MIP) representing the energy hub system. The proposed mathematical model is solved using the
General Algebraic Modeling Software (GAMS). The solver used for the MIP model is CPLEX.
In order to illustrate its applicability, the model is applied to a case study of an existing community
in southern Ontario, in which the local-electrical demand is constituted by residential, commercial
and industrial facilities. The average on-peak power demand is 200 MWh. This region is selected
because of its wind and solar potential, location to major electrical and natural gas distribution
system assets, and the diversity of power demand (i.e. industrial and residential).
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6.3 The Mathematical-Optimization Model
The proposed problem is formulated as a multi-objective MILP optimization model with the
following notations:
6.3.1

Model’s Indices

c capacity level of electrolyzer;
e pollutant (CO, NO2, PM2.5, SO2, and CO2);
f

fuel (NG and hydrogen);

h time period (8760 hours per year); and,
t

power generation technology (t1: CCPP, t2: wind turbines, and t3: solar PV);

6.3.2

Model’s Sets

C: set of capacity levels of electrolyzers;
E: set of pollutants (CO, NO2, PM2.5, SO2, and CO2);
F: set of fuels (NG and hydrogen);
H: set of time periods (8760 hours per year); and,
T: set of power generation technologies (CCPP, wind turbines, and solar PV);

6.3.3

Model’s Parameters

AF: Amortization factor of capital cost;
AELzconstant : Power constant of electrolyzer (MW per kmol H2);
AELzEfficiency : Efficiency of electrolyzer (%);
𝐴𝐸𝐿𝑧𝑐𝑀𝑎𝑥 : Maximum capacity of electrolyzer “c” (MW);
𝐴𝐸𝐿𝑧𝑐𝑀𝑖𝑛 : Minimum capacity of electrolyzer “c” (MW);
𝐵𝐼ℎ : Binary parameter, “1” when hour “h” is an on-peak demand (>30 MW), “0” otherwise;
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𝐶𝐴𝑃𝑆 𝑚𝑎𝑥 : Maximum capacity of hydrogen storage tank (kg);
𝐶𝑡𝑐𝑎𝑝𝑖𝑡𝑎𝑙 : Capital cost of power generation technology “t” ($ per MW);
𝐶𝐶𝑐𝑐𝑎𝑝𝑖𝑡𝑎𝑙 : Capital cost of electrolyzer capacity level “c” ($ per MW);
𝐶𝑆 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 : Capital cost of hydrogen storage tanks ($ per kg);
𝐶𝑡𝑂&𝑀 : Operating and maintenance cost of power generation technology “t” ($ per MWh);
𝐶𝐶 𝑂&𝑀 : Operating and maintenance cost of electrolyzers ($ per MWh);
𝐶𝑆 𝑂&𝑀 : Operating and maintenance cost of hydrogen storage tanks ($ per kg.hour);
𝐶𝑓 : Cost of fuel “f” ($ per kmol);
𝐶𝑒,𝑓 : Cost of health impacts associated with emissions of pollutant “e” from fuel “f” ($ per kmol);
𝐷𝑒𝑚𝑎𝑛𝑑ℎ𝑃𝑜𝑤𝑒𝑟 : Hourly power-demand (MWh);
𝐷𝑒𝑚𝑎𝑛𝑑ℎ𝐸𝑛𝑑−𝑈𝑠𝑒𝑟𝑠 : Hourly incremental heat-demand (MJ per hour);
𝐸𝑓𝑓𝑡 : Efficiency of power generation technology “t” (%);
𝐸𝑅𝑒,𝑓 : Emissions rate of pollutant “e” from fuel “f” (kmol pollutant per kmol fuel);
𝐸𝑇𝑡𝑚𝑎𝑥 : Maximum capacity of existing power technology “t” (MW);
𝐸𝐶 𝑚𝑎𝑥 : Maximum capacity of existing electrolyzers (MW);
𝐸𝑆 𝑚𝑎𝑥 ; Maximum capacity of existing hydrogen storage (kmol);
𝐹𝐼𝑇𝑡 : Feed in tariff associated with power production technology “t” ($ per MWh);
𝐻2𝑀𝐴𝑋 : Maximum allowable hydrogen concentration in NG-pipeline and in the HENG fuel (%);
𝐻𝐻𝑣𝑓 : High heating value of fuel “f” (MJ per kmol);
𝑃𝑡𝑛𝑜𝑚𝑖𝑛𝑎𝑙 : Nominal power of power generation technology “t” (MW); and,
W: Weight set on the emission objective function (0 – 1).
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6.3.4

Model’s Continuous Variables

𝐶𝑜𝑠𝑡𝑐𝑎𝑝𝑡. : Capital cost of power generation technologies ($ per year);
𝐶𝑜𝑠𝑡𝑂&𝑀 : O&M’s costs of power generation technologies ($ per year);
𝐶𝑜𝑠𝑡𝑓𝑢𝑒𝑙 : Fuel cost ($ per year);
𝐶𝑜𝑠𝑡𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 : Cost of health impact associated with emissions ($ per year);
𝑇𝐶𝑜𝑠𝑡: Total annual cost ($ per year);
𝐹𝑢𝑒𝑙𝑖𝑛𝑓,ℎ : Flow rate of fuel entering NG-pipeline (kmol per hour);
𝐹𝑢𝑒𝑙𝑂𝑢𝑡1𝑓,ℎ : Flow rate of fuel-fired in CCPP for meeting power demand (kmol per hour);
𝐹𝑢𝑒𝑙𝑂𝑢𝑡2𝑓,ℎ : Flow rate of fuel-fired for meeting end-users demand (kmol per hour);
𝐹𝑢𝑒𝑙𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦𝑓,ℎ : Fuel inventory inside NG-pipeline (kmol per hour);
𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
: Hydrogen produced at hour “h” (kmol per hour);
ℎ
𝐻2 ℎ𝑠𝑡𝑜𝑟𝑒𝑖𝑛 : Hydrogen sent to storage tanks at hour “h” (kmol per hour);
𝐻2 ℎ𝑠𝑡𝑜𝑟𝑒𝑜𝑢𝑡 : Hydrogen retrieved from storage tanks at hour “h” (kmol per hour);
𝐻2 𝑖𝑛𝑣𝑒𝑟𝑡𝑜𝑟𝑦
: Hydrogen remaining in inventory at hour “h” (kmol per hour);
ℎ
𝑃𝐶𝑈ℎ : Power curtailed at hour “h” (MWh);
𝑃ℎ𝐴𝐸𝐿𝑍 : Power supplied to the electrolyzers at hour “h” (MWh);
𝐴𝐸𝐿𝑍
𝑃𝑐,ℎ
: Power supplied to electrolyzers of capacity level “c” at hour “h” (MWh);
𝑇𝑜𝑡𝑎𝑙
𝑃𝑡,ℎ
: Total power produced from technology “t” at hour “h” (MWh);
𝐴𝐸𝑙𝑧
𝑃𝑡,ℎ
: Power sent from technology “t” to electrolyzers at hour “h” (MWh); and,
𝐷𝑒𝑚𝑎𝑛𝑑
𝑃𝑡,ℎ
: Power used by technology “t” to satisfy power demand at hour “h” (MWh).
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6.3.5

Model’s Integer Variables

𝑁𝑐𝐴𝐸𝑙𝑧 : Number of electrolyzers selected of each capacity level “c”;
𝑁 𝐶𝐶𝑃𝑃 : Number of CCPP units;
𝑁 𝑃𝑉 : Number of solar PV units;
𝑁 𝑊𝑇 : Number of wind turbines; and
𝑁 𝑆 : Number of hydrogen storage tanks.

6.3.6

Model’s Binary Variables

𝑌𝐸𝑇𝑡 : “1” indicates the existing power production capacity of technology “t” is operational, “0”
otherwise;
𝑌𝐶 : “1” indicates the existing electrolyzer capacity is operational, “0” otherwise;
𝑌𝐸𝑙𝑧𝑐 : “1” indicates the electrolyzer of capacity level “c” is selected, “0” otherwise; and,
𝑌𝑆 : “1” indicates the existing hydrogen storage capacity is operational, “0” otherwise.

6.3.7

Model’s Constraints

The hourly power generated by CCPP units in MWh (𝐏𝐭𝟏,𝐡 ) is calculated as shown in presented
Eqn. (6.1), where 𝐅𝐮𝐞𝐥𝐎𝐮𝐭𝟏𝐟,𝐡 is the fuel consumption rate in kmol h-1, 𝐻𝐻𝑣𝑓 is the high heating
value of the fuel consumed (MJ kmol-1), and 𝐄𝐟𝐟𝐭𝟏 is the efficiency of CCPP unit.
(6.1)

Pt1,h = ∑ HHvf ∗ FuelOut1f,h ∗ Efft1 / 3,600
f

The power generation by a wind turbine unit is calculated as shown in Eqn. (6.2):
Pt2,h = 0.5 ∗ ρair ∗ Arotor ∗ Vh3 ∗ Efft2 / 1000,000

(6.2)

Where: 𝛒𝐚𝐢𝐫 is the air density in kg m-3, 𝐀 𝐫𝐨𝐭𝐨𝐫 is the wind turbine rotor area in m2, 𝐕𝐡 is the hourly
wind speed at 80 m altitude in m s-1, and 𝐄𝐟𝐟𝐭𝟐 is the efficiency of the considered wind turbine.
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The power generation by solar PV panels is calculated as shown in Eqn. (6.3); where:
𝐖𝐡 is the hourly insolation in MJ m-2, 𝐀 𝐜𝐞𝐥𝐥 is the solar cell area in m2, and 𝐄𝐟𝐟𝐭𝟑 is the efficiency
of solar panels.
Pt3,h = Wh ∗ Acell ∗ Efft3 /3,600

(6.3)

The power production technologies are constrained by their maximum capacities. The power
generated from each technology in every hour 𝑃𝑡,ℎ should not exceed the maximum capacity
(𝐏𝐭𝐧𝐨𝐦𝐢𝐧𝐚𝐥 ) of all the available newly established units (𝐍𝐭 ) and the existing generating
capacity(𝐄𝐓𝐭𝐌𝐚𝐱 ). This is presented as follows:
Total
Pt,h
≤ Nt ∗ Ptnominal + YETt ∗ ETtMax

(6.4)

Two possible scenarios are considered in the proposed model. The first one involves a least cost
scenario, in which the power demand can be satisfied by CCPPs and renewables during all
operational hours; whereas second scenario considers a revaluation of the renewable base load
demand, in which the CCPP units are constrained to provide power only during on-peak demand
hours. The first scenario is modeled by the following constraint in which the power generated from
all power production technologies is used to satisfy the total demand during all operational hours.
3

∑

Demand
Pt,h

t=1

≥ DemandPower
h

(6.5)

The second scenario is modeled by the Eqns. (6.6) and (6.7), in which the power generated by all
production technologies can be used to satisfy demand during on-peak demand hours (Eqn. 6.6).
The binary parameter 𝐁𝐈𝐡 is used to indicate whether or not hour “h” is an on-peak demand hour
(e.g. Off-peak demand assumed to be < 30 MW). The demand during off-peak can be satisfied
only by wind and solar power (Eqn. 6.7):
3

∑

Demand
Pt,h

t=1

≥ DemandPower
∗ BIh
h

(6.6)

Demand
Demand
Pt2,h
+ Pt3,h
≥ DemandPower
∗ (1 − BIh )
h

(6.7)

To ensure that the power demand is satisfied during on-peak hours the CCPP units are incorporated
due to their availability and dis-patch-ability. Normally, the wind power availability varies
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between 30 – 40%, and the solar power availability can hardly reach 20%; whereas the
availability of CCPP is above 90%. The power generated from wind and solar power can be used
to satisfy part of the demand, and the surplus of their power is sent to electrolyzers. Surplus power
might also be sold to the grid or curtailed. One of the objectives of the proposed model is to
minimize power losses from all the power production technologies. The total power produced from
each technology can generally be expressed as shown in Eqn. (6.8):
Total
Demand
loss
Grid
AElz
Pt,h
= Pt,h
+ Pt,h
+ Pt,h
+ Pt,h

(6.8)

The surplus power available from wind and solar during off-peak periods is sent to satisfy the
power requirements of electrolyzers as shown in Eqn. (6.9):
Elz
Elz
PhAELz = Pt2,
h + Pt3, h

(6.9)

The hourly energy required for end-users demand is satisfied by HENG fuel as shown from Eqn.
(6.10):
∑ HHvf ∗ FeulOut2f,h ≥ DemandEnd−Users
h

(6.10)

f

The hydrogen produced in kmol h-1 from electrolyzers (𝐇𝟐 𝐩𝐫𝐨𝐝𝐮𝐜𝐞𝐝
) is calculated by using Eqn.
𝐡
(6.11), which is obtained by diving the power sent to electrolyzers (𝐏𝐡𝐀𝐄𝐋𝐳 ) in MWh by the power
constant (𝐀𝐄𝐋𝐳 𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭 ) in MW per kmol.
H2 produced
= PhAELz ∗ AELz Efficiency / AELz constant
h

(6.11)

In order to maximize the capacity factor of electrolyzers when they are operational, it is important
to size the electrolyzer units and the capacity of the electrolyzer farm. The different sizes of
electrolyzer units are discretized, and the total power sent to electrolyzers can be expressed as
shown in Eqn. (6.12):
AELZ
PhAELz = ∑ Pc,h

(6.12)

c

𝐀𝐄𝐋𝐙
Where: 𝐏𝐜,𝐡
is the power sent to each capacity level of electrolyzers considered. The capacity

constraint of electrolyzers is presented in Eqn. (6.13) in which the total number of electrolyzers
(𝐍𝐜𝐀𝐄𝐥𝐳 ) selected must satisfy the total required hydrogen production (𝐇𝟐 𝐩𝐫𝐨𝐝𝐮𝐜𝐞𝐝
).
𝐡
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The 𝐀𝐄𝐋𝐳𝐜𝐌𝐚𝐱 is the maximum capacity of an electrolyzer in kmol h-1 and 𝐀𝐄𝐥𝐳𝐜𝐌𝐢𝐧 is the minimum
capacity of each capacity level. 𝐄𝐂 𝐦𝐚𝐱 is the maximum capacity available from existing
electrolyzers. Satisfying this constraint ensures that the capacity factor of the electrolyzers is
within an adequate range when they are operational.
∑ NcAElz ∗ AElzcMin ≤ H2 produced
≤ ∑ NcAElz ∗ AElzcMax + EC max ∗ YC
h
c

(6.13)

c

Two scenarios are considered for the storage of hydrogen produced by electrolyzers. Hydrogen
can be either held in inventory in natural gas distribution pipelines or stored in hydrogen tanks.
Pipeline hydrogen storage can be presented as a material balance performed on hydrogen through
the NG-pipeline. The hydrogen produced by the electrolyzers is assumed to be injected directly
into the NG-pipeline, therefore, the amount of hydrogen produced is equal to the amount of
hydrogen that enters the NG-pipeline as shown in Eqn. (6.14). Hydrogen is blended with NG to
create HENG fuel with a concentration that does not exceed 5%, and the inventory of hydrogen in
the NG-pipeline can be presented as shown in Eqn. (6.15):
H2 produced
= Fuelin f2,h
h

(6.14)

Fuelinventoryf,h = Fuelinventoryf,h−1 + Fuelinf,h − FuelOut1f,h − FuelOut2f,h

(6.15)

The HENG fuel that exit from the NG-pipeline is equal to HENG fuel that feeds CCPP units plus
the HENG fuel that used for meeting end-users demand. The concentration of hydrogen in molar
percentage that is injected in the natural gas pipeline to produce HENG for fueling CCPP units or
distributed among end-users should not exceed the maximum allowable hydrogen concentration,
which for the base case is assumed to be 5%. This is presented by Eqn. (6.16) and (6.17):
FuelOut1f,h + FuelOut2f,h = FuelOut f,h

(6.16)

2

FuelOut f2,h ≤ H2MAX ∗ ∑

f=1

FuelOut f,h

(6.17)

The other option for hydrogen storage is to utilize hydrogen storage tanks. In this case the hydrogen
produced from electrolyzers is either injected directly into the pipeline to be utilize in CCPP units
or for end-user demand, or sent to the storage tanks to be held in inventory. The purpose of
incorporating hydrogen storage tanks is to provide adequate capacity to manage surplus energy
produced from wind and solar, which is important due to the limited capacity of hydrogen that can
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be injected into the NG-pipeline (i.e. 5%). The material balance on hydrogen for this scenario can
be presented as follows in the Eqns. (6.18), (6.19) and (6.20):
pipe
H2 produced
= H2 to
+ H2 storein
h
h
h

(6.18)

H2 inventory
= H2 inventory
+ H2 storein
− H2 storeout
h
h−1
h
h

(6.19)

pipe
FuelOut f2,h = H2 to
+ H2 storeout
h
h

(6.20)

Similarly, the constraint presented in Eqn. (6.17) will apply to this scenario to limit the
concentration of hydrogen in the HENG sent to the CCPP units and end-user demand. The number
of new hydrogen storage tanks installed and the capacity of existing storage must accommodate
the inventory levels during all hours, which is presented by the following constraint.
H2 inventory
≤ N S ∗ CAPS max + ES max ∗ YS
h

6.3.8

(6.21)

The Model’s Objective Function

In this model, three objective functions are taken into account:
Z1: total cost of electricity production and storage, including capital and operating cost of power
production plants (CCPP units, wind turbines and solar PV), capital and operating cost of
electrolyzers and hydrogen storage tanks.
Z2: total costs of emissions, which takes into account various pollutants (i.e. CO2, CO, NO2, SO2,
and PM2.5).
Z3: energy losses, which is the total power curtailment.
The total cost of electricity produced and stored including capital costs, operating costs and fuel
costs (i.e. natural gas) are calculated. The capital cost of power production technologies,
electrolyzers and hydrogen storage tanks is calculated by multiplying the number of new units
installed by the unit capital cost, maximum capacity, and the amortization factor. This is presented
as follows:
capital

Cost capital = ∑ Nt ∗ Ptnominal ∗ Ct
t

capital

∗ AF + ∑ NcAELz ∗ AELzcMax ∗ CCc

∗ CAPS Max ∗ CS capital ∗ AF

c
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∗ AF + N S

(6.22)

The amortization factor is calculated as presented in Eqn. (6.23); where: r is the interest rate that
is assumed to be 8%, and n is the lifetime of the power generation technology that is assumed to
be 25 years.
AF = (1 + r⁄12)n (r⁄12)/(1 + r⁄12)n−1

(6.23)

The operation and maintenance cost is calculated by multiplying the production rate or inventory
level at every operational hour “h” by the unit cost, which is presented as shown in Eqn. (6.24).
The annual cost of operation is calculated by summing the cost over all time periods. For the
scenarios in which interactions with the gird are considered, the revenue obtained from selling
excess power from wind and solar energy to the grid (according to the feed in tariff in Ontario) is
subtracted from the annual operational cost.
Grid
AElz
Cost O&M = ∑ (∑ Pt,h ∗ CtO&M + ∑ PCc,h
∗ CC O&M + H2 inventory
∗ CS O&M − ∑ Pt,h
∗ FITt )
h
h

t

c

(6.24)

t

The cost of fuel utilized is the cost of natural gas consumed in CCPP units and by end-users.
Hydrogen cost has already been considered as the cost of installing and operating electrolyzers.
The natural gas cost can be calculated as follows by multiplying the total natural gas consumption
in each hour by the fuel unit cost as in Eqn. (6.25):
Cost fuel = ∑ FuelOut f1,h ∗ Cf1

(6.25)

h

The total cost of electricity production and storage can then be calculated as the sum of capital,
operating and fuel costs as represented by Eqn. (6.26):
Cost Total = Cost capt. + Cost O&M + Cost fuel

(6.26)

The total cost of emissions includes the cost of emitting global warming gases and the health
impact costs associated with air pollutants. The emission of these pollutants is associated with the
consumption of natural gas. The cost of emissions can be calculated as presented in Eqn. (6.27),
where 𝐅𝐮𝐞𝐥𝐎𝐮𝐭 𝐟𝟏,𝐡 is the flowrate of natural gas in the HENG fuel in kmol h-1; 𝐄𝐑 𝐟𝟏,

𝐞

is the

emission rate of each pollutant produced from the consumption of natural gas expressed as kmol
of pollutant “e” per kmol of NG; and 𝐂𝐟,𝐞 is the emission cost factor associated with each
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pollutant in dollars per kmol of the pollutant, which were obtained from a previous study (AlRafea,
et al., 2016).
Cost emissions = ∑ ∑ Cf1,e ∗ FuelOut f1,h / ER f1 e
h

(6.27)

e

The total power losses is the surplus power generated by wind and solar sources that is not utilized
to satisfy the demand, sent to electrolyzers to produce hydrogen, or sold to the grid. It is presented
as the summation of power losses over all time periods as calculated in Eqn. (6.28):
Powercurtailed = ∑

∑

(6.28)

loss
Pt,h

h t ∈ t2∪ t3

The proposed multi-objective MILP formulation takes Eqns. (6.26), (6.27) and (6.28) as the
objective functions labelled Z1, Z2 and Z3. The multi-objective optimization problem can then be
presented as follows:
min
⏟ {𝐳𝟏 (𝐱), 𝐳𝟐 (𝐱), 𝐳𝟑 (𝐱) }

(6.29)

𝐱∈F

Where: X is the vector of decision variables in the space of feasible region F. The solution approach
of the proposed multi-objective mathematical model is the ε-constraint method adopted from Liu
and Papageorgiou (Liu & Papageorgiou, 2013). The objective functions can, therefore, be
presented as follows:
min
⏟ 𝐳𝟏 (𝐱)
𝐱∈F

s. t. 𝐳𝟐 (𝐱) ≤ ε2
𝐳𝟑 (𝐱) ≤ ε3

(6.30)

Where: the value of 𝛆𝟑 can be obtained as follows:
ε3 = φ ∑ ∑ Pt,h
h

(6.31)

t

Where: 𝛗 ∈ [𝟎, 𝟏]indicates the maximum percentage of total power losses to the total power
production level. Two sub-problems are solved in order to obtain the value of 𝛆𝟐 . The maximum
and minimum values of 𝛆𝟐 are obtained by solving the following two sub-problems individually,
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min
⏟ 𝐳𝟏 (𝐱)
(6.32)

𝐱∈F

s. t. 𝐳𝟑 (𝐱) ≤ ε3

As well as:
min
⏟ 𝐳𝟐 (𝐱)
(6.33)

𝐱∈F

s. t. 𝐳𝟑 (𝐱) ≤ ε3

In both of these sub-problems the objective Z3 is constrained by 𝛆𝟑 . In the problem defined in
Eqn. (6.32), Z1 is the objective, while Z2 is eliminated, from which the maximum possible value
of Z2 is obtained. In the problem defined in Eqn. (6.33), Z2 is the objective, while Z1 is eliminated,
from which the minimum possible value of Z2 is obtained. The problem defined in Eqn. (6.30)
can then be solved by defining 𝛆𝟐 as follows:
ε2 = ωz2max + (1 − ω)z2min

(6.34)

Where: 𝛚 ∈ [𝟎, 𝟏]indicates the weight set on the emissions cost objective function.

6.3.9

The Model’s Assumptions

The following assumptions are considered while running the model:
(1) There is no leak of hydrogen from NG-pipeline;
(2) For model simplicity it is assumed that there is no need for compression or pressure release
when injected hydrogen inside NG-pipeline; and
(3) It is assumed that the hydrogen concentration in HENG fuel is controlled while leaving the
NG-pipeline.

6.4 Demand Analysis
There are two scenarios investigated in this case study, which are based on the recovery pathways
for the stored HENG fuel. The first scenario is power-to-gas-to-power pathway is incorporated, in
which the HENG is used to produce electricity through CCPP units; the second scenario is powerto-gas-to-end user in which the HENG is sent for meeting end-users demand of heating and other
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appliances. The proposed scenarios and their analysis are used to illustrate the benefits of storing
surplus-power from wind generators and solar panels during off-peak demand hours in the form
of hydrogen in the underground natural gas network.
In order to explore the potential of the energy hub system model proposed in this study, it is applied
to a case study based on a community in southern Ontario. The power demand in this community
is diverse, including demand by residential, commercial and industrial entities. This region is
selected because of its wind and solar energy potential, location to major electrical and natural gas
distribution system assets, and the diversity of power demand. The hourly demand profile for a
winter and summer day in this region is show in Figure (6.3). The average on-peak power demand
is 200 MWh.

a.

b.

Power demand in winter day vs.
summer day

Power demand vs. heat demand in full year

Figure (6.3): Power and end-users demands profile

The proposed power demand as shown in Figure (6.3), is considered to be enough for one
community that has the size of a small city or town. As the average power consumption in Canada
per person for the residential sector is approximately 5 MWh per year, the proposed power demand
will be suitable to address a town that has a population of 200,000 – 300,000 people accompanied
with commercial and industrial infrastructures.
An estimation of the average consumption of natural gas by the community’s end users was
conducted. Natural gas can be used for home and water heating, as well as fuel for other appliances
such as stoves, dryers and barbecues. A recent study indicates that the natural gas consumption by
Ontario’s residents averaged approximately 2,500 m3 per person per year (NAVIGANT, 2014).
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Canadian households used a total of 639,203 TJ worth of natural gas in their homes in 2011, up 9%
from 2007 (Statistics Canada, 2015). Households using natural gas consumed an average of 92 GJ
of this fuel per household (Statistics Canada, 2015). Based on the size of the community assumed
in this study the natural gas demand profile was estimated (Figure 6.4).

Figure (6.4) Natural gas demand for community’s end users

6.5 Energy Production Technologies
The proposed energy production technologies considered in the optimization model include NGfired CCPP, on-shore wind turbines, and PV-solar panels for power production, as well as alkaline
electrolyzers for hydrogen production. The mixed integer linear model allows for design of a
system through the incremental discrete addition of each of the key technologies, in order to
optimize the energy hub system design based on net cost of electricity provision to the community.

6.5.1 Natural Gas Combined Cycle Power Plant
The NG-fired CCPP is used as the dis-patch-able power generation facility in the proposed model
with a maximum capacity of 100 MW (Siemens , 2008) . The power plant consists of a gas turbine
generator fueled by NG, a heat recovery steam generator, and a triple pressure, reheat and full
condensing steam turbine generator. The thermal efficiency of the plant is assumed to be 52.6%.
The capital and operating costs of NG-CCPP units with the required capacity are cited in multiple
sources in the literature. The Environmental Protection Agency, National Renewable Energy
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Laboratory, and Energy Information Administration, stated the capital and operating cost of NGCCPP units to be $903,000 per MW and $1.95 per MWh (EPA, 2010), $742,000 per MW and
$2.86 per MWh (Tidball, et al., 2010), and $1,023,000 per MW and $3.27 per MWh (US EIA,
2013), respectively. The averages of these values are assumed as the input for capital and operating
costs in the proposed model.
The natural gas required for operating the CCPP is purchased from the NG-pipeline network that
is available in the community energy hub region. The average price of NG is assumed to be $4.4
per GJ (Natural Resources Canada, 2014), and the high heating value is assumed to be 52 MJ per
kg (Boundy, et al., 2011). The atmospheric emissions from the proposed CCPP during operations
include: CO2, CO, NO2 resulting from incomplete combustion, and PM2.5 resulting from mercaptan
odorant additive. All of these pollutants are produced from processes utilizing natural gas as a
burning fuel (Siemens , 2008). The emission factors of NG-fueled CCPP and the associated health
impact costs have been cited in various literature sources (Skone & James, 2012) , (Black, 2013),
and (Spath & Mann, 2000).

6.5.2 On-Shore Wind Turbines
The considered on-shore wind turbines have an average capacity of 1.91 MW, which is the average
nameplate capacity installed in 2013 in Ontario (Mone, et al., 2015). The capital and operating
costs are provided by Lawrence Berkeley National (LBN), EIA and NREL as $2,120,000 per MW
and $8 per MWh (Wiser & Bolinger, 2009), $2,213,000 per MW and $11 per MWh (US EIA,
2013), (NAVIGANT, 2014), and $1,728,000 per MW and $13 per MWh (Mone, et al., 2015),
respectively. The location of Chatham-Kent, Ontario is selected to install the wind turbines used
in the energy hub system due to the high wind speed potential and its close proximity to nearby
on-shore wind farms. The expected wind speed in this location varies from 5.35 m s-1 during the
summer to 8.16 m s-1 during the winter. The average annual wind speed is estimated to be
approximately 7 m s-1 (Environment Canada, 2008).
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6.5.3 Photovoltaic Solar
The solar photovoltaic module considered in the proposed energy hub system has a maximum
capacity of 117.5 kW, dimensions of 1.2 m by 0.6 m, and power rate of 163.2 W per m2 (First
Solar, 2015). Solar PV systems are typically characterized by having high investment cost and low
operation cost. The PV capital cost includes equipment, site preparation, land, permitting &
commissioning, labor, and material costs. The capital and operating costs of solar PV panels have
been listed by NREL, LBNL, and International Renewable Energy Agency as $4M per MW and
$2.3 per MWh (Goodrich, et al., 2011), $4.7M per MW and $3.2 per MWh (Feldman, et al., 2012),
and $3.5M per MW and $1.0 per MWh (IRENA, 2015), respectively. The location of ChathamKent, Ontario has significant potential for photovoltaic insolation. The expected mean daily
insolation varies from 9 – 12 MJ per m2 during the winter time to 21 – 24 MJ per m2 during the
summer (Natural Resources Canada, 2013).

6.5.4 Alkaline Electrolyzers
One of the key advantages of electrolyzers among other methods for producing hydrogen is the
suitability of the technology to adjust to different energy inputs, which is beneficial when
integrated with intermittent wind and solar energy. On the smaller end of the scale, distributed
electrolyzers can be used to produce hydrogen for use in the same location. The electrolyzers play
a significant role in the proposed de-centralized energy hub system as they increase the availability
and reliability of wind and solar energy sources. Due to their wide operational range, eletrolyzers
can respond very quickly to changes in input-power (FuelCellToday, 2013). The electrolytic
hydrogen is assumed to be produced by commercial alkaline electrolyzers, due to their high
efficiency that could reach above 70% (Hydrogenics, 2015). This type of electrolyzer is assumed
to have a power constant of 0.052 MWh per kg of hydrogen, and a nominal hydrogen flow of 60
Nm3 per hour. The delivery pressure is 10 barg, and the ambient temperature range is -20°C to
+40°C. The hydrogen produced by this electrolyzer has a purity >99% (Hydrogenics, 2015). The
maximum capacity of the selected electrolyzer for producing hydrogen is approximately 5.3 kg
per hour. For this capacity, the hydrogen production cost can be divided into three main categories,
which are the cost of supplied electricity, capital cost, and the operation and maintenance cost
(Saur, 2008). The cost of hydrogen production from alkaline electrolyzers ranges from $4.0 – 5.7
per kg for a capacity of 42 – 63 kg per hour (Steward, et al., 2009) , (Levene, et al., 2005) and
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(Genovese, et al., 2009). The techno-economic parameters of the proposed energy producers are
summarized in Table (6.1). These include the production capacities, operating efficiencies, and the
capital and operating costs of natural gas fired turbines, wind generators, solar panels and
electrolyzers.
Table (6.1): Techno-economic parameters of power production technologies
Capacity (MW)

Capital Cost ($/MW)

O&M Cost ($/MWh)

Efficiency (%)

NG-CCPP

100

800,000

2.8

52.6

Wind turbine

1.91

2,000,000

10

-

Solar PV

0.117

4,100,000

2.2

-

Natural gas is the only fossil-fuel considered in the proposed case study, and its emission factors,
and unit cost of emissions that are considered as an inputs for the optimization model are
summarized in Table (6.2). The emission pollutants considered in this case study include CO2, CO,
NO2, PM2.5, and SO2. Health impacts cost are estimated using the Air Quality Benefits Assessment
Tool (AQBAT), and the estimation method is presented in a previous work (AlRafea, et al., 2016).
Table (6.2): Emission factors and their costs
Pollutant

Emission factor, kg (MWh)-1

Emission cost, $ kg-1

CO2

365

0.013

CO

0.24

0.87

NO2

0.16

101

PM2.5

0.15

114

SO2

0.021

11
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6.6 Feed-In-Tariff Policy in Ontario
The FIT program in Ontario was enabled by the Green Energy Green Economy Act to provide a
comprehensive and guaranteed pricing structure for renewable electricity production in Ontario.
The FIT price schedule includes provisions for projects that have different levels of equity for
community ownership. This indicates that the level ownership will determine the maximum level
of price adder in addition to the FIT contract price.
The maximum community price adder that could be received for wind and solar PV is 1.0 cent per
kWh. A project with a community share greater than 50% will receive the maximum possible price
adder (Martin, n.d.), (Ontario Power Authority, 2010), (Alizamir, et al., 2016) and (Christianson,
et al., 2011).

6.7 Results and Discussions
In this section the results obtained from applying the proposed optimization model to a case study
based on a community in Southern Ontario are presented. Several scenarios have been generated
and investigated in this study including the use of the HENG for power production only, or for
power and heat production.
Moreover, the benefits of including hydrogen storage tanks from which hydrogen is retrieved to
be injected into the natural gas pipeline versus hydrogen and natural gas pipeline co-storage are
also investigated. The consideration of multiple objectives (i.e. cost, emissions and power
curtailment) in the optimization model generates different results at different weight factors, which
is also presented.
The results presented include the distribution of power production from wind, solar and natural
gas, consumption of power by electrolyzers, hydrogen injection levels in the natural gas pipeline,
the capacity of energy production and storage technologies installed, total system cost, and
emissions mitigated.
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The first set of results presented show the stepwise capacity expansion for the power system that
has been carried out over a 15-year time frame starting from the year 2015. For each planning step
(i.e. 2015, 2020, 2025 and 2030) the capacity expansion was optimized. The input data assumed
for each planning period is shown in Table (6.3).

Table (6.3): Summary of Input data used in current model
Characteristics

2015

2020

2025

2030

Total Demand, MW per year

630,855

757,025

870,579

957,637

On-peak %

74.9

74.9

74.9

74.9

Off-peak %

25.1

25.1

25.1

25.1

Total Demand, MJ per year

2.15E10

2.57E10

3.1E10

3.7E10

On-peak %

84.0

84.0

84.0

84.0

NG average price, $ per GJ

4.4

6.9

9.3

10.8

Weights on emissions

0.5

0.6

0.7

0.8

Power

End-Users heat

These include the capital and operating costs of power production technologies, fuel prices, and
emission costs. It is assumed that the capacity expansion decisions of energy production and
storage technologies are not restricted to a certain limit. The maximum allowable power
curtailment was assumed to be five percent of the total power production during each hour.
The least cost results obtained considering the incorporated constraints are summarized in Figures
(6.5 to 6.7).
Figure (6.5) shows the capacity expansion of wind turbines, solar photovoltaics, natural gas
combined cycle, electrolyzers, and hydrogen storage tanks installed during each planning period,
as well as the total annual system cost.
In 2015, a capacity of utility-scale PV of 95 MW and a capacity of onshore wind turbines of 56
MW was integrated into the community’s power plant portfolio.

131

Moreover, in order to achieve the power demand requirements of the community, conventional
NG-CCPPs with a capacity of 200 MW are also added to the portfolio. In 2015, no electrolyzers
or hydrogen tanks are incorporated in the energy infrastructure. In other words, all the power
produced from wind and solar energy is used to satisfy the power requirements, in which no surplus
power is available to be used by electrolyzers to produce hydrogen.
From 2020 onwards, utility-scale PV and wind turbines are more competitive in which their total
available capacity reaches 815 MW and 430 MW, respectively; by 2030, which provides a
substantial and flexible renewable energy capacity. The significant increase in the capacity of solar
PV and wind turbines for the year 2030 is attributed to the high emission costs and weight on the
emission objective assumed for this planning period.
In order to improve the dis-patch-ability of the energy system, while satisfying the maximum
allowable power curtailment level, a significant hydrogen storage capacity is required by the
planning period 2030.
A lower renewable production and hydrogen storage capacity is expected if a lower weight on the
emission objective is assumed. This translates to the significant increase in the total system cost,
which is mainly contributed to by the increase in hydrogen storage capacity.
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Figure (6.5): Number of power production technologies, electrolyzers and hydrogen tanks installed at each planning
period, and the total annual system cost

Figure (6.6) shows the weekly average distribution of power production for each year investigated
in the planning period. For the year 2015, no surplus power is available to be utilized by
electrolyzers. The power available from wind and solar capacity installed is well below the energy
demand during all operating hours, and the majority of the demand is satisfied by power from
conventional CCPP. From 2020 onwards, as the cost of emissions and the cost of fuel (i.e. natural
gas) increased, and the capital and operating costs of wind turbines and PV solar panels become
more competitive, the production from wind and solar energy increases. Moreover, the reliance on
power production from CCPP decreases, in which production from CCPP diminishes by the year
2030. This results in a surplus of power production from wind and solar energy, which is utilized
by electrolyzers in order to minimize power curtailment. The hydrogen produced mixed with
natural gas and is mostly utilized for heat production.
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Figure (6.6): The distribution of power production from CCPP, WTs and Solar, the consumption of power by
electrolyzers, power curtailed, and the required demand for the planning periods: (a) 2015, (b) 2020, (c) 2025 and
(d) 2030

Figure (6.7) shows the weekly average injection of hydrogen in the HENG for all the planning
periods. For the year 2015, there is no hydrogen injection due to unavailability of surplus wind
and solar power. The trend of hydrogen injection increases during the winter months, which is
attributed to the higher requirement for heating. Hydrogen injection then diminishes during the
summer months, during which the hydrogen storage capacity is mostly utilized. The increase in
hydrogen injection levels from one planning period to the next is associated with the higher heat
and power demands. The increase is also attributed to the increase in emission costs, the weight of
the emission objective, and the price of natural gas. Moreover, the availability of hydrogen storage
contributes to the increase in the hydrogen injection levels into the distribution lines. This is
because the model provides flexibility for the power system, in which the more of surplus power
can be used to produce hydrogen, and the excess hydrogen that is not injected can then be stored
in the available tanks.
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Figure (6.7): Average weekly injection of hydrogen into the natural gas pipeline for each planning period

Natural gas is considered to be a relatively clean fuel; however, the utilization of HENG provides
additional potential in reducing total emissions (i.e. CO2, CO, NOx, PM2.5, SOx, etc.). The
utilization of hydrogen reduces the total amount of natural gas consumed, which is necessary for
Ontario to meet its required greenhouse-gas emission targets. The incorporation of hydrogen
storage allows for higher injection levels of hydrogen in the natural gas distribution pipeline, which
allows for the achievement of higher emission reductions. Figure (6.8) shows the total emission
reductions achieved for each planning period investigated. It can be observed that the amount of
reductions achieved progressively increases for each planning period. This is due to the higher
production capacity of wind and solar energy, and the higher injection levels of hydrogen into the
natural gas distribution system. For example, the CO2 emission reductions achieved in 2020 is
2,685 tons and in 2030 is 16,291 tons. The emission reductions achieved by replacing an amount
of the natural gas consumed by clean hydrogen is calculated based on the assumption that the
HENG is sent to end users to be used in furnaces for heat generation or used in the CCPP unit for
power generation, which would otherwise be pure natural gas. This reduces the total generation of
CO2, as well as other pollutants (i.e. CO2, CO, NOx, PM2.5, SOx, etc.). Incentivizing technologies
that reduce greenhouse-gas emissions can be achieved, for example, by developing carbon
exchange markets. Currently there are no carbon exchange markets existing in Ontario.
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The emission costs mitigated are calculated based on the emission cost factors estimated in a
previous work.

Figure (6.8): Total emissions reduced and cost of emissions mitigated for each planning period due to utilizing
hydrogen as fuel

The results presented so far assume a least-cost scenario, in which the integration of renewable
technologies into the energy production portfolio is flexible. As a result, the capacity of renewable
energy integrated can provide energy well below the demand even during off-peak hours. This will
not require the incorporation of energy storage technologies, as was observed from some of the
results obtained, particularly for the planning period 2015. However, it is possible that the capacity
of renewable energy required to be integrated into the power production portfolio is significant,
during which there will be times of high renewable energy (i.e. wind and solar) potential during
off-peak hours when base load generation is at a minimum resulting in surplus energy that must
be utilized in a productive manner. Realizing the available wind and solar potential for the
investigated case study, the revaluation of baseload renewables may well provide a suitable path
for power generation while addressing the threat of climate change and social impacts of air
pollution. The base case scenario for the planning period 2015 was revisited, and the renewable
production capacity was assumed to provide at least the off-peak power demand by enforcing the
constraint in Eqns. (6.6 and 6.7). This scenario was first investigated by applying different weights
to the emissions objective function. Figure (6.9) shows the capacities of CCPP, wind and solar,
and electrolyzer and hydrogen storage farms installed. It can be observed that the total capacity of
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wind and solar installed are higher due to the constraint of renewable energy satisfying at least the
off-peak power demand. In this case, the CCPP power production units can only operate during
on-peak demand hours to satisfy the remaining electricity demand. It can be observed that at a low
emission weight factor (0.1) the minimum capacities of wind and solar that are required to be
installed to satisfy at least the off-peak demand hours are 183 MW and 70 MW, respectively. The
maximum capacity of CCPP power production (200 MW), which is only utilized during on-peak
demand hours, is high due to the low weight set on the required reduction in total emissions.

Figure (6.9): Number of power production units, electrolyzers, H 2 tanks, and total system cost for the base case of
2015 at different weights on the emission objective function

Electrolyzer and hydrogen storage capacities of 95 MW and 18 MW, respectively, are required in
order to utilize the excess power generated during off-peak hours, which is required to minimize
power curtailment that is set to an allowable maximum of 5% during all operational hours (Figure
6.10). An increase in the emission weight factor results in an increase in the production capacity
of wind and solar power in order to replace the production capacity of CCPP units during on-peak
hours and to generate surplus power that can be utilized by electrolyzers to produce hydrogen.
The hydrogen produced is injected into the natural gas distribution system, which reduces
emissions generated by CCPP units and from using HENG fuel to satisfy heat demand. It can be
observed that at very high weight on the emission objective (0.9), the hydrogen storage capacity
considerably increases. This is mainly due to the considerable increase in wind and solar energy
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capacity required to satisfy power demand during on-peak and off-peak demand hours. This
generates considerable excess surplus power during off-peak hours that must be managed by being
sent to electrolyzers for hydrogen production as the power curtailments is constrained to an
allowable maximum of 5%. Moreover, the only available route for hydrogen consumption is to be
injected into the natural gas pipeline distribution system, which has a maximum allowable
injection limit of 5%. This as a result will increase the capacity of hydrogen storage required.
Moreover, it can be observed that the increase in total system cost is significantly contributed to
by the hydrogen storage cost.
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Figure (6.10): Distribution of power production and consumption for (a) P2G2P at a weight of w=0.5 and
maximum allowable power curtailment of 5%; (b) P2G2P at maximum allowable power curtailment of 25%; (c)
P2G2P and grid-connected at FIT 1.0 cents per kWh; (d)P2G2P/H at an emission weight factor w=0.3; (e)
P2G2P/H at a maximum allowable H2 concentration of 20%; and (f) P2G2P/H at an emission weight factor of
w=0.1

Figure (6.11) shows the average weekly content of hydrogen in the HENG existing in the natural
gas distribution system for different weight factors of the emissions objective function. It can be
observed that the content of hydrogen in the HENG increases with the increasing emissions weight
factor. A similar trend can be observed for all the emission weight factors; however, at a high
emission weight, the hydrogen content increases to its maximum allowable value of 5%. This is
necessary in order to lower the emissions generated from the utilization of natural gas in CCPP
units and as a fuel for heat production. The high weight on emissions necessitates the utilization
of a higher capacity of wind and solar for power production. This results in the generation of a
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high surplus of energy during off-peak hours which is managed by the production of hydrogen.
Even though the hydrogen injection is at its allowable maximum, there is still significant amounts
of hydrogen that are sent to storage facilities. Increasing the allowable injection limit of hydrogen
is expected to reduce the hydrogen storage capacity required, and reduce the total system cost.

Figure (6.11): Average H2 concentration in HENG fuel in NG-Pipelines at different weights set on the emissions
objective function for P2G2P/H scenario

Figure (6.12) shows the emission reductions achieved at different emission weights from the
injection of hydrogen into the natural gas distribution system. The utilization of renewable energy
sources (i.e. wind and solar) for the generation of base load demand results in a higher availability
of surplus power from wind and solar energy during off-peak demand hours due to their non-dispatch-able nature. This surplus power can be utilized by electrolyzers for clean hydrogen
production, which reduces natural gas consumption when injected into the natural gas distribution
system. At low weight factors set on the emission objective (0.1 – 0.3), an adequate amount of
hydrogen is produced and utilized as fuel in the HENG, which allows for the achievement of
significant emission reductions of up to 4296 tons per year for CO2. Significant reductions in the
generation of other pollutants (i.e. SOx, NOx, and PM2.5) have similarly been achieved. Even
though higher emission reductions and costs mitigated due to emissions are achieved at high
emission weight factors (0.7 – 0.9), the costs mitigated are highly offset by the significant increase
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in the total system cost associated with the considerable increase in the required hydrogen storage
capacity.

Figure (6.12): Total emissions and their associated costs at various weights factor for the P2G2P/H scenario

As can be observed from the previous results the injection limit of hydrogen into the natural gas
pipeline can potentially have a significant impact on optimizing the energy production and storage
portfolio. According to Melaina et al. (Melaina, et al., 2013), the maximum allowable hydrogen
concentration in the HENG in the existing natural gas pipeline network can range from 5% - 20%
by volume. These concentrations can be maintained without significantly increasing the risks
associated with utilizing HENG in end user devices, safety, or the durability of the gas distribution
system. The selection of the appropriate hydrogen concentration within this range varies
significantly among various pipeline networks and must be evaluated on a case-by-case basis.
However, to illustrate the effect of its variability on the results of the proposed optimization model,
the maximum allowable hydrogen concentration in the pipeline is varied in the range of 5% - 20%,
and the results obtained are illustrated in the following figures.
It can be observed from Figure (6.13) that increasing the maximum allowable hydrogen
concentration in the natural gas distribution pipeline results in an increase in the capacity of wind
and solar energy production for all the investigated allowable limits. It can be observed that as
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the hydrogen injection limit is increased from 5% to 10% there is a noticeable increase in the solar
PV and wind production capacity, and a reduction in the hydrogen storage capacity. The reduction
in hydrogen tank storage contributes significantly to the reduction in the total system cost
observed. It is important to note that the maximum and minimum value of the emission objective
function used in the ε-constraint are different at different injection levels. For example, at 10% and
15% maximum allowable hydrogen injection limits the minimum total emissions costs that could
possibly be achieved are $101.2 M and $99.5 M, respectively. Moreover, the maximum emissions
costs (i.e. minimizing only the energy production and storage objective) for both injection limits
are $111.4 M and $108.2 M, respectively. At a weight of 0.5 for the emission objective function,
the optimal emissions costs obtained for the two injection limits were $106.3 M and $103.8 M,
respectively.

Figure (6.13): Number of power production units, electrolyzers and H 2 tanks at various H2 concentration for
P2G2P/H scenario

Therefore, it can observed that the higher injection limit resulted in a decrease in the total cost of
emissions. However, to achieve a lower cost of emissions a corresponding increase in the cost of
electricity production and storage, which translates to the increase in the total system cost. The
increase in the hydrogen injection limit from 10% to 15% justified the considerable increase in
wind and solar energy production capacities, as the surplus power generated by these sources can
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be managed more effectively by generating hydrogen and injecting it into the natural gas pipeline.
However, this also results in an increase in the hydrogen storage capacity in order to manage
periods of low total natural gas fuel demand (e.g. summer months). This is illustrated in Figure
(6.14), which shows the weekly average injection of hydrogen into the natural gas distribution
system for various maximum allowable injection limits. It can be observed that generally the
amount of hydrogen injection is higher when the constraint on the amount of hydrogen injection
is relaxed (i.e. higher maximum allowable hydrogen concentration). This is particularly evident
during the winter months when the demand for natural gas is highest. However, during the summer
months the amount of hydrogen injected reaches similar levels, due to the lower demand of natural
gas. If the amount of hydrogen injected is abundantly increased, such as between the 10% and 15%
scenarios, this would necessitate a higher requirement of hydrogen storage to be utilized during
the summer months.
So far the results presented focused on the scenario in which hydrogen is injected into the natural
gas distribution pipeline, and the HENG is utilized for both electricity production and as a fuel for
heat production. The utilization of HENG for the production of heat presents a significant sink for
the hydrogen generated, which facilities an effective management route for the excess energy
generated. However, a possible scenario that must be considered is the utilization of hydrogen at
the end-user, particularly in CCPP units for power production only. In all the previously
investigated scenarios the maximum allowable power curtailment was assumed to be 5%. The
following results are generated for the scenario of power-to-gas-to-power only, and investigated
at different power curtailment constraints. Moreover, interactions with the power grid were also
considered, in which the surplus power generated from wind and solar can be sold to the grid
considering the feed in tariff policy that is currently applied in Ontario.
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Figure (6.14): Average weekly H2 injected into NG-Pipelines for P2G2P/H scenario at various H2 concentration

It can be observed from Figure (6.15) that the maximum allowable power curtailment has a
significant effect on the total system cost. Increasing the maximum allowable curtailment results
in a considerable decrease in the total cost, which is mostly attributed to the reduction in hydrogen
production and storage costs. It can be observed from Figure (10b) the increasing the amount of
power curtailment results in a reduction in the operation of electrolyzers. This in return decreases
the capacity of electrolyzers required. As can be observed from Figure (6.15), lower unit capacity
levels of electrolyzers (i.e. C2 and C3) are preferred at higher power curtailment. Selecting smaller
units of electrolyzers in this case maximizes the electrolyzers’ capacity factor when they are
operating. Moreover, it can be observed that the required hydrogen storage capacity decreases with
an increase in the allowable amount of power curtailment. This is due to the lower operational
levels of electrolyzers, which results in lower levels of hydrogen production. It is important to note
that there is a slight increase in the renewable production capacity, which is a result of the reduced
requirement to manage the surplus power generated through the expensive hydrogen storage.
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Figure (6.15): Number of power production units, electrolyzers and H2 tanks for the P2G2P scenario at max.
power curtailment

From Figure (6.16) it can be observed that the hydrogen injection into the natural gas distribution
pipeline for the P2G2P scenario follows an opposite trend to that observed for the P2G2P/H
scenario. Moreover, the amount of hydrogen injected for the P2G2P scenario is considerably
lower. All the hydrogen produced in the P2G2P scenario is utilized in the HENG fuel injected into
CCPP units for power production. The operation of CCPP units is highest during the summer
months to satisfy the considerably higher power demands compared to the winter months. This
explains the increase in hydrogen injection during the summer months and the following decrease
when approaching the winter months. However, for the P2G2P/H scenario the majority of
hydrogen is used in HENG fuel sent to satisfy the heat demand of the community, which is higher
during the winter months. This translates to the higher injection levels during the first few months
(weeks 0 – 15) followed by a depreciation in hydrogen levels during the summer (weeks 20 – 35).
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Figure (6.16): Average H2 injection in NG-Pipelines for P2G2P scenario as well as P2G2P/H scenario at 5% and
25% power curtailments; and interactions with FIT price of 1¢ per kWh

As can be observed from Figure (6.17), the higher maximum allowable power curtailment results
in lower levels of hydrogen injection, which is due to the lower levels of hydrogen production
from electrolyzers. A similar trend is observed when interaction with the grid are considered and
surplus power from wind and solar can possibly be sold to the grid according to the feed in tariff
policy. Selling surplus power to the grid reduces the available surplus power that can be utilized
by electrolyzers for hydrogen production.
All the previously investigated scenarios considered hydrogen storage tanks for storing excess
hydrogen that is not injected into the natural gas distribution pipeline. Another potentially suitable
storage options is the utilization of the existing natural gas network as a permanent storage of a
fixed mass of hydrogen. The storage capacity of the natural gas network is sufficient to hold the
energy requirements that is enough for several months. Pipeline storage of hydrogen is based on
increasing the pressure in order to facilitate the line to hold more gas in inventory. In this scenario,
the operation of CCPP units and electrolyzers is allowed to be flexible. In other words, the
operation of CCPP units is not limited to providing power only during on-peak demand hours.
This is important to consider since the capacity for hydrogen inventory in the pipeline is limited
(i.e. maximum allowable concentration of hydrogen in the pipeline is 5%). Adding flexibility for
its operations allows for an extra route to eliminate hydrogen from inventory in addition to the
HENG used to satisfy the heat demand of the community. It is important to note that if this
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flexibility is not considered, then the optimization model reaches an infeasible result due to the
limited capacity of hydrogen inventory.
It can be observed from Figure (6.18) that the capacity of wind and solar power production
increases with the increase in the weight of the emission objective. Similarly the capacity of the
electrolyzer farm increases in order to produce clean hydrogen, which reduces reliance on natural
gas and production of emissions. It can also be observed that the capacity of CCPP units decreases
with the increase on emphasis on the objective of reducing the cost of emissions. Reducing the
cost of emissions results in a reduction in the total system cost, for which it can be observed that
the lowest cost obtained was associated with the emission weight factor of 0.7. As the capacity of
renewables increases, the reduction in the cost of emissions and natural gas utilized is offset by
the increase in the cost of power production. It can be concluded that utilizing the existing natural
gas distribution pipeline for the storage of hydrogen is more economically attractive than utilizing
hydrogen storage tanks. However, this storage technology provides a limited capacity of hydrogen
storage. Moreover, there are issues that were not considered in the development of the proposed
optimization model, such as costs associated with pipeline materials problems that might arise due
to increasing the pressure of hydrogen (e.g. hydrogen embrittlement, hydrogen leakage, etc.).

Figure (6.17): Number of power production units and electrolyzers used for P2G2P/H scenario while considering
H2 injection in NG-Pipelines only at different emission weight factors
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Figure (6.19) shows the distribution of power production and consumption by electrolyzers for
different emission weight factors. It can be observed that at low emission weight factors the
production of CCPP units contribute significantly to the power production portfolio. Moreover, no
surplus power from wind and solar is available, which eliminates the requirement of electrolyzers.
However, the share of production of CCPP units decreases with an increase in the weight of the
emission objective, and the production of hydrogen from electrolyzers increases. At very high
emission weight factors, production of power from CCPP units diminishes, and hydrogen
produced from electrolyzers is mostly utilized in HENG used as a fuel for heat production.

Figure (6.18): Distribution of power production and consumption for the P2G2P/H scenario while considering H 2
injection in NG-Pipeline only at different emission weight factors (a) w=0.1; (b) w=0.3; (c) w=0.7 and (d) w=0.9

It can be observed from Figure (6.19) that the amount of hydrogen injected into the natural gas
pipeline and utilized as HENG fuel in CCPP units and in heat-demand increases with the increase
of weight on emissions. A trend similar to that observed for the scenario in which hydrogen tanks
were utilized for storage is also observed in this scenario.
The amount of hydrogen utilized decreases during the summer months due to a reduction in the
heat demand, which has the largest share in the consumption of HENG.
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For this scenario, the amount of hydrogen utilized decreased during summer periods as can be
observed from Figure (6.19). Since the hydrogen injection is lowered during summer time, there
is need for more hydrogen to be held in storage facility. Therefore the inventory is slightly higher
during this time of the year.

Figure (6.19): (a) Average H2 injected in NG-Pipeline at various emission weight factors; (b) Average H2
inventory in NG-Pipeline at various emission weight factors

As can be observed from Figure (6.20), at higher emission weight factors significant emission
reductions are achievable by introducing more hydrogen into HENG fuel.
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The emission costs mitigated are also high enough to contribute to a noticeable reduction in the
total system cost. However, these mitigated costs are offset at very high emission weight factors
due to the considerable increase in the power production cost associated with the very high
capacity of renewables installed.

Figure (6.20): Total emissions and their associated costs that mitigated at different weights for the P2G2P/H
scenario that considered for H2 injected in NG-Pipeline only
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6.8 The Conclusions
Decentralized energy hub system offers energy independence, reliability in energy-management,
and flexibility in power supply, while optimizing its techno-economic performance offers
optimum costs, sizing and operation. Wind generators reduced reliance on CCPP in meeting power
demand by about 40% during winter; whereas during summer time the solar power reduced the
reliance on CCPP by about 11% only. The system stored energy as hydrogen for short time only;
i.e. the system stored hydrogen during off-periods of a day and retrieved it during on-peak periods
of the next day. Integrating wind and solar into the designed energy hub for meeting power demand
has saved on costs of social and health associated with emissions of about $17 per MWh; whereas
storing the surplus power from wind and solar during off-peak periods as hydrogen inside NGpipeline network saved 10% of the LCOE of the power generated to meet the demand. The criteria
air pollutants of CO, NO2, PM2.5 and SO2 have the most significant impacts on most of the model’s
outputs such as number of solar units, number of electrolyzers, energy stored and the total costs
other than the CO2 has. Increasing the cost-weight of social and health impacts has impacted the
number of solar units, the number of electrolyzers, energy stored and the total costs significantly.
The LCOE is more sensitive to the costs of health impacts than does to the social cost, and the
number of solar units as well as the number of electrolyzers are sensitive to the hydrogen
percentage in HENG fuel.
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Chapter Seven
7

Conclusions and Recommendations for future work
7.1 Conclusions from Comparing the Results of four Studies

In this chapter the results and conclusions of the four studies are compared, reviewed and presented
in order to summarize the most important findings.
In the first part of the research, the NG-fueled CCPP is used to meet the proposed demand at all
levels, i.e. from base-load to the on-peak load, i.e. high operating hours per year, therefore the
calculated COE found relatively low ($0.092/kWh) which is close to the results found in the second
study. The proposed energy hub in the first study utilized 97% of CCPP-power and 3% of WTs &
Solar for meeting the power demand; whereas the proposed energy hub in the second study utilized
HENG-fueled CCPP for meeting the power demand while WTs & Solar were used in generating
hydrogen during their available time; therefore more hydrogen was generated. In the third study,
the HENG-fueled CCPP is proposed to meet the on-peak power demand, therefore its COE was
relatively high at $0.11/kWh.
In the second part of the research, the best concentration of hydrogen to be injected into NGpipelines was investigated from economic perspective. Annual revenue could be achieved when
the selling price of electricity was at $0.12/kWh and when hydrogen concentration of 3.7% in
HENG-fueled CCPP is used. Emissions reduction credits for both pollutants CO2 and NOx were
assessed and balanced within the COE while meeting the power demand.
The hidden costs of generating electricity were estimated, assessed and included within the COE
while meeting power demand by monetizing the health impacts associated with specified CCPPemissions. It is found that the cost of health impacts associated with air pollution emission from
NG-fueled CCPP represents about 30% of the COE for the on-peak power generation cost.
Blending hydrogen with NG to fuel CCPP could save CAD $1.15 for every MWh produced, at
hydrogen concentration of 2.3% in HENG fuel, the COE was $0.11/kWh while 11% of this cost
is the health impacts cost.
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The main contributions of last part of the research were extended investigations to include further
parameters such as assessing the cost-weight, emissions-weight and the time for storing energy.
Generating power close to the demand area enables the energy system to operate through
interactions with the local grid, through feeding the surplus power, or as a stand-alone isolated
energy system. It is found that during winter time, incorporating WTs into the energy system
reduces the reliance on CCPP in meeting power demand by about 40%; whereas during summer
time the solar power reduced the reliance on CCPP by about 11% only. Storing the surplus power
from WTs and solar during off-peak periods as hydrogen within the NG-pipeline network saved
10% of the COE of the power generated to meet the demand. Within this study, it is proved that
the system could store hydrogen during off-periods of a day and retrieved it during on-peak periods
of the next day. Increasing the cost-weight of health impacts has impacted the number of solar
units, the number of electrolyzers, energy stored and the total costs significantly.
Utilizing electrolytic produced hydrogen as a fuel in combustion process for generating power and
in fuel cell vehicle will enable the ‘Power to-gas’ technology to bridge between the current and
future markets.
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7.2 Recommendations for future work


Future work should explore the best economic location for the eletcrolyzers within the
‘power-to-gas’ energy system, a comparison between locate them beside the renewable
sources versus locating them close to the consumers will support the optimization of the
cost-emissions model,



Extend the time at which the hydrogen can be stored inside NG-pipelines should be
explored in future research since it will add further flexibility into the power-grid,



Extend the research for assessing the technical limitations/challenges of utilizing HENG
as fuel for end-users,



Further research is needed to investigate/assess the choices for sustainable power supply
that can balance the environment regulations versus the economical requirements,



Other impacts associated with utilizing NG-fueled CCPP should be explored such as social
impacts and climate change in order to give thorough idea of the hidden cost of generating
electricity from CCPP.
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