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The global growth in demand for transportation has been phenomenal, owing to an exponential

increase in population, industrialization and urbanization. This has led to a corresponding increase in

the number of motor vehicles on the roads globally which has made the transport industry one of the

main contributors to environmental pollution and energy insecurity. The profile of alternative fuels

has been rising as an important component of the solutions to the challenge of energy sustainability.

Compressed natural gas is one of the most successful alternative fuels for motor vehicle applications

because of its compatibility with the internal combustion engine, reduced engine maintenance costs,

reduced criteria air pollutants, low cost, abundance and the existence of renewable sourced natural gas

from biomass. The infrastructure for the delivery of compressed natural gas forms part of the primary

energy supply network, which has a significant interdependence with the electricity supply network.

The compressed natural gas fuelling station is one of the vital nodes of the gas delivery network, that



is also reliant on the electricity supply due to the energy intensive compressors that are required to

achieve the right pressure conditions for gas transfer to vehicle tanks.

At the same time, the increase in human population, industrialization, urbanization and market volatility

have threatened the reliability and stability of electricity supply networks. Traditional reliance on

supply upgrading to meet rising demand has proven to be unsustainable due to prohibitively high costs

and associated environmental impact. As a result, demand side management solutions, where better use

of the existing capacity is emphasized have received increasing attention. Demand side management

requires that electricity consumers also play a role in the efficient operation of the electricity grid by

minimizing their electricity usage as well as shifting their flexible loads away from peak electricity

demand periods, so that grid stability is sustained.

In order to participate in demand side management initiatives, operators of compressed natural gas

stations need technically and economically sound strategies for the operation of station compressors

and system components so that energy costs are minimized and gas transfer performance is enhanced.

The compressed natural gas fast-fill station, being the most used configuration for commercial fuelling

service is the focus of the work carried out in this thesis, with a description of solutions to minimize

energy consumption, minimize energy costs and improve gas transfer performance through reduction

of filling time.

For this purpose, firstly, an optimal control strategy that minimizes energy cost by shifting the com-

pressor load optimally away from the peak electricity pricing period under a time-of-use electricity

tariff, while meeting the gas demand is modelled and evaluated. The controller further minimizes the

switching frequency of the compressor thereby avoiding an increase in wear and tear which would

lead to higher maintenance costs. The results show the effectiveness of the optimal operation model to

achieve a huge reduction in electricity cost for the compressed natural gas station, when compressor-on

time is shifted to offpeak and standard electricity pricing times. Further strategies for the minimization

of switching frequency are compared and the superior approach identified.

Secondly, a hierarchical operation optimization model is designed and evaluated. The strategy achieves

minimized electricity cost and optimal vehicle filling time by optimally controlling the gas dispenser

and priority panel valve function under an optimised schedule of compressor operation. The results

show that the proposed approach is effective in achieving a minimum electricity costs in the upper



layer optimisation while meeting vehicle gas demand over the control horizon. Further, a reduction in

filling time is achieved through a lower layer model predictive control of the pressure-ratio-dependent

fuelling process.

Thirdly, an evaluation of compressor optimal sizing is carried out to minimize energy consumption

and cascade the benefits of optimal operation of the compressed natural gas compressor under the

time-of-use tariff. A comparison of the implication of using a variable speed drive or a fixed speed

drive which are optimally sized is carried out. Results show that indeed further reduction in electricity

costs for the compressed natural gas station is realized when optimally sized compressor drives are

used in combination with optimal operation strategies. Additionally, the four line priority panel is

evaluated for gas transfer performance and found to further increase the efficiency of vehicle fuelling

which is a performance indicator for consumer convenience.

The outcomes of this work demonstrate the effectiveness of the approaches proposed as necessary

to integrate compressed natural gas stations, which are vital nodes of the gas delivery network,

with the demand side management of the electricity grid while at the same time enhancing the gas

transfer performance. This increases the economic efficiency of the compressed natural gas as an

alternative fuel and also advances the goals of demand side management in electricity grid reliability

and stability.
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CHAPTER 1 INTRODUCTION

1.1 CHAPTER OVERVIEW

In this chapter, Section 1.2, provides the background information that necessitates the optimization of

energy efficiency, economic efficiency and performance of the compressed natural gas station. Section

1.3 describes the concept of electricity demand management and its relevance to the study of the

compressed natural gas station. Section 1.4 provides the research objectives and contributions, while

Section 1.5 enumerates the research outputs reported from this study. Section 1.6 gives a description

of the thesis layout.

1.2 BACKGROUND

Minimizing green house gas emissions and environmental pollution has become an urgent global

endeavour as the effects of human activity on the habitability of the earth become more and more

apparent. By far, the transportation sector is now the biggest contributor to air pollution through the

exhaust gases emitted by millions of motor vehicles that run on the internal combustion engine [1, 2].

Motorized transportation has however become an indispensable part of the human experience, because

it allows for the movement of people beyond the natural abilities. It is also a crucial component of

the global economy, facilitating the movement of goods and the delivery of services. Consequently,

industry stake holders and policy makers have had to consider interventions aimed at minimizing

the associated environmental costs of transportation. The efforts to intervene are evident in all areas

of the transportation sector including road, rail and high-speed ground transport (HSGT), sea and

air transportation, where a combination of policy responses and technology evolution have caused

an ongoing dynamic shift to a lower pollution state of the art [3]. The ideal outcome of a zero-

emission transportation sector is still far from being achieved because of practical, technological and
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economic constraints [4]. These constraints have resulted in a slow uptake of alternatives to the internal

combustion engine for powering automobiles in road transportation, such as electric and fuel cell

technologies [5]. Besides the strategies that involve a complete replacement of the internal combustion

engine with alternative technologies, alternative fuels have shown promising potential in acting as less

polluting substitutes to petrol and diesel fuels for the internal combustion engine.

Compressed natural gas (CNG) is among the fuels that have been successfully adopted for this

application. CNG is not only compatible with the internal combustion engine, but is also associated

with reduced criteria air pollutants [6] and the use of CNG correlates with the lowest emissions of

particulate matter, non-methane organic gases (NMOG), nitrogen oxides (NOx), carbon monoxide

(CO) and other air toxics, among hydrocarbon fuels [7]. Just like other transportation infrastructure

for different technologies such as petrol/diesel fuelling stations and electric vehicle charging stations,

the infrastructure to deliver CNG to vehicular customers is an important component in the success of

CNG as an alternative fuel for the transportation sector because of customer consideration for fuelling

convenience [8].

Elsewhere, energy insecurity as relates to reliable access to electricity for consumers is one of the other

great challenges facing societies globally. The increase in human population, increase in urbanization,

grid expansion, market volatility, environmental pollution and the effects of climate change have

resulted in a scenario where the stability and reliability of electricity grid is at risk [9]. Investment

in new capacity on the supply side to match all demand has proven to be an unsustainable approach

owing to the steep capital costs as well as negative environmental impacts [10]. Consequently, there

has been a ratcheting up of efforts to encourage efficient use of the electricity by maximizing the use

of demand side management (DSM) [11].

The supply of CNG to consumers intersects in consequential ways with the use of electricity because

gas delivery infrastructure is heavily reliant on electricity supply for the energy intensive compressors

that make up crucial nodes of the gas supply network. As electricity consumers, operators of CNG

delivery infrastructure can enhance the benefits that the alternative fuel offers through management

of electricity demand at the electricity consumption nodes within the network. The CNG station is

one of the crucial nodes in the gas supply network, being the final point of gas delivery to vehicular

consumers.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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1.3 ELECTRICITY DEMAND MANAGEMENT

In the early days of the electrical grid, electricity producers had a singular task of satisfying the demand

of their customers; they did not attempt to change the usage patterns of electricity by those customers.

Over the years, producers maintained a dedicated focus on providing a reliable supply and held a stoic

view of fluctuation in demand, whether hourly, daily, monthly or seasonal, as an unchangeable fact

of life. In order to meet this fluctuating demand, installed generation capacity has to not only meet

the maximum possible demand (peak demand), but also have enough excess capacity to deal with

uncertainty in generation availability and unpredictable increases in demand [12]. With a standard

capacity margin at 10%, and given the average demand, the outcome is an average utilisation capacity

of below 77% which is an inefficient utilisation of generation capacity resulting in inefficiency of the

generation investment [13].

Changing conditions in the electricity market, and the explosion of demand have however challenged

this approach in the recent past. It is no longer sustainable to depend only on supply side adaptation to

reliably and economically cater to all of the additional demand as well as react to peak to peak demand

variation. In 2008, South Africa experienced an electrical power crisis that led to the implementation

of a disastrous power rationing program in the form of load shedding, where some customers were

cut off from accessing electricity from the national grid for certain hours of the day when demand

spiked and the supply could not cope [14]. The crisis had far reaching negative effects on the country’s

economy and brought the policy makers together to decide on the most appropriate intervention to

ensure a more secure energy future for the country. A study by Olasoji et al. [15] estimated that

a loss of 2GW on the South African power grid plunges the South African power utility provider,

ESKOM into stage 2 load shedding, and costs the national economy R2 billion per day. Stakeholders

agreed on the need to implement energy efficiency and demand side management (EEDSM) measures,

which are not just economical, but also easily scalable [16]. Further, because South Africa ranked

as the 7th largest emitter of green house gases (GHG), the country’s power utility firm ESKOM set

targets for a new energy mix profile in the country, where coal power would be displaced from it’s

main power source status in country’s energy mix profile, with renewable energy generated power,

which would come in as new generation investment. Thus a combined strategy of investment in new

renewable generation capacity and implementation of DSM interventions was adopted to tackle the

electrical power crisis. The targets for the DSM programs were to permanently reduce electricity

demand by 3000MW by the year 2012 and a further 5000MW by 2025 occurring in both residential

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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and industrial sectors [17]. The DSM strategies envisioned included building retrofitting for lighting

technology and heating, ventilation, and air conditioning (HVAC) technologies and the use of industrial

energy efficiency measures such as load shifting, encouraged through time differentiated electricity

tariffs.

The success of DSM interventions is reliant not only on electricity consumers being sufficiently

incentivized to alter their use behaviours, but also on the customers having the access to the technical

means to implement such strategies. These means consist of access to the energy efficient equipment

as well as the existence of competent strategies required to adequately participate in DSM programs.

There have been various milestones in the development of technologies and strategies that advance the

achievement of energy efficiency. The necessary integration of these technologies in various sectors is

a major motivation for the work carried out in this thesis, which is to provide optimal, economical and

comprehensive solutions to efficient energy use in a crucial node of the gas delivery infrastructure; the

CNG refuelling station.

1.4 RESEARCH OBJECTIVES AND CONTRIBUTIONS

Responsible use of energy is beneficial to both the supply side and demand side participants in the

energy ecosystem. These benefits also spill out to positively affect the interaction of an energy

system with the society through environmental conservation and the economic efficiency. Broadly, the

generation of electricity is within a few renewable and non renewable technologies and the approach

to improvement of electricity generation efficiency can be shared by many operators of generation

infrastructure. In contrast, on the demand side, users of electricity are diverse, with differentiated need

profiles and varying levels of flexibility of use habit. Different electricity users may have unique and

consequential characteristics of the systems that they operate such that similarly unique approaches

are required to pursue the energy efficiency in each case. CNG stations serve customers who have

chosen compressed natural gas powered vehicles as an alternative to diesel and petrol based ones.

Compared to diesel and petrol stations, CNG station have very high electricity consumption, owing

to the presence of compressors that keep the gas delivery system in the right pressure conditions for

transfer to motor vehicles. The interaction between the CNG station compressors and electricity grid

requires energy management strategies to minimise a significant component of the operating costs

of the station. Because of the growing number of CNG stations, the development of strategies that
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make CNG stations responsible users of electricity is a timely intervention that ensures that this growth

occurs sustainably from an electricity grid perspective.

This thesis presents an integrated approach to energy efficiency in the operation of a CNG station

incorporating strategies to lower energy cost, participate in DSM programs that result in desirable

load profile for a stable and reliable grid, lower energy consumption and optimize the gas transfer

from the CNG station cascade storage to the vehicle tanks. The work demonstrates the methodologies

necessary to overcome technical and operational challenges of achieving the desirable interaction of

the CNG station and the electricity grid, as well as the desirable performance of the filling process in

combination with energy efficiency interventions. To reach these outcomes, following objectives were

achieved;

1. To design and evaluate an optimal controller that minimizes the cost of electricity incurred at

the CNG station from compressor operation. The controller minimizes the cost of electricity

incurred by optimally shifting compressor operation from expensive peak electricity pricing

periods to less expensive standard and off-peak electricity pricing periods under a time of use

tariff, while meeting the gas demand. The controller simultaneously contains the maintenance

costs by minimizing the switching frequency through two compared strategies.

2. To design and evaluate a hierarchical optimal control strategy that achieves a reduction in

electricity costs in the upper layer through optimal load shifting of the compressor operation,

while optimizing the gas transfer of CNG from the cascade storage to vehicle tanks in the lower

layer. The solution of the open loop upper layer controller serves as an input to the lower layer

MPC controller that determines the optimal operation of priority panel and dispenser valves.

3. To optimally size and compare performance of variable speed drive (VSD) and fixed speed

drive (FSD) driven compressors to ensure closer matching to demand which minimizes energy

consumption. The VSD and FSD drives are operated under a natural gas (NG) generator and

grid dual powered system. Further, to compare the performance of the optimally sized drives on

the filling process efficiency for a four line priority panel.
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1.6 THESIS LAYOUT

The structure of this thesis is as follows:

Chapter 1 presents an introduction of this research work. The chapter presents the relevant back-

ground information and describes the problem and the corresponding research gap. Additionally,

the motivation, objectives and contributions of the research are described.

Chapter 2 is a comprehensive literature review of the CNG station modelling and operation optimiza-

tion. The chapter describes existing work relating to CNG station energy consumption. Further

the chapter describes the importance of optimal energy consumption management for the CNG

station.

Chapter 3 describes the approach to energy cost reduction through an optimal response to the time-

of-use tariff for a CNG station, while meeting demand experienced by each level of the cascade

storage. The optimal operation of the priority panel valves to replenish the three levels of the

cascade storage under the scheduled operation of the compressor is also described.

Chapter 4 is a description of a hierarchical optimisation of the CNG station for energy and fuelling

efficiency. The method involves an upper layer feed-forward optimal control of compressor
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switching combined with a lower layer MPC control of the gas transfer process. The upper layer

provides the compressor switching control solution while the lower layer provides the priority

panel and dispenser valve optimal control solution.

Chapter 5 involves a comparison of the performance of optimally sized VSD and FSD driven com-

pressors for the CNG station. Additionally, the optimal gas transfer performance for the four

line priority panel configuration of the CNG station is analysed and discussed.

Chapter 6 includes a summary of the methods and outcomes described in the previous chapters.

Consequently, an outline of the recommendations and necessary further research is offered.
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2.1 CHAPTER OVERVIEW

Energy consumption by CNG delivery infrastructure is an industrial energy efficiency problem. This

growing sector includes nodes with significant energy consumption in the form of compressors, the

majority of which are in CNG vehicle filling stations. In order to achieve desirable energy consumption

and gas transfer profiles, and thus encourage more migration of customers from petrol and diesel fuels,

an evaluation of the CNG station structure and operation is necessary as well as a description of DSM

interventions available for CNG stations.

In this chapter, Section 2.2 describes the configuration of the CNG fast-fill station, while Section 2.3

presents the gas flow studies undertaken with respect to the CNG fast-fill station. Section 2.4 includes

the studies related to CNG infrastructure and Section 2.5 contains existing literature on the interaction

of CNG infrastructure and the grid. Section 2.6 describes the POET philosophy of energy efficiency

interventions, while demand response programs are discussed in Section 2.7. Section 2.8 presents a

conclusion of the literature review chapter.

2.2 CNG FAST-FILL STATION

The use of CNG for motor vehicles begun to gain momentum in the 1990s. One of the unique

challenges the gaseous fuels face is the customer convenience with regards to fuelling time [18]. For

vehicles filling in groups, the filling process involves batch filling where a number of vehicles are

filled one after the other in one session [19]. Vehicles are filled directly from the compressor with a

buffer tank to prevent the compressor switching off between vehicles. This type of filling is known

as the time-filling or buffer-filling process and is suitable for scenarios where vehicles are filled in
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immediate succession of each other [20]. However, for commercial road-side fuelling stations, this type

of operation is not feasible because it is designed for slow filling [19]. Also, vehicles in the roadside

scenario fuelling arrive independent of each other and gaps in the time between fuelling successive

vehicles mean that the operation of the compressor would involve too many on/off switching instances

which would result in a high rate of wear and tear.

The fast-fill station configuration has helped overcome the fuelling time challenge and has achieved

average filling time of below five minutes per vehicle, which is comparable to petrol and diesel fuelling

time [21]. In fast fill stations, CNG powered vehicles are filled from reservoirs that form the cascade

storage bank of the CNG fuelling station, in which gas is stored at high pressure. The cascade storage

bank of the fast-fill fuelling station is divided into low pressure, medium pressure and high pressure

levels [22]. The dispenser of the fast-fill station contains three electronic sequencing valves under the

control of a microprocessor algorithm, paired with sensors for measuring mass flow of gas from each

of the reservoir levels of the cascade storage to the vehicle on-board tank [23]. When a vehicle arrives

at the dispenser with low pressure in its on-board tank, the filling is started by opening the dispenser

valve connecting the vehicle tank to the low pressure reservoir of the cascade storage. The differential

pressure induces a flow of gas into the vehicle tank and the pressure in this target vehicle tank gradually

rises. The rising pressure in the target tank reduces the differential pressure with the source cascade

reservoir and the mass flow rate of gas falls to a limit. The dispenser algorithm then switches the

filling of the target vehicle tank to the medium pressure reservoir for a higher mass flow rate [24]. As

the filling of the vehicle tank continues from the medium pressure reservoir, the mass flow rate once

again falls until the limit is reached and the dispenser algorithm switches the dispenser valves from the

medium pressure reservoir to the high pressure reservoir. Vehicle tank filling is then completed by the

high pressure reservoir of the cascade storage [25]. In some scenarios, the vehicle arrives with some

gas in the on-board tank hence a higher tank pressure. In these cases, if the differential pressure does

not allow for filling to start from the low pressure reservoir, the vehicle starts filling from the medium

or high pressure reservoirs, depending on how high the starting pressure of the vehicle tank is. The

dispenser algorithm reads the initial vehicle tank pressure from the dispenser sensors and determines

which reservoir to start with [26]. It is also the case that some customers may require quantities of

gas that do not result in complete filling of the vehicle tank and therefore can be filled from the low

pressure reservoir only, or the low pressure reservoir and the medium pressure reservoir. Demand for

gas in each of the reservoirs may therefore be unsynchronized in some instances. The CNG station

dispenser algorithm compensates for temperature effects on pressure, to ensure that correct mass of

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

10



CHAPTER 2 LITERATURE STUDY

gas requested by consumers are dispensed during the filling process. This means that the target vehicle

tank is isolated from fluctuations in temperature and pressure that may result from unsynchronized gas

demand in the cascade reservoirs, operation control or ambient condition changes [27, 28].

The priority panel is made up of three valves leading to each of the reservoirs of the three level cascade

storage bank [29]. An algorithm to control the gas flow from the reciprocating compressor into the

reservoirs of the cascade storage runs on a programmable logic controller, such that each reservoir

level is filled independently in a sequence [30]. The compressor is the main electrical load of the

CNG station contributing the highest proportion of electricity costs as well as maintenance costs from

wear and tear [31]. The expected inlet flow rate from the municipal supply line and the anticipated

level of gas demand to be dispensed by the CNG station, form the initial basis for the compressor size

[32].

2.3 CNG GAS FLOW

Kountz et al. [23] undertook the first study modelling gas flow in the fast-fill CNG station scenario. A

mathematical model was developed for the flow of gas from one of the cascade storage tanks into the

target vehicle tank which formed the basis for subsequent studies of gas flow dynamics for gaseous

fuel transfer from reservoirs to target vehicle tanks [33]. Kountz [34] further developed an approach

to the design of dispenser algorithm, to ensure accuracy in the quantities of gas dispensed into the

target vehicle tank with compensation for temperature effect. The approach was an improvement to

existing metering methods with an aim to increase accurate dispensing of desired quantities of gas

under varying environmental conditions [35]. The modelling of the CNG station gas flow has been

further extended by other researchers to evaluate the effects of other components of the CNG station

on gas flow such as the hoses [36] and dispensers [37]. These studies have aided in the development of

a basis for the standardisation of different components of the gas flow equipment and best practises

for the use of the corresponding component. Farzaneh et al. [38] developed a numerical method of

analysing thermodynamic characteristics of gas flow in the reservoir filling process, which is important

in expanding knowledge on determining ideal operating conditions for the cascade storage reservoir

with regards to the ambient environment. The ratio of target vehicle tank pressure to the pressure of

the cascade storage tanks is a major determinant of instantaneous gas flow rate into the vehicle tank.

This ratio provides a pressure gradient that causes gas to flow from storage tank to target tank and it
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evolves as the vehicle tank gets filled up with gas and thus the filling time is influenced primarily by

the state of this ratio, which was the demonstrated in a study by Deymi-Dashtebayaz et al. [39].

2.4 CNG INFRASTRUCTURE

In most countries where adoption of CNG is established or increasing, transportation of CNG to

consumer access points is by pipeline. Natural gas pipelines have been in existence in many cities

and countries for domestic and other non-transportation applications [40]. Research related to the

establishment of CNG fuelling stations has been carried out by several researchers. In order to

determine the optimal location of CNG stations in a network that also includes petrol and diesel

fuelling stations, Frick et al. [41] carried out a cost-benefit analysis for the possible location of new

fuelling stations, intended as additions to the existing CNG fuelling stations in the Swiss natural

gas industry. The optimization framework considered the co-placement of CNG stations among the

existing liquid fuelling stations and established a scoring criteria to determine most suitable distribution

of 350 new CNG stations among 3470 existing petrol and diesel stations. Kuby [42] took a deeper look

at evaluating the location problem for stations serving alternative fuel vehicles (AFVs) by reviewing

the state of relevant research work and the factors that slow down the market diffusion process of

alternative fuels. The study described the existence of the chicken-and-egg dilemma of the growth

of alternative fuel adoption where lack of fuelling stations discourages automakers, which results in

less AVFs being produced which inturn discourages fuel companies from building more stations [43].

Reviewed solutions for breaking this chicken-and-egg loop included fleet-first approach of incentives

and mandates, which establish seed fleets and fuelling stations that will serve as starters around which

a growth cycle can occur [44]. Further, market diffusion of AVFs and their associated infrastructure

was found to need some form of government support in order to achieve competitiveness in the market

dominated by conventional petrol and diesel fuels [45]. Kuby et al [46] further underscored the

importance of optimal placement of the starter AVF fuelling stations, as it could be an existential

determinant of growth, stagnation or collapse of AVF penetration in the market. The study concluded

that drivers of AFVs exhibit deliberate behaviour in choosing where to refuel within sparse refuelling

networks, with convenience weighing more significantly than price.

Other studies have examined the overall performance of natural gas fuelling infrastructure, with

regard to emissions on a well-to-wheel assessment. Hagos et al. [47] determined that, inclusive of

infrastructure, the use of CNG in vehicular transportation resulted in a 15-27% reduction in green
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house gas emissions per kilometre of travel when compared to petrol and diesel fuels. This effect

has the potential of being greatly improved if CNG infrastructure could undertake energy efficiency

interventions, such as participation in DSM programs, because these reduce the green house gas

emissions related to supplying electricity to the CNG infrastructure [48]. Similar studies such as Tong

et al. [49, 50] also found that inclusive of the infrastructure, the use of CNG for vehicles resulted

in less energy use in transportation as well as lower emissions when a well-to-wheel assessment of

impact was carried out [51, 52].

2.5 CNG DELIVERY INFRASTRUCTURE AND THE ELECTRIC GRID

The interdependence between primary energy supply networks, such as natural gas, and electricity

networks has received some attentions in literature because of the increasing need to maximize

efficiency in the performance of each of these systems. Martinez et al. [53], undertook a study that

proposed an integrated energy flow analysis of natural gas and electric power networks, regarding

energy consumption in gas networks and the effect on gas based electricity generation in the wider

electricity network, using a unified framework that is based on the Newton-Rhapson formulation.

Numerous other studies have developed methods for the analysis of the combined natural gas and

electricity power flow, with a view to optimizing gas flow in pipeline networks and minimize energy

consumption, as well as provide solutions that maximize social welfare considering both gas and

electricity networks [54, 55, 56]. An ant colony optimization (ACO) algorithm was used in [57] for

operation optimization of a steady flow gas pipeline. The purpose of the study was to use ACO methods

to develop a decision aid tool for operators of compression stations within a gas pipeline network

to determine operation of turbocompressors that boost gas pressure inside the gas pipeline network.

Woldeyohannes et al. [58] studied the gas pipeline network and developed a model for the analysis of

flow parameters and nodal pressures in the gas pipelines with an aim of developing optimal operation

of nodal compressors to minimize energy consumption.

When gas is transmitted through the gas pipeline, it is transmitted at high pressure (5-7 MPa) in order

to overcome pressure loses and reach the intended distances which are often many kilometres long [59].

This high pressure is reduced at pressure reduction stations before it reaches the final consumption

points on the last miles [60]. There have been efforts at energy recovery through electricity generation

at these pressure reduction stations, by taking advantage of the pressure drop as a way of increasing the

energy efficiency of the natural gas delivery network [61]. Often, this valuable pressure exergy held by
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the high pressure natural gas in the pipeline is lost to the environment through the use of expansion

valves. Farzaneh-Gord et al. [61] carried out a study to evaluate the potential quantities of electricity

that could be generated through at the pressure reduction stations in a natural gas pipeline network

in the Khorasan province of Iran. An extrapolation of the results to the whole of Iran showed that

762MW of electricity could be generated in the gas pipeline network through the utilization of this

wasted exergy alone, which would be a gigantic boost to the electrical energy efficiency of the gas

network. A similar study in Egypt reached an estimate of 110MW of potential electricity generation

from the pressure reduction stations in the Egyptian natural gas pipeline network [62].

It is necessary to extend the study of the interaction between gas delivery infrastructure interaction and

the electricity grid from the compressor nodes within the pipeline, to the CNG fuelling stations in the

periphery, in order to determine and exploit the energy efficiency and energy saving opportunities at

these terminal nodes. The effects of such an intervention would mean that lower costs of gas delivery

are achieved and CNG fuelling stations become more responsible users of electricity, which enhances

the pursuit of energy efficiency in both the gas delivery network and electricity grid. Bang et al. [33]

described how users who had chosen CNG as a fuel for their vehicles improvised by having domestic

fuelling devices where there was a scarcity of fuelling station in the US, since piped natural gas is

widely available in American homes. The study modelled the CNG residential refuelling system, and

demonstrated the potential effects of an increase in the number of such systems on the electricity grid,

given the energy intensive compressors that are the main component of such systems. These effects

become aggregated at the CNG fuelling stations when they are established and customers migrate

from domestic refuelling to fuelling at the commercial stations. With the potential increase in the

number of CNG fuelling stations globally, the additional electrical load that these stations introduce

to the power infrastructure will be significant. This makes the CNG fuelling station a centralized

location for electricity DSM interventions for fuelling operations. Saadat et al. [30] developed a

thermodynamic analysis to quantify the energy consumption of the reciprocating compressor per unit

of gas dispensed. This study described the dominating significance of the CNG station compressor

as the biggest consumer of electrical energy at the station. The energy consumption and energy

efficiency DSM interventions for the CNG station must therefore focus on the station compressor and

the optimization of gas delivery. This thesis is a contribution to the technical, economic and operation

considerations that lead to better electricity demand management at the CNG station while also ensuring

the DSM interventions are coupled with optimization of gas transfer to motor vehicles.
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2.6 POET APPROACH

One of the most comprehensive ways that initiatives towards energy efficiency of energy converting

systems on the demand side have been classified is the unifying POET framework [63]. The POET

framework describes these initiatives as belonging to these layers: performance efficiency (P), operation

efficiency (O), equipment efficiency (E) and technology efficiency (T). Contemplating the structure of

the POET framework provides a systematic way of determining the existing energy saving opportunities

for electricity consumers such as CNG fuelling stations as carried out in this thesis. Subsequently, the

quantified benefits of the evaluated approaches provide an information basis for decision makers to

prioritize the identified interventions. Figure 2.1 shows a graphic description of the POET framework

[63].

T 
Technology

Equipment

Operation

E1 E2

O1 O2 O3

P1

Performance

P3 P4

Technical Performance Non-Technical

P2

Figure 2.1. POET framework of energy efficiency.

2.6.1 Technology efficiency

According to the POET philosophy by Xia and Zhang [63], technology efficiency is the measure of

energy conversion efficiency, processing efficiency, transmission efficiency and usage efficiency, with

the limits being those emanating from natural laws. The indicators for technology efficiency include:

life cycle cost (LCC), return on investment (ROI), feasibility and the coefficients of the conversion,

processing, transmission and usage efficiencies [64]. Disruptive novel technologies always challenge

old technologies in the same space and capture the market quickly while pushing optimality to the
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extremes of scientific limits. Technology efficiency has a deterministic relationship with equipment

efficiency, operation efficiency and performance efficiency. The decomposition of the POET layers

into the components of deterministic relationships is shown in Figure 2.1. The use of variable speed

drives in place of fixed speed drives for pumps, compressors, fans and other rotary equipment has

been shown to lead to significant energy savings and productivity improvement [65]. This type of

intervention would constitute a technology efficiency intervention and their payback period indicators

have been shown to fall between 1-3.5 years, when used to replace fixed speed drives [66].

2.6.2 Equipment efficiency

Equipment efficiency measures the output energy of an isolated energy equipment with respected to

the design specifications of the technology involved. The indicators for equipment efficiency include:

specifications and standards, capacity, constraints and maintenance. The main aim for equipment

efficiency initiatives is to make sure that the actual equipment parameters stay as close as possible to

the design specifications. Part E1 of equipment efficiency represents the deviation of output energy

from the specifications while E2 represents efforts that keep the equipment close to specification such

as maintenance. Technology efficiency affects the deviation from specifications in E1 but does not

affect the initiatives in E2. When the technology to replace energy inefficient components of a system

has been identified and tested, relevant equipment must be purchased and installed, that matches the

system requirements as closely as possible [66]. The matching of the specifications of the equipment

to the system requirement such as determining the variable speed drive specifications for an application

constitute an equipment efficiency endeavour [66].

2.6.3 Operation efficiency

Operation efficiency is concerned with the measurement of the level of system-wide coordination of

different system components. The relevant indicators for operation efficiency include: sizing, time

control, matching and operator skill level. This is because system-wide coordination includes physical

components, time consideration and human operator coordination. Part O1 of operation efficiency

is determined by technology efficiency and also affected by equipment efficiency, while part O2 is

determined by E2 and deals with such things as time-dependent operational strategies for efficiency

improvement and component coordination considerations during equipment maintenance. Part O3
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includes indicators and initiatives not affected by factors in the technology and equipment efficiency

layers. Determining the optimal operating point of a variable speed drive for different time instances

of a process constitutes an operation efficiency undertaking [67]. As the output requirements of a

system change with time, controlling the operating speed of the variable speed drive to track an optimal

operating point will improve productivity and save energy. Similarly, training manpower to operate

equipment efficiently in a system also falls under this category [68].

2.6.4 Performance efficiency

Performance efficiency measures aspects of energy efficiency determined by factors that are external

to the system but are still deterministic indicators like cost of production, environmental impact and

others. There are four parts to this layer. P4 involves energy losses that are not affected by the OET

layers such as thefts and leakages. P3 is determined by factors in O3 such as output as a result of

operator skill level. P2 is conditioned by equipment efficiency E2 and operation efficiency O2 and

is often expressed by indicators such as the time performance of the system. Part P1 involves the

energy performance of the system determined by operation part O1 and hence by equipment part E1

and Technology efficiencies. Measures that guarantee energy security such as preventive maintenance

scheduling belong in the performance efficiency category of POET initiatives [66]. Strategies such

as providing adequate back-up power sources that guarantee minimum energy requirements are met

at all times are additional relevant examples of the performance efficiency class of energy efficiency

strategies [69].

2.7 DEMAND RESPONSE PROGRAMS

One of the main incentives for electricity users to adopt any of the POET initiatives is the cost benefits

available from demand response (DR) programs. DR programs are implemented by power utility

operators so as to nudge electricity users into a desirable electricity use profile, which aids the operator

in better matching supply to demand. In order to reliably operate the grid, power utility providers

must perfectly balance between demand and supply. This balance is continuously threatened by the

possibility of changes in the demand or supply side and power utility operators have demand side

response as one of the cheaper resources that are available for achieving the desired balance, given that

the supply side is extremely capital intensive [9, 70].
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DR programs involve a change in electricity prices with time so that peak electricity demand periods

are priced significantly higher than lower electricity demand periods [11]. Similarly, this can be viewed

as incentive payments by the utility provider, intended to lower the use of electricity at times when the

system reliability is compromised or the wholesale prices of electricity are high [9]. DR programs

cause end-use customers to implement intentional modifications of electricity consumption patterns by

altering the timing, demand level and total electricity consumption [71, 72, 73].

Demand response programs can be classified into two broad categories; incentive-based programs

(IBPs) and price-based programs (PBPs) [74]. IBPs involve system-led initiatives where customers are

paid an amount for participating in the programs to cut their electricity loads when the grid stability

is jeopardized. In IBPs the system operators get into agreements with customers where the system

operator pays for some level of customer load control [9]. In PBPs, dynamic electricity pricing rates

are used as market-led tools for influencing customer behaviour. The goal of PBPs is to level the

demand curve, by having higher prices of electricity in peak demand periods and lower electricity

prices in off-peak demand periods [75]. PBPs are implemented as: real time pricing (RTP), where

electricity price changes in real time in response to wholesale market price, extreme day pricing (EDP),

where a high electricity price is charged for a few extreme days in a year when electricity demand is

highest or wholesale prices are highest, critical peak pricing (CPP), which is similar to EDP but can be

implemented for varying time frames in a year from a few hours to several days, and the time-of-use

(TOU) tariff, which uses a fixed rate to approximate average electricity cost during different time

blocks in a day [74, 76].

DR programs cause customers to carry out three classes of actions to lower their cost of electricity

[11]. Firstly, customers could lower their electricity consumption during peak periods and either leave

consumption during other times as it was before or lower [77, 78]. This would involve energy saving

measures that result in lower energy consumption in total, which if adopted by many customers would

also lead to slowing down the growth of energy demand in the power supply system. This type of

response might involve investment in better technology that consumes less energy to produce the

same results, or adoption of better operation techniques that result in lower energy consumption for

the energy consuming system, or even the optimization of system performance requirements that

achieve the intended functions while demanding less energy. Secondly, customers could shift some

system operations from the peak times of electricity demand to offpeak periods of electricity demand

[79, 80, 81]. In this case no costs are incurred by the customer and no loss in system output is expected.
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Thirdly, customers could use on-site generation solutions, such as on-site generators and back-up

sources such as renewable energy sources etc [82, 83]. In this case, the customer has determined

that using on-site generation costs less than using electricity from the grid at peak electricity pricing.

The operations of the energy consuming system remain as before but the view from the grid is that a

reduction in electricity demand has occurred.

To support customer decision making in responding to the conditions of the DR programs, it is

necessary to develop strategies that suit the energy consuming system under consideration. The

development of such strategies results in the optimal performance of the customer system, where they

save costs for their operations, and participate in achieving the grid stability and reliability sought by

the power system operators. This thesis describes strategies for CNG station operators to participate in

DR programs, through optimal system design and operation that results in lower energy consumption,

lower operation costs and better product performance.

2.8 CONCLUSION

Review of literature on energy use in the natural gas delivery network shows that there exists significant

scientific literacy on energy efficiency concerning the CNG delivery infrastructure. However, most

of the contributions in the improvement of energy efficiency in gas has been concentrated within the

pipeline network, precisely on the compressor stations (pressure boosting) and pressure reduction

stations. In so doing, an integral part of gas delivery to vehicular consumers of CNG has remained

unaddressed when it comes to energy consumption and energy efficiency. The achievement of max-

imum energy efficiency in gas delivery would be incomplete when only internal nodes of the network

are considered, while peripheral nodes are ignored. The CNG fast-fill station is not only an energy

intensive node in the gas delivery network, but with the expected growth in number of such stations,

it is likely to be a major contributor to the electricity consumption profile of the entire network. As

such, addressing energy consumption at the CNG fuelling station will contribute to the improvement

of interactions between a primary energy delivery network and the electricity grid.

As a first for the contribution intended at achieving energy efficiency at a major node in the peripherals

of the gas delivery infrastructure, the next chapters of this document present proposals for the optimal

design and operation of the CNG fuelling station for minimum energy consumption as well as optimal

electricity consumption profiles, in line with DSM goals.
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CHAPTER 3 OPTIMAL RESPONSE OF A

COMPRESSED NATURAL GAS

FUELLING STATION TO ELECTRICITY

TIME-OF-USE TARIFF

3.1 CHAPTER OVERVIEW

This chapter presents the application of an optimal compressor operation strategy for the CNG fuelling

stations, so as to benefit from participation in a demand response (DR) program which is implemented

by power utility operator in the form of a time-of-use tariff. The intention is to lower the costs incurred

through power consumption. The approach involves shifting of the operation of the main CNG station

load away from peak electricity demand periods. An evaluation and comparison of strategies proposed

to achieve minimum compressor switching frequency and therefore mitigate the associated wear and

tear is also carried out. This chapter describes the implementation of an optimal operation response to

the TOU tariff, when it is the DR program under which the CNG station operates, while meeting gas

demand. The operation profile of the compressor is optimally altered, with respect to operation times

with the aim of achieving reduced electricity costs, thereby lowering operating costs of the station.

Lower operation costs of CNG fuelling stations are desirable in that they improve the appeal of CNG

as an alternative fuel, since savings in the cost of gas delivery can be passed on by the station operators

directly to the customer. A breakthrough is achieved through the proposed method in the form of

an optimal scheduling of the on/off switching of the compressor, considering CNG gas demand, the

electricity TOU tariff and the mitigation of potential damage to the compressor as a result of wear and

tear from frequent cycling. These methods present a framework for optimal use of electricity in the

delivery of alternative fuels.
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The rest of this chapter is organized as follows: Section 3.2 provides the description of the optimal

operation modelling. Section 3.3 contains the case data considered and Section 3.4 presents the

results and a discussion of the optimization outcomes. Section 3.5 presents the conclusion of this

chapter.

3.2 OPERATION MODELLING AND FORMULATION

Figure 3.1 shows the schematic diagram of a fast-fill CNG station based on a three level cascade

reservoir bank. The CNG station compressor fills up the cascade storage from the municipal gas line

whenever switch u is on. This switch is activated when the quantity of gas in the three levels of the

cascade storage drops to the lower limits that also correspond to the lower operating pressure limits

[84]. The gas enters the storage tanks through the valves of the priority panel which are controlled to

switch the flow of the incoming gas between the three levels of the cascade storage. The valves are

activated such that uhp connects to the high pressure reservoir, ump connects to the medium pressure

reservoir and ul p connects to the low pressure reservoir. At any time, only one of the valves is open

hence only one reservoir level is being replenished. Switch u is turned off when the upper limits of the

quantity of gas that can be held in the cascade reservoir bank is reached. Gas held at high pressure

in the cascade storage tanks is transferred to vehicle tank via a dispenser, which is controlled by a

dispensing algorithm that also compensates for temperature effects on pressure ensuring that correct

quantities are dispensed to the vehicle tanks [85]. Depending on the initial pressure in the vehicle

tank, the dispenser sequences the gas transfer to the target vehicle tank between the three cascade

storage reservoirs sustaining the gas flow rate above a set minimum. mohp, momp and mol p are the

metered gas demand values for the high pressure, medium pressure and low pressure cascade storage

reservoirs respectively. The proposed optimal control strategy seeks to schedule the on and off status

of the reciprocating compressor through switch u, and the priority panel valves uhp, ump and ul p such

that minimum cost of power is incurred from the operation of the compressor under a TOU tariff

of electricity purchase. The control variables for the current problem are, the binary status of the

compressor switch u{0,1}, as well as the binary status of priority panel valves uhp{0,1}, ump{0,1}

and ul p{0,1}, where 0 represents the off status and 1 represents the on status.
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Figure 3.1. Schematic of a CNG fuelling station with a cascade storage system

3.2.1 Objective function

The objective of this strategy is to minimize the cost of power incurred by the CNG station compressor

considering the limits of the cascade storage bank over the length of a control horizon [86]. The

objective function can therefore be written as

J =
N

∑
t=1

pco pe(t)u(t)ts, (3.1)

where t is the sampling instance, pco is the power rating of the station compressor’s electric motor

in kW , pe(t) is the TOU price of electricity per kWh in a sampling instant, N is the total number of

sampling instants in the control horizon and ts is the sampling time.

3.2.2 Constraints

The problem described by this model is subject to the following constraints.
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3.2.2.1 Cascade reservoir capacity

For the tth sampling instant, the mass of gas held in the high pressure, medium pressure and low

pressure reservoirs are respectively expressed as

mhp(t) = mhp(0)+
t−1

∑
i=1

tsṁcmpuhp(i)−
t−1

∑
i=1

mohp(i), (3.2)

mmp(t) = mmp(0)+
t−1

∑
i=1

tsṁcmpump(i)−
t−1

∑
i=1

momp(i), (3.3)

ml p(t) = ml p(0)+
t−1

∑
i=1

tsṁcmpul p(i)−
t−1

∑
i=1

mol p(i), (3.4)

where mohp(i), momp(i) and mol p(i) are masses of gas demand dispensed in the ith sampling instant

from the high pressure, medium pressure and low pressure reservoirs of the cascade storage bank

respectively in kg. The rated mass flow rate of CNG from the compressor ṁcmp in kg/h is obtained

through (3.5) [30]

ṁcmp = ρstd×Qstd = (
Mwg

Mwa
)×ρa,std×Qstd , (3.5)

where Mwg is the molecular weight of CNG, Mwa is the molecular weight of air, ρstd is the density

of CNG, which is the gas being compressed in kg/m3, ρa,std is the density of air in kg/m3 and Qstd is

the rated capacity of the compressor in m3/h. The values of ρstd , ρa,std and Qstd are under standard

conditions (0oC temperature and 105 pascals pressure) [87].

The mass of gas held in the cascade reservoirs as described by (3.2),(3.3) and (3.4) should remain

within the the maximum and minimum operating limits, which correspond to maximum and minimum

pressure limits for the three cascade reservoir levels respectively, such that

mmin
hp ≤ mhp(0)+

t−1

∑
i=1

tsṁcmpuhp(i)−
t−1

∑
i=1

mohp(i)≤ mmax
hp , (3.6)

mmin
mp ≤ mmp(0)+

t−1

∑
i=1

tsṁcmpump(i)−
t−1

∑
i=1

momp(i)≤ mmax
mp , (3.7)
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mmin
l p ≤ ml p(0)+

t−1

∑
i=1

tsṁcmpul p(i)−
t−1

∑
i=1

mol p(i)≤ mmax
l p , (3.8)

where mmin
hp , mmin

mp and mmin
mp are the values of lower limits of the quantity of gas for the high pressure,

medium pressure and low pressure reservoirs respectively, while mmax
hp , mmax

mp and mmax
l p are the values of

the upper limits for quantity of gas for the high pressure, medium pressure and low pressure reservoirs

respectively. These quantity limits are obtained from the relationship between the system rated pressure

limits and the properties of the CNG gas in the equation of state

pV = znRT, (3.9)

where p is the pressure value in bars, V is the volume of the gas container in L, T is the absolute

temperature, R is the universal gas constant, z is the compressibility factor and n is the gas quantity in

moles [88, 89].

n =
m
M

=
pV

zRT
, (3.10)

where m is the mass of the gas and M is the molar mass of the gas. Equation (3.10) is thus used to

calculate the upper and lower operating limits of the mass of gas to be held in the reservoir tanks of the

cascade storage bank in the CNG refuelling station. An assumption that the temperature of the cascade

storage bank normalizes to the ambient temperature is made in this work, which is consistent with

previously modelled operating conditions of the cascade storage [29]. The day’s highest and lowest

temperatures are used as the maximum and minimum temperatures for the control horizon respectively.

Because pressure will rise in the cascade storage reservoirs when the ambient temperature rises, it is

possible for the upper operating pressure limit to be breached if the upper mass limit is not calculated

at the highest temperature of the day. The upper limit of mass that can be held in the cascade storage

is therefore calculated and set using the upper operating pressure limit and the highest temperature

over the control horizon. Similarly, the lower mass limit for the cascade reservoirs is calculated and set

using the low operating pressure limit and the lowest temperature over the control horizon so as to

prevent the pressure of gas held in storage from falling below the lower operating pressure limit when

ambient temperature falls, causing a pressure drop. The relationship between the mass and pressure

limits with consideration for temperature conditions is thus expressed as

mmax
hp =

MV pmax
hp

zRTmax
mmin

hp =
MV pmim

hp

zRTmin
, (3.11)
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mmax
mp =

MV pmax
mp

zRTmax
mmin

mp =
MV pmin

mp

zRTmin
, (3.12)

mmax
l p =

MV pmax
l p

zRTmax
mmin

l p =
MV pmin

l p

zRTmin
, (3.13)

where pmax
hp , pmax

mp and pmax
l p are the maximum pressure limits for the respective reservoirs, pmin

hp , pmin
mp and

pmin
l p are the minimum pressure limits for the respective reservoirs and Tmax and Tmin are the maximum

and minimum ambient temperatures in the control horizon respectively.

3.2.2.2 Switching combinations

During operation, when the compressor switch u is on and gas is flowing to the cascade storage through

the priority panel, only one of the valves uhp, ump and ul p can be on and all the valves must be off

whenever the compressor is off such that

uhp +ump +ul p−u = 0. (3.14)

3.2.3 Compressor switching frequency

A high rate of compressor start/stop actions increase the mechanical stresses induced in the components

of the compressor. This causes a corresponding increase in wear and tear of those components [90]

and therefore increases costs incurred to maintain or replace them, while also reducing the compressor

lifetime [91]. It has been demonstrated that the transient states of start-up and shut-down induce the

highest stresses in different components of the compressor [92]. Additionally, torsional oscillations

cause vibrations due to loading changes through the length of the compressor shaft, as well as within

the coupled mechanisms and the seals as the motor accelerates the load towards stability, which causes

further wear and tear [93]. Therefore, it is desirable that the compressor operates in wide bands of on

and off states, staying in each state as long as possible before transitioning to the opposite state [94].

This is the main consideration that motivated the inclusion of switching frequency minimization in

this model. Although it would be more precise to directly quantify and minimize the actual wear and

tear caused by the transient states in the model instead of minimizing the number of on/off transient

instances, there are no accurate models that have accurately described the relationship between the
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number of switching actions and the rate of wear and tear. The most widely accepted approach by

researchers is to introduce a penalty for each occurrence of a transient state in the solution, when dealing

with optimization of operations involving rotary machine systems such as compressors [86, 90, 95].

This approach is justified because the increase in wear and tear as the frequency of transient states

increases is a known prior.

In this chapter, the goal is to achieve the lowest number of transient instances without raising the

cost electricity above the cost incurred when optimization is implemented without a penalty for

the switching frequency. Two methods are proposed to achieve the minimum number of switching

instances for the CNG compressor and evaluated. Firstly, the Pretoria method from Mathaba et al

[96], which has also been used by other researchers in subsequent optimization problems that involved

the performance of water pumping systems, is used [97, 98]. The Pretoria method uses an auxiliary

variable s(t) [96], which takes a value of 1 when an on state of the compressor occurs. This auxiliary

variable is then added to the objective function (3.1) for minimization of its summation over the control

horizon such that

J = ξ

N

∑
t=1

pco pe(t)u(t)ts +(1−ξ )
N

∑
t=1

s(t), (3.15)

where ξ is a weighting factor. Additional constraints arise when the Pretoria method is used for the

compressor switching minimization. These constraints that are specifically related to the use of the

auxiliary variable are

u(1)− s(1)≤ 0, (3.16)

u(t)−u(t− i)− s(t)≤ 0. (3.17)

In the inequality (3.16), the status of the auxiliary variable is initialized to take up the initial status of

switch u, while in the inequality (3.17) control actions that favour a lower value of the auxiliary variable

are preferred [99]. In a comparison study carried out in [97], the Pretoria method was demonstrated

to be superior to a different method that used a fixed value constraint that restricted the number

of switching instances. This fixed value constraint method was determined to have a high risk of

infeasibility under most control conditions. Currently in this chapter, a quadratic objective function

method is proposed and described in Section 3.2.6
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3.2.4 Boundaries

The states of the compressor switch u and the priority panel valves uhp, ump and ul p as well as the state

of the auxiliary variable s are binary such that

u(t),uhp(t),ump(t),ul p(t),s(t) ∈ {0,1} (1≤ t ≤ N). (3.18)

3.2.5 Algorithm

The optimization problem in the generalized form for the present study is to minimize f T X subject to

equality constraints (AeqX = beq), inequality constraints (AX ≤ b) and the upper and lower boundaries

of the control variables (LB ≤ X ≤UB) [100]. The control variables u(t),uhp(t),ump(t),ul p(t) and s( j)

are contained in vector X , while A and Aeq are matrices. b, LB and UB are vectors represented as

XXX = [u(1) · · ·u(N) uhp(1) · · ·uhp(N) ump(1) · · ·ump(N) ul p(1) · · ·ul p(N) s(1) · · ·s(N)]T5N×1,

(3.19)

and the objective function as

fff TTT = [ξ pcots pe(1) · · ·ξ pcots pe(N) 0 · · ·0 0 · · ·0 0 · · ·0 (1−ξ ) · · ·(1−ξ )]1×5N , (3.20)

from the inequality constraints (3.6),(3.7),(3.8), (3.16) and (3.17), if we denote

AAAccc =


−tsṁcmp 0 · · · 0

−tsṁcmp −tsṁcmp · · · 0
...

...
. . .

...

−tsṁcmp −tsṁcmp · · · −tsṁcmp


N×N

, (3.21)
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AAAuuu =



1 0 0 · · · 0

−1 1 0 · · · 0

0 −1 1 · · · 0
...

...
...

. . .
...

0 0 · · · −1 1


N×N

, (3.22)

then

AAA111 =
[

000 AAAccc 000 000 000
]

N×5N
, (3.23)

AAA222 =
[

000 000 AAAccc 000 000
]

N×5N
, (3.24)

AAA333 =
[

000 000 000 AAAccc 000
]

N×5N
, (3.25)

AAA444 =
[

AAAuuu 000 000 000 −−−III
]

N×5N
, (3.26)

bbb111 =



mhp(0)−mmin
hp −mohp(1)

mhp(0)−mmin
hp −

(
mohp(1)+mohp(2)

)
...

mhp(0)−mmin
hp −

(
mohp(1)+mohp(2)+ · · ·+mohp(N)

)


N×1

, (3.27)

bbb222 =



mmax
hp −mhp(0)+mohp(1)

mmax
hp −mhp(0)+

(
mohp(1)+mohp(2)

)
...

mmax
hp −mhp(0)+

(
mohp(1)+mohp(2)+ · · ·+mohp(N)

)


N×1

, (3.28)
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bbb333 =



mmp(0)−mmin
mp −momp(1)

mmp(0)−mmin
mp −

(
momp(1)+momp(2)

)
...

mmp(0)−mmin
mp −

(
momp(1)+momp(2)+ · · ·+momp(N)

)


N×1

, (3.29)

bbb444 =



mmax
mp −mmp(0)+momp(1)

mmax
mp −mmp(0)+

(
momp(1)+momp(2)

)
...

mmax
mp −mmp(0)+

(
momp(1)+momp(2)+ · · ·+momp(N)

)


N×1

, (3.30)

bbb555 =



ml p(0)−mmin
l p −mol p(1)

ml p(0)−mmin
l p −

(
mol p(1)+mol p(2)

)
...

ml p(0)−mmin
l p −

(
mol p(1)+mol p(2)+ · · ·+mol p(N)

)


N×1

, (3.31)

bbb666 =



mmax
l p −ml p(0)+mol p(1)

mmax
l p −ml p(0)+

(
mol p(1)+mol p(2)

)
...

mmax
l p −ml p(0)+

(
mol p(1)+mol p(2)+ · · ·+mol p(N)

)


N×1

, (3.32)

bbb777 = [0]N×1 , (3.33)
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then the linear inequality constraints become

AAA =



AAA111

−AAA111

AAA222

−AAA222

AAA333

−AAA333

AAA444


7N×5N

bbb =



bbb111

bbb222

bbb333

bbb444

bbb555

bbb666

bbb777


7N×1

, (3.34)

for the equality constraint (3.14) we denote

AAAeq =
[
−III III III III 000

]
N×5N

bbbeq =
[

000
]

N×1
, (3.35)

The MATLAB Solving Constraint Integer Programs (SCIP) solver in the OPTI toolbox interface is

used for the solution of this optimization problem [101].

3.2.6 The quadratic objective function to minimize compressor switching instances

In this method, a quadratic element ∑

(
u(t +1)−u(t)

)2
is introduced in the objective function. The

quadratic element minimizes the switching frequency of the compressor switch status over the control

horizon, so that longer operating bands of on and off states are preferred in the solution. The control

variables are u, uhp, ump and ul p and the objective function (3.1) using this method becomes

J = ψ

N

∑
t=1

pco pe(t)u(t)ts +(1−ψ)
N−1

∑
t=1

(
u(t +1)−u(t)

)2
, (3.36)

where ψ is the weighting factor. The constraints under this method are the same as those in Sections

3.2.2.1 and 3.2.2.2. The optimization problem can be written in the standard form

x = [u(1) · · ·u(N) uhp(1) · · ·uhp(N) ump(1) · · ·ump(N) ul p(1) · · ·ul p(N)]T4N×1, (3.37)
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and in the general algorithm for the OPTI toolbox solver [101], the objective function is formulated

as

minx f T x sub ject to =



A · x≤ b

Aeq · x≤ beq

lb ≤ x≤Ub

x ∈ {0,1}

, (3.38)

from the linear inequality constraints (3.6),(3.7),(3.8), we denote

AAA′111 =
[

000 AAAccc 000 000
]

N×5N
, (3.39)

AAA′222 =
[

000 000 AAAccc 000
]

N×5N
, (3.40)

AAA′333 =
[

000 000 000 AAAccc

]
N×5N

, (3.41)

then the linear inequality constraints become

AAA′ =



AAA′′′111

−AAA′′′111

AAA′′′222

−AAA′′′222

AAA′′′333

−AAA′′′333


6N×4N

bbb′ =



bbb111

bbb222

bbb333

bbb444

bbb555

bbb666


6N×1

, (3.42)

for the equality constraint (3.14) we can denote

AAA′eq =
[
−III;−III;−III;−III

]
N×4N

bbb′eq =
[

000
]

N×1
, (3.43)

The MatLab SCIP solver in the OPTI toolbox interface is similarly used for this quadratic optimization

problem.
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3.2.7 Consideration for terminal constraints

At the end of the control horizon, it is desirable that the quantity of gas in the cascade storage match the

initial quantities of gas held in the reservoirs of the cascade storage which ensures that initial condition

values are repeated for the succeeding control period, because for open loop strategies, proper operation

is not guaranteed in the subsequent control periods if initial conditions are not the same [98, 102].

From (3.2), (3.3) and (3.4), at the last instant of the control horizon, the mass of gas held in the three

levels of the cascade storage are therefore expressed as;

mhp(N) = mhp(0) = mhp(0)+
N

∑
i=1

tsṁcmpuhp(i)−
N

∑
i=1

mohp(i), (3.44)

mmp(N) = mmp(0) = mmp(0)+
N

∑
i=1

tsṁcmpump(i)−
N

∑
i=1

momp(i), (3.45)

ml p(N) = ml p(0) = ml p(0)+
N

∑
i=1

tsṁcmpul p(i)−
N

∑
i=1

mol p(i), (3.46)

The terminal constraints are implemented as soft constraints because a fixed mass of gas flows into the

cascade storage for every sampling instant when the compressor is on, which yields a discrete profile

of possible values of quantity of gas. The soft terminal constraint thus allows feasibility under slight

variations from the target quantities by accepting the nearest feasible value for the cascade storage gas

quantity. A solution may otherwise not be automatically feasible with a hard constraint. The softened

terminal constraint applied in this study is a restriction of the final mass of gas in the cascade storage

to between 90%-100% of the initial gas quantity in a control period. Therefore from (3.44), (3.45) and

(3.46)

0.9×mhp(0)≤ mhp(0)+
N

∑
i=1

tsṁcmpuhp(i)−
N

∑
i=1

mohp(i)≤ mhp(0), (3.47)

0.9×mmp(0)≤ mmp(0)+
N

∑
i=1

tsṁcmpump(i)−
N

∑
i=1

momp(i)≤ mmp(0), (3.48)

0.9×ml p(0)≤ ml p(0)+
N

∑
i=1

tsṁcmpul p(i)−
N

∑
i=1

mol p(i)≤ ml p(0). (3.49)
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3.3 CASE STUDY

3.3.1 The CNG fuelling station

The data used for the case study in this chapter comes from a fast-fill CNG station located in Johannes-

burg, South Africa. The fuelling station has a reciprocating compressor that supplies compressed gas

to the cascade storage, which is dispensed through two dispensers. Gas from the gas utility company

supplying the Johannesburg municipality is delivered to the station via a gas pipeline. Table (3.1)

shows the relevant parameters of the station that are used with the optimization model. In the baseline

operation, low quantities of gas trigger compressor-on status at the lower limit and high quantities of

gas in the cascade storage trigger compressor-off status at the upper limit.

Table 3.1. CNG fuelling station data

Specification value

High pressure reservoir capacity 2000 L

Medium pressure reservoir capacity 2000 L

Low pressure reservoir capacity 2000 L

Maximum Pressure for all reservoir levels 252 bar

High pressure reservoir minimum pressure 210 bar

Medium pressure reservoir minimum pressure 150 bar

Low pressure reservoir minimum pressure 75 bar

Priority panel 3 lines

Compressor capacity 900 Nm3/hr

Compressor motor rating 132 kW

3.3.2 Time-of-use electricity tariff

The time-of-use (TOU) electricity tariff uses time differentiated pricing of electricity to reflect the

periods when the demand is determined to be high, low or average, thus encouraging users to migrate

their flexible loads away from high demand-high price periods [103]. This pricing profile may vary by

time of day, day of the week or season of the year [81, 104]. The TOU tariff under which the CNG
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station under consideration operates is the Miniflex TOU tariff by the South African electricity utility,

Eskom. The electricity price under the Miniflex tariff is implemented on two levels; time of day price

variation and seasonal price variation. In the seasonal pricing the winter months of June to August

are classified as high demand season and prices of electricity per unit are higher, while the remaining

months of the year, September to May are classified as low demand season with lower electricity prices.

Further, daily electricity pricing is classified into peak, standard and off-peak times, which for the two

seasons are such that

peHD(t) =


po f f peak = 0.5157 R/kWh if t ∈ [0,6]∪ [22,24]

pstandard = 0.9446 R/kWh if t ∈ [9,17]∪ [19,22]

ppeak = 3.1047 R/kWh if t ∈ [6,9]∪ [17,19]

, (3.50)

peLD(t) =


po f f peak = 0.4472 R/kWh if t ∈ [0,6]∪ [22,24]

pstandard = 0.7016 R/kWh if t ∈ [6,7]∪ [10,18]∪ [20,22]

ppeak = 1.0167 R/kWh if t ∈ [7,10]∪ [18,20]

, (3.51)

where peHD and peLD are the daily electricity prices for the high demand and low demand seasons

respectively, po f f peak is the off-peak price, pstandard the standard time price and ppeak the peak time

price, R is the South African Rand and t is the time of the day in hours. Additional components of the

tariff are not considered for the purpose of implementing the optimization model because they remain

constant for all periods [98].

3.3.3 Gas demand

Figure 3.2 shows the metered gas demand profile for each of the three levels of the cascade storage bank

for two days; one in the high electricity demand pricing season and the second in the low electricity

demand pricing season. The mass flow of gas from the cascade storage reservoirs is measured at

the dispenser and recorded in the operation log [105]. From Figure 3.2, there are similarities in the

demand profile for the two days in the high electricity demand pricing season and low electricity

demand pricing season. In both profiles, an increase in demand is observed during the morning hours

up to 10:00, which can be attributed to motorist fuelling before beginning their daily movements. An

increase in gas demand also occurs beginning at 14:00, due to motorists refilling their tanks prior to the
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evening rush hour. For the CNG station under consideration, the customers are mainly public service

vehicles, courier service vehicles and security patrol vans. Public service transportation demand may

explain the up-tick in gas demand that precedes peak people movement periods of the day. Some

motorists may also fuel their vehicles in the evenings, in preparation for movement in the next day,

which may explain the demand profile observed in the evening hours. A sampling time of four minutes
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Figure 3.2(a): High electricity demand season
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Figure 3.2(b): Low electricity demand season

Figure 3.2. CNG demand from the three cascade storage levels for single day in each electricity pricing

season

is considered for this optimization problem for a control horizon of 24 hours.
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3.4 RESULTS AND DISCUSSION

3.4.1 High demand electricity pricing season

3.4.1.1 Optimization without consideration for compressor switching frequency

Figure 3.3 shows the operation of the station compressor, when the optimal minimization of electricity

cost is implemented without limiting the switching frequency in the objective function. Close to the

end of the off-peak electricity pricing time at 06:00, the compressor is turned on to fill up the cascade

storage reservoirs and avoid compressor operation during the peak electricity pricing period between

06:00 and 09:00. The controller successfully prevents operation of the compressor during this peak

electricity pricing period which saves on electricity cost. Because the compressor stays off in the

two hours of the peak electricity pricing time, the level of gas in the cascade reservoirs requires to be

replenished, and the compressor is turned on several times during the standard electricity pricing time

between 09:00 and 17:00. The quantity of gas in the cascade storage is also kept high before the onset

of the evening peak between 17:00 and 19:00, to ensure that sufficient levels of gas in the cascade

reservoirs are available at this time without turning on the compressor. The controller also succeeds in

keeping the compressor off over the length of the evening peak electricity pricing time and beyond,

thereby minimizing the cost of electricity further.
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Figure 3.3(a): Compressor switch action
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Figure 3.3(b): Valve action
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Figure 3.3(c): Mass of gas in reservoir

Figure 3.3. System operation profile in the high demand electricity pricing season without minimization

of compressor switching frequency

The compressor is turned on minimally during the standard electricity pricing time close to 22:00 and

in the evening off-peak electricity pricing period to meet the gas demand until the end of the control

horizon. When the switching frequency of the compressor is not minimized, the compressor is turned

on to meet the gas requirements in each cascade reservoir independently, resulting in frequent on/off
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cycling of the compressor. Electricity cost incurred in this operation profile over the control horizon

is R148.90, a substantial reduction from the baseline of R432.59. Although a significant reduction

in electricity cost is realized in this optimization operation by avoiding operation of the compressor

during peak electricity pricing times, the high switching frequency of up to 14 transient instances is

detrimental to the components of the compressor, because of the increased wear and tear which will

result in rising maintenance costs [91, 99].

3.4.1.2 Optimization while considering compressor switching frequency

Figure 3.4 and Figure 3.5 show the system operation profile when strategies for minimizing the

compressor switching frequency are implemented in the objective function. For the Pretoria method, a

weighting factor of ξ =0.01 is used while for the quadratic objective function method the weighting

factor used is ψ=0.9. These weighting factors are selected to yield the same cost of electricity as in

the optimization without compressor switching minimization, with the minimum possible number of

transient instances. Both the quadratic objective function method and the Pretoria method lower the

number of compressor on/off instances from a high of 14 in the optimization without minimization of

the compressor switching frequency, to 4 as shown in Figure 3.4(a) and Figure 3.5(a). Further, the

compressor-on status is successfully prevented from occurring during the peak electricity pricing time

between 06:00 and 09:00 for both methods.
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Figure 3.4(a): Compressor switch action
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Figure 3.4(b): Valve action
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Figure 3.4(c): Mass of gas in reservoir

Figure 3.4. System operation profile in the high demand electricity pricing season using the Pretoria

method of minimizing compressor switching

This is achieved in the optimal solution by having the compressor operate just before the onset of the

peak electricity pricing time at 06:00, in order to fill up the cascade storage reservoir to meet demand

in the peak electricity pricing period without switching on the compressor. Two compressor on-states

are observed during the standard electricity pricing time of the TOU tariff, between 09:00 and 17:00.
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This enables the CNG station to meet the mid morning gas demand, as well as replenish the cascade

reservoirs before the onset of the second peak electricity pricing time at 17:00. Under the optimal

solution from both methods, the compressor stays off during the evening peak electricity pricing time

between 17:00 and 19:00 and further during the subsequent standard electricity pricing time between

19:00 and 22:00, and the compressor is switched on during the off-peak electricity pricing time after

22:00. Whenever an on-state of the compressor occurs, the solutions from both methods synchronize

the filling of the three reservoirs of the cascade storage so that the compressor does not have to be

switched on independently for each reservoir. This is how the optimal minimization of compressor

switching frequency is achieved.

Figure 3.5(b) and Figure 3.4(b) show the coordination of valve action for the priority panel, to replenish

gas quantities in the three levels of the cascade storage so that when the compressor is off, each cascade

storage reservoir can sustain their independent gas demand until the next synchronized refill. This

effect is further demonstrated by the state of mass of gas in the three resevoirs of the cascade storage

shown in Figure 3.4(c) and Figure 3.5(c). When compared to optimal operation without minimization

of compressor switching frequency, the reduction in transient states for the two methods represents a

71.4% reduction in one of the main contributing factors to wear and tear. Fewer transient states of the

compressor mean a reduction in the probability of component failure through fatigue caused by a high

frequency of mechanical disturbance [106, 107]. This in-turn lowers the maintenance and replacement

rate of components which adds up to maintenance costs [108, 109].
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Figure 3.5(a): Compressor switch action
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Figure 3.5(b): Valve action
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Figure 3.5. System operation profile in the high demand electricity pricing season using the quadratic

objective function method of minimizing compressor switching

Table 3.2 shows a comparison of the performance of the three approaches to the optimal operation of

the CNG station compressor. All the three methods achieve a reduction in electric power cost from a

baseline of R432.59, to an optimally minimal cost of R148.90. The operation profile of the compressor

in the three methods is such that the effective compressor operation time in each electricity pricing
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period is the same for all three strategies, with the difference being only in the exact time the switching

instances occur and the length of those instances, which is why the cost of electricity for the three

strategies is equal. Although the strategy that minimizes electricity cost without considering switching

frequency is less computationally complex and yields the same cost of electricity as the other methods,

the number of transient instances of compressor status is too high, thereby increasing the probability

of component fatigue and failure. Comparing the quadratic objective function method of compressor

switching minimization to the Pretoria method shows that the time taken to compute the solution is

shorter for the quadratic objective function method which can be linked to lower computational costs

and hence the method can be deemed superior [110]. Consequently, it can be concluded that for the

three methods under consideration, the one involving the quadratic objective function of compressor

switching minimization has the most desirable performance profile for achieving the aim of electricity

cost minimization and compressor care.

Table 3.2. Comparison of performance for the control strategies for a 24-hour control period

Electricity cost (Rand) Switching in-

stances

Computing time (Second)

Optimal operation without

switching minimization

148.90 16 0.5

Optimal operation with Pretoria

switching minimization

148.90 4 71

Optimal operation with quadratic

objective function switching min-

imization

148.90 4 21

3.4.2 Low demand electricity pricing season

The quadratic objective function approach, determined to be superior in Section 3.4.1, is implemented

in the optimal operation of the CNG station for the case of the low electricity demand season which

results in the system operation profile shown in Figure 3.6. Similar to the high electricity demand season

operation, the solution for the low electricity demand season involves operation of the compressor

prior to the onset of the peak electricity pricing time at 07:00. The compressor operates in the off-peak

electricity pricing time and stays on a few minutes into the standard electricity pricing period between
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06:00 and 07:00. This ensures that the cascade storage is replenished to meet demand during the peak

electricity pricing period between 07:00 and 10:00 with the compressor off. The gas demand during the

standard electricity pricing time between 10:00 and 18:00 is met through two compressor on instances,

that also help meet gas demand until the onset of the off-peak electricity pricing time after 22:00. The

compressor is turned on once during the off-peak electricity pricing period to meet the gas demand

near the end of the control horizon.
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Figure 3.6(a): Compressor switch action
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Figure 3.6(c): Mass of gas in reservoir

Figure 3.6. System operation in the low demand electricity pricing season using the quadratic objective

function method

From a baseline electricity cost of R212.40 for the control horizon under low electricity demand

pricing, the optimal operation profile reduces the cost of electricity to R122.40,which is a significant

42.3% reduction in the electric power cost for the control horizon. This is evidence that the application

of optimal operation of the CNG compressor to minimize energy cost for the CNG station is applicable

through both seasons of electricity demand pricing for the year.

3.4.3 Solutions with terminal constraints

It is evident from the Figures 3.3(c), 3.4(c), 3.5(c) and 3.6(c) that the quantity of gas held in the cascade

storage reservoirs at the end of the control horizon does not match the initial quantities of gas in the

cascade storage at the beginning of the control horizon. This means that the initial conditions of the

subsequent control horizon will be different from the initial conditions of the current control horizon

which may jeopardize the effectiveness of the control solution.A terminal constraint is implemented

with the quadratic objective function method of minimizing electricity cost resulting in the profile of

operation shown in Figure 3.7. When the terminal constraint is implemented, the optimal operation

solution from the superior approach still succeeds in keeping the compressor from operating in both the
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Figure 3.7. (a) Compressor switching and (b) mass of gas in reservoir results with terminal constraints

for high and low electricity demand seasons

morning and evening peaks over the control horizon, for the both the high and low electricity demand

pricing seasons. Further, the gas quantity held in the cascade storage is replenished to near initial

condition levels at an electricity cost of R171.60 for the high electricity demand season and R139.84

for the low electricity demand which is as a result of additional compressor operation to restore gas

levels to the initial condition.
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Figure 3.8(a)(i) Compressor operation in high electricity demand season
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Figure 3.8(b)(i) Mass in storage in high electricity demand season.
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Figure 3.8(a)(ii) Compressor operation in low electricity demand season
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Figure 3.8(b)(ii) Mass in storage in low electricity demand season.

Figure 3.8. Solutions with terminal constraints for seven consecutive days.
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The effect of the implementation of the terminal constraints is demonstrated in Figure 3.8 which shows

the operation profile for seven consecutive days. In general, the level of gas in the cascade storage at

the end of each day is similar to the initial conditions for that day. However variations from the initial

conditions result in the compressor operation profile being slightly different for some days than others.

This change in the compressor operation profile is observed in the form of the number and timing

of compressor transient states during both the high electricity demand season and the low electricity

demand period. Although the number of start/stop instances increases, it is still 50% lower than those

observed when optimization is carried out without implementing a minimization of the switching

frequency.

Over the seven days that the strategy including the terminal constraint is implemented, the compressor

is still successfully kept from operating in the peak electricity pricing times of the day for the high

demand electricity pricing season. The resulting average cost of electricity incurred for the week under

evaluation is R176.13 per day, which is a 59.3% reduction from the baseline. The highest electricity

cost for a day occurs on the fourth day at R179.91, while the lowest cost at R171.60 is incurred on

the first day. For the low electricity demand pricing season, the compressor is turned on during the

morning peak electricity pricing time for the 4th, 5th, 6th and 7th days. However, the average cost of

electricity per day is still significantly lower than the baseline at R158.54 with the highest cost incurred

on the 5th day at R172.54 and the lowest cost incurred on the 1st day at R143.16. The average savings

on electricity cost from the baseline is 25% during the low demand electricity pricing period. This

outcome demonstrates the versatility of the proposed strategy to deliver electricity cost savings under

variant initial conditions.

3.5 CONCLUSION

Minimizing electricity costs incurred in the delivery of compressed natural gas can greatly promote

the use of CNG as an alternative fuel to diesel and petrol. The results in this chapter show that 59.3%

in electricity cost savings are realized, while considering both electricity cost and the sustainable

operation of the CNG station compressor. These savings can be translated to a cost of gas delivery

saving of 0.04 Rand cents per kilogram of CNG sold in the low demand electricity pricing period and

0.23 Rand cents per kilogram of CNG sold in the high demand electricity pricing period. These margins

can add up to significant annual savings for the station operator, that can be invested in expansion of

CNG infrastructure or passed on to customers to improve the attractiveness of CNG as a fuel.
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The control solutions obtained through the use of the strategy proposed in this chapter can be used to set

optimal operation schedules for CNG fuelling station compressors, which will save on the electricity

costs, without compromising on wear and tear of the compressor. The solutions can be implemented

by time scheduling compressor operation statuses on the station programmable logic controller, so that

the compressor operates according to the solution of the optimal control schedule other than through

limit-triggered cycling. It is necessary to implement safety interrupts for maximum and minimum

pressure to deal with unexpected occurrences that may result in operation limits being violated.

The optimization model proposed in this chapter leads to improved economic efficiency of the CNG

fuelling station and adds to the cost competitiveness of CNG as an alternative fuel. Reduced cost of

gas delivery if passed on to consumers have the potential to encourage increased uptake CNG powered

vehicles over liquid fossil fuel powered vehicles. Further, participation of CNG stations in demand

response programs of the electricity grid can contribute to lowering overall green house gas emission

from the electricity generation infrastructure which is one of the objectives of such programs by the

power utilities.
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CHAPTER 4 A HIERARCHICAL OPTIMAL

OPERATION OF A COMPRESSED

NATURAL GAS STATION FOR ENERGY

AND FUELLING EFFICIENCY

4.1 CHAPTER OVERVIEW

In this chapter, a hierarchical model for the efficient operation of a CNG fast-fill station is presented.

The model includes an upper layer, which is an optimisation of compressor scheduling to minimise

energy cost, and a lower layer to control the valves of the priority panel and the gas dispenser so as

to achieve desirable conditions of pressure for minimum vehicle filling time. In the upper layer, the

scheduling of the compressor operation to minimise electricity cost incurred under a TOU tariff is

realised while minimising compressor switching frequency and meeting the gas demand in the control

horizon. The compressor operation schedule obtained is implemented on the lower layer as an input

for the optimal control of vehicle fuelling to achieve minimum filling time using a model predictive

control strategy (MPC). This study presents the first combined solution of the optimal minimisation of

CNG station energy cost through compressor scheduling, with the optimal control of the vehicle filling

pressure conditions from the cascade storage to achieve minimum filling time. The proposed approach

will safeguard the gains from energy cost savings, by ensuring a simultaneous improvement in gas

transfer performance which is of great importance to fuelling convenience. The work and case study

highlight how adoption of alternative fuels intersects with electricity demand response programs, and

how the operation optimisation for demand response must be enhanced with performance optimisation

to secure the resulting complementary benefits.
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For the rest of this chapter, Section 4.2 describes the modelling of the two layers of the optimal

operation approach, Section 4.3 presents the data and parameters considered, while Section 4.4 is a

discussion of the optimal operation results. Section 4.5 concludes this chapter.

4.2 SYSTEM MODELLING AND FORMULATION

4.2.1 The Energy Cost Minimisation Layer

Figure 4.1 shows the configuration of the CNG fast-fill station. Unlike in Figure 3.1, the dispenser

valves details are illustrated because they form part of the lower layer control variables together with

the priority panel valves. Under normal operation, the compressor receives natural gas from the utility’s

distribution pipeline at low to medium pressure, approximately 4–15 bar [39], and compresses it into a

three level cascade storage system. The gas being compressed passes through a priority panel valve

system that alternates the flow of CNG between the three levels of the cascade storage usually called

the high pressure, medium pressure and low pressure levels according to their minimum allowed

operating pressures [37]. The series of valves vhp, vmp and vl p in the priority panel represent the inlet

valves to the high pressure, medium pressure and low pressure tanks of the cascade storage respectively,

similar to the case in Section 3.2. When the upper pressure limit for all the cascade storage level is

achieved, the compressor switch u is turned off so that no more gas flows into the cascade storage.

Vehicles arriving at the dispenser have their tanks filled through the dispenser valves vohp, vomp and

vol p for the high pressure, medium pressure and low pressure cascade storage tanks, respectively. The

gas flow is alternated so that a lower limit of flow rate determines the tank from which the vehicle is

filled, starting with the lowest pressure tank to the medium pressure tank as the vehicle tank fills up

and topping off with the high pressure tank [105]. As CNG leaves the cascade storage, the pressure

in storage drops and when the minimum pressure limits are reached, the compressor switch u comes

on to replenish the storage [111] and the cycle is repeated. The gas demand at the dispenser, mo,

determines the cycling of the compressor and thus the total cost of electricity incurred in a TOU

electricity tariff. The energy cost minimisation layer is formulated as a mass flow problem. This means

that the scheduling of the compressor operation is optimised around mass inflow to the cascade storage

from the municipal supply line and mass outflow as determined by mass of gas demand at the dispenser

over the control horizon.
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Compressor

Priority Panel

high 
pressure

medium 
pressure

low 
pressure Dispenser

vhp vmp vlp

vohp vomp volp

Figure 4.1. Layout of the fast-fill CNG station.

4.2.1.1 Objective Function

The objective of this layer is to minimise the cost of electricity incurred by the compressor operation

over the control horizon so that the following objective function is used:

J =
N

∑
t=1

PcoPe(t)tsu(t), (4.1)

where t is the counter for the sampling instants, N is the total number of sampling instants over the

control horizon, Pco is the compressor power rating in kW , Pe(t) is a vector of the price of electricity

per kWh in a TOU tariff, ts is the sampling period and u(t) is the status of the compressor switch which

is the control variable such that

u(t) ∈ {0,1} for 1≤ t ≤ N. (4.2)

It is important to modify the objective function so that the switching frequency of the compressor is

minimised as well. This is because the frequency of on/off instances positively correlates to increased
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wear and tear of moving components of the compressor [86, 90]. For the optimised minimum cost of

electricity incurred over the control horizon, this study seeks to achieve the lowest number of switching

instances for the compressor. One of the methods considered is the one used in the previous chapter,

where the approach involves the reduction of the ramp rate between successive instances of the switch

so that the element of the objective function dealing with minimising compressor frequency is

Jq =
N−1

∑
t=1

(
u(t +1)−u(t)

)2

. (4.3)

Elsewhere the approach based on the introduction of an auxiliary variable s(t) [96, 97] was also

considered. The auxiliary variable assumes a value of 1 when a switch-on occurs and tries to minimise

the summation of the auxiliary variable over the control horizon such that

Jpr =
N

∑
t=1

s(t), (4.4)

and

u(1)− s(1)≤ 0, (4.5)

u(t)−u(t− i)− s(t)≤ 0. (4.6)

Although both methods have already been demonstrated to be effective, in this chapter, we introduce a

new method where the operation is optimised to prefer the occurrence of on-instances in succession of

each other by minimising the summation of the negative product of successive instances of the solution

to the control variable u, so that the objective function becomes

JU = ρ

N

∑
t=1

PcoPetsu(t)+(1−ρ)
N−1

∑
t=1

(
−u(t)u(t +1)

)
, (4.7)

where ρ is a weighting factor. The weighting factor can be set to reduce the number of switching

instances so that the minimum number possible is attained for the same energy cost incurred such

as was the case in Chapter 3. The method proposed in this chapter for minimising the frequency of

compressor switching, involves a single mathematical operation and no additional constraints which

reduces the computational complexity of the problem when compared with (4.3) and (4.4).
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4.2.1.2 Constraints

The constraints for this upper layer minimising energy cost are based on the total mass storage capacity

of the cascade storage as well as the terminal conditions so that

mmin ≤ m(t)≤ mmax, (4.8)

where mmax is the maximum mass limit of gas for the cascade storage corresponding to the maximum

pressure limits, mmin is the minimum mass limit of gas for the cascade storage at the minimum pressure

limits and the mass of gas in the cascade storage m(t) is

m(t) = m(0)+ ts
t−1

∑
i=0

ṁcou(i)−
t−1

∑
i=0

mo(i), (4.9)

where mo(i) is the mass of gas flowing out of the cascade storage into a vehicle in a sampling instant

and ṁco is the mass flow rate of the compressor in kg/h which is obtained as [30]

ṁco = ρstd×Qstd = (
Mwg

Mwa
)×ρa,std×Qstd , (4.10)

where ρstd is the density of CNG in kg/m3, Mwg is the molecular weight of the CNG, Mwa is the

molecular weight of air, ρa,std is the air density in kg/m3 and Qstd is the capacity of the compressor

in m3/h. The values of ρstd , ρa,std and Qstd are under standard conditions (0oC temperature and

105 pascals pressure) [87].

The mass limits of gas for the cascade storage capacity constraints mmin and mmax are derived from

working pressure limits of the cascade storage and the physical properties of the gas

pV = znRT, (4.11)

where p is the value of the pressure rating in bars, V is the total volume of the cascade storage in L, z

is the compressibility factor, R is the ideal gas constant and n the quantity of gas in moles which is

correlated with the mass as

n =
m
M
, (4.12)
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where M is the molar mass. The working mass limits for the cascade storage therefore become

mmax =
MV Pmax

zRT
mmin =

MV Pmin

zRT
. (4.13)

4.2.1.3 Algorithm

To solve the problem using OPTI toolbox SCIP solver interfaced in Matlab [101], the upper layer

energy cost minimisation layer problem is formulated in the form

minimisex f (x), (4.14)

subject to Ax≤ b, (4.15)

lb ≤ x≤ ub, (4.16)

x ∈ {0,1}. (4.17)

The objective function in (4.7) is expressed as

f (x) =

(
ρPcoPets×

(
u(1)+u(2)+ · · ·+u(N)

))
−

(
(1−ρ)×

(
u(1)×u(2)+u(2)×u(3)+ · · ·+u(N−1)×u(N)

))
.

(4.18)

From the constraint (4.8) and the dynamic equation of mass (4.9), these linear inequalities can be

expressed as

AAAxxx≤ bbb111, (4.19)

−AAAxxx≤ bbb222, (4.20)

where

AAA =


−tsṁco 0 · · · 0

−tsṁco −tsṁco · · · 0
...

...
. . .

...

−tsṁco −tsṁco · · · −tsṁco


N×N

, (4.21)
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bbb111 =



m(0)−mmin−mo(1)

m(0)−mmin−
(

mo(1)+mo(2)
)

...

m(0)−mmin−
(

mo(1)+mo(2)+· · ·+mo(N)
)


N×1

, (4.22)

bbb222 =



mmax−m(0)+mo(1)

mmax−m(0)+
(

mo(1)+mo(2)
)

...

mmax−m(0)+
(

mo(1)+mo(2)+· · ·+mo(N)
)


N×1

. (4.23)

The linear inequality constraints in the form of AAAxxx≤ bbb become

AAA =

 AAA

−AAA


2N×N

,bbb =

 bbb111

bbb222


2N×1

. (4.24)

The control vector for the problem, x, can be written in the standard form

xxx = [u(1),u(2) · · ·u(N)]TN×1. (4.25)

4.2.2 Gas Flow Optimisation Layer

A model predictive control (MPC) strategy is implemented on the lower layer with a prediction horizon

Np and the sampling time tss. The status of the compressor switch u is obtained from the solution of

optimisation of the upper layer. Whenever switch u is on, gas flows into the three tank storage via

valves vhp, vmp and vl p of the priority panel. The gas flows in from the compressor at a constant mass

flow rate ṁco. Each of the three tanks has maximum and minimum pressures, pmax
hp , pmax

mp , pmax
l p and pmin

hp ,

and pmin
mp and pmin

l p , respectively. Gas flows into the vehicle from the storage tanks via the dispenser

valves vohp, vomp and vol p. The initial pressure for each vehicle tank pveh is a known quantity from the

demand data while the initial pressure for the high pressure tank php, medium pressure tank pmp and

low pressure tank pl p are measured from the final conditions after the previous control action.
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4.2.2.1 Objective Function

The objective of this layer is to minimise the difference between the vehicle tank pressure pveh(k+ j)

and the target pressure pT (k+ j) which corresponds to the quantity of gas ordered by the customer

for the vehicle at step j based on the current sampling instant k. This ensures continuous flow of

gas from the cascade storage tanks to the vehicle tank. Additionally, we minimise the summation of

dispenser valve action instances, which ensures minimisation of filling time. This is because lowering

the total number of instances required for the dispenser valves to be on in order to fill the vehicle tank,

corresponds to a shorter filling time of the vehicle tank. Therefore, the controller prefers the cascade

filling profile with the least number of total dispenser valve open instances. The objective function

based on the current sampling instant k is therefore to minimise

JL(k) = (ς)
Np−1

∑
j=0

(
pT (k+ j)− pveh(k+ j)

)
+(1− ς)

Np−1

∑
j=0

(
vohp(k+ j)+ vomp(k+ j)+ vol p(k+ j)

)
, (4.26)

where ς is a weighting factor and vohp(k+ j), vomp(k+ j) and vol p(k+ j) are the dispenser statuses

for the high pressure, medium pressure and low pressure cascade storage tanks, respectively. Gas

flow from the cascade storage tanks to the vehicle tank, ṁveh(k+ j) ensures that the vehicle pressure

approaches the target pressure value and is the sum of flow rates from the three tanks, so that based on

the current sampling instant k

ṁveh(k+ j) = ṁhp(k+ j)vohp(k+ j)+ ṁmp(k+ j)vomp(k+ j)+ ṁl p(k+ j)vol p(k+ j). (4.27)

The equations for the instantaneous flow rates ṁhp(k+ j), ṁmp(k+ j) and ṁl p(k+ j) between the high,

medium and low pressure tanks of the cascade storage, respectively, and the vehicle tank, are based on

the ideal gas model for an adiabatic system [112] and are governed by the pressure ratios between the

storage tanks and the vehicle tank. i.e.,

ṁhp(k+ j) =Cdρhp(k+ j)Aori f ice

(
pveh(k+ j)
php(k+ j)

) 1
γ

{
(

2γ

γ−1
)(

php(k+ j)
ρhp(k+ j)

)

(
1− (

pveh(k+ j)
php(k+ j)

)
γ−1

γ

)} 1
2

for
pveh(k+ j)
php(k+ j)

≤
(

2
γ +1

) γ

γ−1

,

(4.28)

and
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ṁhp(k+ j) =Cd

√
γ php(k+ j)ρhp(k+ j)Aori f ice

(
2

γ +1

) γ+1
2(γ−1)

for
pveh(k+ j)
php(k+ j)

≥
(

2
γ +1

) γ

γ−1

, (4.29)

and similarly for the ṁmp(k+ j)

ṁmp(k+ j) =Cdρmp(k+ j)Aori f ice

(
pveh(k+ j)
pmp(k+ j)

) 1
γ

{
(

2γ

γ−1
)(

pmp(k+ j)
ρmp(k+ j)

)

(
1− (

pveh(k+ j)
pmp(k+ j)

)
γ−1

γ

)} 1
2

for
pveh(k+ j)
pmp(k+ j)

≤
(

2
γ +1

) γ

γ−1

,

(4.30)

and

ṁmp(k+ j) =Cd

√
γ pmp(k+ j)ρmp(k+ j)Aori f ice

(
2

γ +1

) γ+1
2(γ−1)

for
pveh(k+ j)
pmp(k+ j)

≥
(

2
γ +1

) γ

γ−1

, (4.31)

and for ṁl p(k+ j)

ṁl p(k+ j) =Cdρl p(k+ j)Aori f ice

(
pveh(k+ j)
pl p(k+ j)

) 1
γ

{
(

2γ

γ−1
)(

pl p(k+ j)
ρl p(k+ j)

)

(
1− (

pveh(k+ j)
pl p(k+ j)

)
γ−1

γ

)} 1
2

for
pveh(k+ j)
pl p(k+ j)

≤
(

2
γ +1

) γ

γ−1

,

(4.32)

and

ṁl p(k+ j) =Cd

√
γ pl p(k+ j)ρl p(k+ j)Aori f ice

(
2

γ +1

) γ+1
2(γ−1)

for
pveh(k+ j)
pl p(k+ j)

≥
(

2
γ +1

) γ

γ−1

, (4.33)

where γ is the ratio of specific heats

γ =
cp

cv
, (4.34)

and cp is the specific heat capacity of the gas at constant pressure while cv is specific heat capacity of

the gas at constant volume. Cd is the coefficient of discharge of the dispenser valve orifice, Aori f ice is

the area of the dispenser valve orifice in m2 and ρhp, ρmp and ρl p are the densities of the gas in the

high pressure ,medium pressure and low pressure reservoirs respectively in kg/m3.
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4.2.2.2 Constraints

The valves at the dispenser and the priority panel, as the control variables, are subject to operational

constraints. The valves of the priority panel open one at a time when the compressor is filling the

cascade storage reservoirs which gives the constraint in (4.35). The valves of the dispenser also open

one at a time during the filling of the vehicle from the cascade storage as represented by the constraint

in (4.36).

vhp(k+ j)+ vmp(k+ j)+ vl p(k+ j)−u(k+ j) = 0, (4.35)

vohp(k+ j)+ vomp(k+ j)+ vol p(k+ j)≤ 1, (4.36)

vohp(k+ j),vomp(k+ j),vol p(k+ j),vhp(k+ j),vmp(k+ j),vl p(k+ j),u(k+ j) ∈ {0,1}.

Further, the vehicle tank pressure pveh and the pressure in the three cascade reservoirs php, pmp and pl p,

as the states of the gas flow optimisation layer, are also subject to operational constraints. The limits of

pressure for the vehicle tank and each of the reservoirs of the cascade storage are such that

pmin
hp ≤ php(k+ j)≤ pmax

hp , (4.37)

pmin
mp ≤ pmp(k+ j)≤ pmax

mp , (4.38)

pmin
l p ≤ pl p(k+ j)≤ pmax

l p , (4.39)

pveh(k+Np +1− j)≥ pT (k), (4.40)

Equations (4.37)–(4.39) ensure that the maximum and minimum working pressures of the cascade

storage tanks are not exceeded, while (4.40) ensures that, at the end of the control horizon, the vehicle

tank is filled to the target pressure corresponding to the requested quantity of gas by the customer.
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Based on the described flow of gas for the proposed approach, the general differential equations for

pressure change in the vehicle and cascade storage reservoirs are

d
dt

pveh(t) = ṁveh(t)K1, (4.41)

d
dt

php(t) =−ṁhp(t)Khpvohp(t)+ ṁcovhp(t), (4.42)

d
dt

pmp(t) =−ṁmp(t)Kmpvomp(t)+ ṁcovmp(t), (4.43)

d
dt

pl p(t) =−ṁl p(t)Kl pvol p(t)+ ṁcovl p(t), (4.44)

where the constants K1, Khp, Kmp and Kl p are

K1 = T
(

cp

cv

R
Vveh

)
, Khp = T

(
cp

cv

R
Vhp

)
, Kmp = T

(
cp

cv

R
Vmp

)
and Kl p = T

(
cp

cv

R
Vl p

)
,

(4.45)

where Vveh, Vhp, Vmp and Vl p are the volumes of the vehicle tank in L, high pressure reservoir, medium

pressure reservoir and low pressure reservoir, respectively. This yields the following discrete equations

of pressure, for the current sampling instant k

pveh(k+ j) = pveh(k)+ tssK1

k+ j

∑
τ=k

ṁveh(τ), (4.46)

php(k+ j) = php(k)− tssKhp

k+ j

∑
τ=k

ṁveh(τ)vohp(τ)+ tssṁco

k+ j

∑
τ=k

vhp(τ), (4.47)

pmp(k+ j) = pmp(k)− tssKmp

k+ j

∑
τ=k

ṁveh(τ)vomp(τ)+ tssṁco

k+ j

∑
τ=k

vmp(τ), (4.48)

pl p(k+ j) = pl p(k)− tssKl p

k+ j

∑
τ=k

ṁveh(τ)vol p(τ)+ tssṁco

k+ j

∑
τ=k

vl p(τ). (4.49)
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4.2.2.3 Algorithm

The Mixed Integer Distributed Ant Colony Optimisation (MIDACO) solver was chosen for the solution

of the lower layer MPC problem because it was found to be significantly more time efficient in solving

this mixed integer nonlinear programming (MINLP) problem, compared to the OPTI toolbox SCIP

solver used in Chapter 3 and in the upper layer integer programming problem in Section 4.2.1.3 [113].

To solve the gas flow optimisation layer problem using the Mixed Integer Distributed Ant Colony

Optimisation (MIDACO) solver, the components of the problem have to be formulated as

minimise f (x) (objective function) (4.50)

subject to g(x) = 0 (equality constraints) (4.51)

h(x)≥ 0 (inequality constraints) (4.52)

The control vector consists of the conditions of the three priority panel valves and the three dispenser

valves, and for each sampling instant k, x can be written in the standard form

xxx = [vhp(k+1),vhp(k+2), · · ·vhp(k+Np),vmp(k+1),vmp(k+2), · · ·vmp(k+Np),vl p(k+1),

vl p(k+2), · · ·vl p(k+Np),vohp(k+1),vohp(k+2), · · ·vohp(k+Np),vomp(k+1),

vomp(k+2), · · ·vomp(k+Np),vol p(k+1),vol p(k+2), · · ·vol p(k+Np), ]
T
6Np×1.

(4.53)

The objective function (4.26),

fff (((xxx))) = [ς ×
(

PT −Pveh(k+1)+PT −Pveh(k+2) · · ·PT −Pveh(k+Np)
)
+(1− ς)×

(
vohp(k+1)+

vomp(k+1)+ vol p(k+1)+ vohp(k+2)+ vomp(k+2)+ vol p(k+2) · · ·

vohp(k+Np)+ vomp(k+Np)+ vol p(k+Np)
)
].

(4.54)

The equality constraint (4.35) yields the g(x) = 0 set for the algorithm so that

ggg(((xxx))) =


vhp(k+1)+vmp(k+1)+vl p(k+1)−u(k+1)

vhp(k+2)+vmp(k+2)+vl p(k+2)−u(k+2)
...

vhp(k+Np)+vmp(k+Np)+vl p(k+Np)−u(k+Np)


Np×1

, (4.55)
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while the inequality (4.36) yields the first set of h(x)≥ 0 such that

hhh111(((xxx))) =



1−
(

vohp(k+1)+vomp(k+1)+vol p(k+1)
)

1−
(

vohp(k+2)+vomp(k+2)+vol p(k+2)
)

...

1−
(

vohp(k+Np)+vomp(k+Np)+vol p(k+Np)
)


Np×1

. (4.56)

The next set of inequality constraints is derived from (4.37)–(4.39) such that

hhh222(((xxx))) =



pmax
hp −php(k+1)

...

pmax
hp −php(k+Np)

pmax
mp −pmp(k+1)

...

pmax
mp −pmp(k+Np)

pmax
l p −pl p(k+1)

...

pmax
l p −pl p(k+Np)

php(k+1)−pmin
hp

...

php(k+Np)−pmin
hp

pmp(k+1)−pmin
mp

...

pmp(k+Np)−pmin
mp

pl p(k+1)−pmin
l p

...

pl p(k+Np)−pmin
l p


6Np×1

. (4.57)

The final element of the inequality constraints is derived from (4.40), yielding

hhh333(((xxx))) =
[

pveh(k+N+1− j)−pT (k)
]

1×1
. (4.58)
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The combined set of inequality constraints therefore becomes

hhh(((xxx))) =


hhh111(((xxx)))

hhh222(((xxx)))

hhh333(((xxx)))


(7Np+1)×1

. (4.59)

At the current sampling instant k, an open loop optimisation problem is solved by the controller for

the prediction horizon Np. Only the first elements of the control variables vhp, vmp, vl p, vohp, vomp and

vol p are implemented on the CNG filling station plant. The vehicle pressure pveh and the pressure in

the cascade storage tanks php, pmp and pl p, which are the system states, are measured and the values

fed back to the MPC controller, forming the initial states for the following sampling instant k+1.

The input variables are then updated and the cycle repeated until all control actions for the intended

period are implemented.

The MPC controller workflow is such that:

1. For the current sampling instant k, the controller minimises the objective function (4.26) and

finds an optimum solution for the control variables vhp, vmp, vl p, vohp, vomp and vol p, subject to

the constraints set out in Section 4.2.2.2.

2. From the solution, only the first elements of the solution vhp(k|k), vmp(k|k), vl p(k|k), vohp(k|k),

vomp(k|k) and vol p(k|k) are implemented.

3. The states pveh(k+1), php(k+1), pmp(k+1) and pl p(k+1) are measured to be fed back.

4. The value of k is set to k = k+1 and system states, inputs and outputs are updated.

5. Steps 1–4 are repeated until k reaches a value predetermined to mark the end of the control period.

4.3 CASE STUDY

The case study involves a roadside vehicle fuelling station based in Johannesburg South Africa, that is

currently in operation, located in an industrial zone, as shown on the map in Figure 4.2. The average

hourly demand profile for a 24-hour period, which is the upper layer control horizon N, is shown in

Figure 4.3. The station serves vehicles mainly in the public transportation sector and fleets of courier

and security firms. Both individual and fleet customers arrive one by one on their individual need basis,
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Figure 4.2. Station location and land use map.

and there is currently no scheduled fleet refuelling at this station. Vehicles serviced by the fuelling

station are hybrid fuelled, with combined CNG and diesel/petrol powered engines. The vehicles are

run on CNG and resort to diesel and petrol power when the CNG in their tanks runs out. The station

itself obtains gas from a municipal line, which is compressed by a 132 kW motor powered compressor,

into three levels of the cascade storage, which are 2000 L each. The three level tanks have a maximum

operating pressure of 250 bar and are in the baseline operated at minimum pressures of 75 bar, 150

bar and 210 bar for the low pressure, medium pressure and high pressure reservoirs, respectively. The

compressor pumps gas into the storage at a rate of 900 m3/h. Although the station has two installed

compressors and three dispensers, the station only operates one compressor and fills vehicles from

one dispenser, since the current number of customers visiting the station is modest and no congestion

or queuing problem has arisen. The station compressor operates between the limits of the quantity

of gas in storage with the compressor being switched on at the lower limit to fill the cascade storage,

and once the compressor is on, stays on to fill the cascade storage to the upper limit. The compressed

natural gas station purchases electricity from South Africa’s national utility firm Eskom based on a

time-of-use tariff known as the Miniflex tariff which is priced in South African Rands as

pe(t) =


po f f peak = 0.5157 R/kWh if t ∈ [0,6]∪ [22,24]

pstandard = 0.9446 R/kWh if t ∈ [9,17]∪ [19,22]

ppeak = 3.1047 R/kWh if t ∈ [6,9]∪ [17,19]

(4.60)
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The tariff is divided into peak, offpeak and standard times during the day, reflecting the times during

the day when electricity demand is high, low and intermediate, respectively.
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Figure 4.3. Average hourly gas demand profile for the Johannesburg CNG fuelling station.

A sampling time of 15 minutes is used for the upper layer of this study with a control horizon of 24

hours. For the lower layer MPC problem, a sampling time of 20 seconds for a receding prediction

horizon Np of five minutes is used. During existing baseline operation, vehicle tank filling starts at

the low pressure reservoir and the transfer to medium and high pressure reservoirs occurs when the

flow rate between the reservoir and the vehicle tank falls to a set point. This study seeks to allow the

flexibility of the transfer of vehicle filling between the reservoirs through optimised control of the

dispenser valves in the lower layer. The priority panel valves and the dispenser valves are modelled as

binary valves with orifice diameters of 5 mm each. There are two sizes of vehicle cylinders for the

vehicles fuelled in the 24 hour control horizon at 80 and 100 litres respectively. The initial vehicle

tank pressure is assumed to be 1 bar since the vehicles are hybrid CNG and petrol/diesel powered and

typically refill CNG tanks on empty.

The solution of the upper layer compressor schedule obtained from optimisation for the average 24-hour

demand is applied to the MPC receding horizon control of vehicle filling, for a day in which 143

vehicles fuel at the CNG station with gas demand as shown in Figure 4.4. Table 4.1 shows additional

parameters and constants
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Figure 4.4. Individual vehicle gas demand over 24 hours.

Table 4.1. Additional parameters and constants.

Parameter Value

ρa,std 1.225 kg/m3

Cd 0.61

γ 1.304

Mwa 0.028966 g

Mwg 0.0164 g

R 0.083145 LbarK−1mol−1

T 294.15 K

Figure 4.5 demonstrates the functioning of the compressor under the baseline cycling operation. The

compressor cycles between the minimum and maximum limits of the storage to maintain the level of

gas within designed operation limits. Indeed, in Figure 4.5(a), it is clear that the compressor operates

during the peak electricity pricing period in the morning, as well as during the standard electricity

pricing period during the rest of the day. This means that, under baseline operation, the station does not

take advantage of the low electricity prices of the offpeak electricity pricing periods. The total cost of

electricity incurred as a result of this baseline operation profile is R440.23. The main component of this

cost is the cost of electricity consumed as a result of the compressor-on status during the significantly

expensive peak electricity pricing period and an optimal avoidance of this occurrence should lower the

cost considerably.
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Figure 4.5(a): Compressor switch action
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Figure 4.5(b): Total mass of gas in storage

Figure 4.5. Baseline operation profile.

4.4 RESULTS

4.4.1 Energy cost minimisation layer results.

The optimised results for the operation schedule of the compressor are shown in Figure 4.6. The pro-

posed approach is successful in preventing compressor-on instances during both peak electricity

demand periods for the average 24-hour gas demand of the control horizon. Preceding the first peak

demand period between 06:00 and 09:00, the compressor switches on to replenish the gas in storage

so as to sustain demand during the peak electricity pricing period during which the compressor stays

off. There are two instances when the compressor is turned on during the standard electricity pricing

period to meet the gas demand as well as to refill the cascade storage before the second peak electricity

demand period of the 24 hours. Prior to the second peak, the cascade storage is refilled. The level of

gas is thereafter enough to sustain the demand until the end of the second standard electricity pricing

time at 22:00.

The delay in switching on the compressor after the second peak demand period is a desirable outcome

of the optimisation strategy. This is in response to the pricing of the standard electricity demand period

that is higher than the pricing during the offpeak electricity demand period, which causes the controller

to prefer delaying compressor-on status beyond the peak electricity demand period [114]. The delay
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Figure 4.6(a): Compressor switch action
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Figure 4.6(b): Total mass of gas in storage

Figure 4.6. Optimised compressor operation result for the average 24-hour horizon.

is an important quality of the realised schedule as it reduces the contribution of the CNG station to

the grid comeback load associated with the surge in electricity demand immediately following the

end of the peak pricing period [115, 116]. A total of four switching instances occur over the control

horizon, which is comparable with observed results for alternative strategies observed in Chapter 3.

This implies the superiority of the current method as it matches the performance of previously proposed

techniques with the added benefit of fewer mathematical operations, thereby achieving the goal of

reducing computational complexity of the problem. The computing time achieved for the upper layer

using the proposed approach was 15.15 seconds, compared to 20.22 seconds for the method using (4.3)

and 35.58 seconds for the method in (4.4). The strategy reduces the cost of electricity over the 24-hour

horizon from the baseline R440.23 to R175.74, which represents a 60.08% reduction in energy cost.

This is a significant reduction in cost of operation through a strategy that involves only a change in the

operation schedule, without additional investment in new hardware.

4.4.2 Gas Flow Optimisation Layer Results

The compressor scheduling results from the energy cost minimisation layer are passed onto the lower

layer, for the implementation of the MPC strategy in the vehicle tank filling for each of 143 vehicles

fuelled over 24 hours. These upper layer results determine the status of the compressor switch for

a particular sampling instant in the lower layer. In the lower layer problem, four scenarios emerge,
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with each having a different priority panel and dispenser status combination. To ascertain the validity

of the proposed approach, the system operation must remain valid and consistent with the system

constraints under the four scenarios. These four scenarios are, vehicle tank filling with compressor off,

vehicle tank filling with compressor on, compressor on without a vehicle filling at the dispenser, and

compressor off without a vehicle filling at the dispenser.

4.4.2.1 Vehicle Filling with the Compressor Off

The results of optimised MPC filling process when a vehicle is at the dispenser and the compressor

is off are shown in Figure 4.7. The results show the filling profile of the fourth vehicle of the 143

filled over the 24–hour control horizon of the upper layer. The priority panel remains inactive since no

gas flows into the cascade storage from the compressor given the off-status of the compressor switch,

which is scheduled from the optimisation of the upper layer. All levels of cascade storage are utilised

in the implemented control actions of the filling process to attain the pressure corresponding to the

target level of gas to be filled in the vehicle.

The dispenser valves from the three cascade storage tanks switch between each other to fill the vehicle’s

tank, as shown in Figure 4.7(b), producing the optimal pressure profile of the filling shown in Figure

4.7(c). In Figure 4.7(b), the MPC controller shuffles the operation of the dispenser valves between

the three levels of the cascade storage in the filling process which is dependent on the pressure ratio

between the vehicle tank and the reservoirs. This is different from the baseline operation where filling

is sequentially scheduled and switching occurs at the set point of the dropping flow rate. A comparison

of the pressure increase in the vehicle tank under the optimal control strategy and the baseline can be

seen in Figure 4.7(c). A filling time of 200 seconds is achieved, which is shorter than the 220 seconds

achieved under the baseline operation.

4.4.2.2 Vehicle Filling with the Compressor On

When the vehicle is filled as the compressor is filling the cascade storage, the profile of operation is

shown in Figure 4.8. The results show the profile of the filling process for 38th vehicle of the 143

filled over the 24-hour control horizon. A smooth filling profile is obtained with a filling time of 200

seconds, which is shorter by 20 seconds from the baseline filling profile.
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Figure 4.7. Vehicle filling without the compressor (fourth vehicle of 143).

Similar to the filling of the vehicle while the compressor is off, the dispenser valves switches between

levels of cascade storage to produce the optimal filling profile of the vehicle tank so that the targeted

quantity of gas is transferred. The priority panel valves alternate the filling of the gas from the

compressor into the cascade storage between the three levels.

For both cases in Sections 4.4.2.1 and 4.4.2.2, the proposed control strategy produces an efficient

accelerated filling of the vehicle tank by switching optimally between the dispenser valves to achieve

the minimum possible number of total dispenser valve-on instances to reach the targeted transfer of

gas to the vehicle, which corresponds to the shortest possible filling time under the given constraints.

This filling profile represents the optimal increase in pressure in the vehicle tank as achieved through
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the MPC strategy of the lower layer.
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Figure 4.8(b): Dispenser valves

Time (s)

0

50

100

150

200

250

Pr
es

su
re

 (b
ar

s)

Php
Pmp
PlpPveh
PvehBaseline

0  100 200 300

Figure 4.8(c): Pressure

Figure 4.8. Vehicle filling with the compressor on (38th vehicle of 143).

Under this novel optimised MPC filling approach, the improvement in filling time is achieved with

a median of 20 seconds reduction in filling time for an average saving of 16.92 seconds for the

143 vehicles. This outcome confirms that, by altering the operation of the dispenser valves through

optimisation, better CNG fuelling performance can be achieved, which would further justify the

optimisation of the CNG station operations, beyond the minimising of electricity costs.
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4.4.2.3 Cascade Reservoir Filling without Vehicle Fuelling

As dictated by the energy cost optimisation layer schedule, during the interval when there is no vehicle

fuelling at the dispenser but the compressor is on, the profile for the filling of the cascade storage from

the compressor is shown in Figure 4.9. A preference to keep the high pressure reservoir of the cascade
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Figure 4.9. Compressor operation without vehicle being filled.

storage at high pressure is observed under the MPC strategy for the lower layer. The pressure level is

flexibly controlled to fulfil the optimal control goals of vehicle filling and meet the conditions of the

operation constraints. By successfully keeping the dispenser valves in the off position, the strategy

demonstrates feasibility under this condition and achieves the expected performance profile for the

given operational constraints.
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Figure 4.10(a): Priority panel valves
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Figure 4.10. Profile with compressor off and no vehicle at the dispenser.

4.4.2.4 Control Action during Idle Time

It is necessary to report on the system performance during idle time when the compressor is off and

there is no vehicle fuelling at the dispenser. The state of the control variables and the pressure in the

cascade storage for the lower layer is shown in Figure 4.10. The results show that the dispenser valves

and priority panel valves remain in the off position over the entire control period demonstrating that

the MPC strategy for the lower layer remains feasible when there is no inflow or outflow of gas from

the cascade storage of the filling station. This indicates that the strategy is sufficiently constrained for

all operation scenarios of the CNG filling station.
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The proposed two-layer optimisation for the reduction of energy cost and improvement filling efficiency

shows a feasibility demonstrated in the results with a significant reduction in energy cost and vehicle

filling time. The achieved reduction in the cost of electricity for the CNG fast-fill station by 60.08%

can be passed on to consumers on cost per unit because of the lowered cost of gas delivery. Further, a

shorter filling time is achieved for vehicles fuelling at the station with a median reduction in filling time

of 20 seconds and an average reduction by 16.92 seconds for all the vehicles through the MPC strategy

for the lower layer. Reduced fuelling time is a welcome improvement in fuelling convenience that

could serve to maintain existing CNG vehicle customers and lower the level of concern for new CNG

vehicle users. The benefits from the optimisation of the two layers can be viewed as complementary

to one another, given the cascaded improvement in financial and technical performance of the CNG

station that has been realised.

4.4.3 Sensitivity Analysis
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Figure 4.11(a): Percentage disturbances to demand
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Figure 4.11(b): Mass of gas in storage.

Figure 4.11. System performance under random gas demand disturbances.

An analysis was carried out to scrutinise the validity of the model’s output under disturbances, which

originate from scenarios that alter the input parameters. A random change in the gas demand, which

is an important parameter for compressor scheduling, is the most probable source of disturbance for

the proposed optimal operation approach and could affect the feasibility of the compressor schedule

solution. Consequently, an inspection of the possible effects of random disturbances, implemented as

random percentage increase or decrease in hourly gas demand, on the quantity of gas in storage was

done. The disturbance demand profiles are shown in Figure 4.11(a).
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It is evident in Figure 4.11(b) that the solution of the compressor schedule obtained through the optimal

scheduling remains valid through the series of variations in hourly gas demand of up to 20%. This

means that the limits of the quantity of gas stored in the cascade storage are not violated if the schedule

obtained is implemented, even if some variation in demand occur. However, when effecting the optimal

schedule solution to the existing station controller, it is necessary to include safety interrupts to tackle

circumstances where large disturbances cause a violation of operating limits, as shown in Figure

4.11(b) for the 25% variation in demand. These interrupts would correct the violation by either shutting

off the compressor outside of schedule when the maximum quantity of gas limit in the cascade storage

is reached, or by turning on the compressor outside of schedule when the minimum limit is reached as a

result of unexpected gas demand circumstances. The feedback characteristic of the MPC strategy in the

lower layer allows for the controller to adapt to disturbances in the system inputs [117], which means

that when disturbances in the quantity of gas condition in the cascade storage occur, the controller

updates operation control to attain the lower layer objectives.

Table 4.2 shows the fuelling time for each of the two vehicles in Sections 4.4.2.1 and 4.4.2.2 when gas

level disturbances in one of the three cascade storage cylinders are implemented. By feeding back the

conditions of the system states to the controller input, the approach allows for new calculation of future

control action so as to meet the set optimisation goals. The solutions from the proposed approach to

optimal CNG station operation have thus been shown to be valid for the predicted operating conditions

as well as under some variations to these conditions.

Table 4.2. Vehicle filling time.

Gas Level Disturbance 4th Vehicle(s) 38th Vehicle(s)

5% 200 200

10% 200 200

15% 200 200

20% 200 200

4.5 CONCLUSIONS

Participation of CNG delivery infrastructure in demand response programs not only saves cost for the

station operators and CNG users, but it is also a participation in contributing to the wider goals of such

programs in increasing grid reliability and efficiency for all electricity users in society. Cities seeking
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to expand the use of alternative fuels as cleaner means of transportation also need the associated

infrastructure to develop responsibly with regard to use of electricity, which is an indispensable

resource.

This chapter provides an expansive perspective of the operation profile of an optimised CNG fast-fill

station, which is the major component of gas delivery infrastructure, incorporating both energy savings

and pressure conditions management. The proposed approach achieves a huge reduction in the cost of

electricity for the CNG fast-fill station, and delivers on shorter filling time for vehicles fuelling at the

station. The results demonstrate savings of up to 60.08% in electricity cost for the upper layer as well

as average savings of 16.92 seconds in vehicle fuelling time for the lower layer. Further, the sensitivity

analysis shows an ability of the solutions obtained to withstand some disturbances in the inputs, which

is important for the station operation reliability.

Implementation of energy cost reduction strategies by energy users should remain sensitive to other

performance considerations in the core area of the business. For compressed natural gas vehicle users,

vehicle fuelling time cannot be jeopardised as it is one of the main consideration consumers make

when deciding on adoption of cleaner gaseous alternative fuels. The study demonstrates that benefits

associated with adoption of CNG can be amplified by optimally operating delivery infrastructure with

respect to existing demand response programs while simultaneously improving customer convenience.

As an introductory study on the implementation of a combined energy cost and filling time optimisation,

this study is a timely highlight to an important intersection between different approaches to better use

of energy and system performance.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

76



CHAPTER 5 OPTIMAL COMPRESSOR SIZING,

OPERATION AND POWER DISPATCH

OF A DUAL POWERED CNG FUELLING

STATION

5.1 CHAPTER OVERVIEW

The optimal operation of the CNG fast-fill station, with the objective of minimizing energy cost in

time-of-use (TOU) electricity tariff environments has been the main subject of the preceding two

chapters. The TOU tariff for the grid electricity is a demand response program implemented to

incentivize the change in electricity consumption behaviour by customers, enabling the grid operator

to lower demand peaks and better match electricity load to the generation capacity [66, 118]. The

distribution of the peak load to alternative times reduces the overall load fluctuation which has been

shown to be a cost effective strategy of raising grid reliability and stability [9, 63]. In Chapter 3 the

CNG fast-fill station was modelled as a mass balance system, where the plant dynamics were balanced

between the inflow from the compressor pumping gas into the cascade storage, initial conditions in

the cascade storage tanks and the outflow from the gas demand over the station for a 24 hour control

horizon. In order to minimize the number of on/off instances the compressor would undergo in the

optimized solution, a quadratic element minimizing the ramp rate of the compressor switch status

was compared with the method involving the use of an auxilliary variable first proposed by [96] for

electric motor systems named the Pretoria method. Further, the expected operation of the priority panel

under the optimal solution for the scheduled compressor operation was reported and a comparison of

the strategies for limiting compressor on/off instances was performed. In Chapter 4, a hierarchical

approach to the optimal operation of the CNG station was carried out, where in the lower layer, the
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optimal operation of valves for a three-line priority panel and dispenser, to achieve minimum filling

time under an upper layer optimization of compressor scheduling. While the outcomes reported are

important additions to existing research on the optimization of infrastructure in the CNG delivery

chain that other researchers have contributed to [119, 120, 121], there still exist ignored opportunities

to further enhance the CNG station performance by taking advantage of complementary benefits of

CNG station compressor capacity matching to the demand, optimal dispatch of multiple sources of

power and optimization of the filling process.

The work in this chapter seeks to compare the performance of optimally sized FSD and VSD com-

pressors used in a CNG fast fill station, as well as minimize the cost of energy used to run the

compressor by optimally dispatching the grid electricity and natural gas (NG) generator power to the

compressor in consideration of the TOU tariff of grid electricity. The compressor is the main contrib-

utor to electricity consumption at the station [33] and could be optimally sized to meet the existing

demand lowering over-sizing inefficiencies, this is both an equipment and technology consideration

under the POET approach to energy efficiency. Further, the use of a four line priority panel in place of

a three line priority panel introduces the option of direct filling of vehicle tanks from the compressor,

that can be beneficial in reducing the filling time of vehicle tanks, when the flow rate from the cascade

storage tanks is low. The aim is to achieve minimized energy cost in a CNG station powered by grid

and NG generator and at the same time meet gas demand and minimize the vehicle tank filling time, by

deploying both a combined optimal sizing and optimal operation approach. In the proposed operation

configuration, the station compressor power will be supplied from the grid and the NG generator so that

minimal cost of energy is incurred over the control horizon by considering the TOU tariff of the grid

and the pricing of natural gas fuel for the NG generator. The results of the study contribute further to

the cost efficiency of CNG refuelling infrastructure as well as ensure efficient gas transfer is achieved

for the CNG vehicle users.

In the rest of this chapter, Section 5.2 is a description of the optimal sizing and optimal operation

models for both the FSD and VSD compressors, Section 5.3 contains the case data and parameters,

and Section 5.4 contains the results and discussion of the outcomes. Section 5.5 is the conclusion of

the chapter.
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5.2 SYSTEM MODELLING AND FORMULATION
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Municipal 
gas line vhp vmp vlp vco

vohp vomp volp

Figure 5.1. Layout of the fast-fill CNG station

Figure 5.1 shows the schematic of the proposed configuration of the CNG station. The compressor

is powered from two sources; the grid electricity and the NG generator. Gas from the compressor

flows through the priority panel, going to either the three levels of the cascade storage or directly to the

vehicle cylinder at the dispenser. The four line priority panel offers availability of the superior flow

rate from the compressor for filling vehicle tanks when the flow from the cascade storage is low, which

is in contrast to the exclusive filling of vehicle tanks from the cascade storage in the three line priority

panel configuration.

To achieve the objectives of the proposed approach, firstly, the models for achieving optimally minimal

energy cost involves optimally minimizing the flow rate of the station compressor so that minimum

energy is consumed while also making sure that the gas demand is met. Minimizing the size of the

compressor to achieve higher operation efficiency and minimize electricity consumption at the CNG

station is consistent with the equipment efficiency considerations of the POET classifications approach

to energy efficiency, because it tackles capacity and specification optimization of energy consumed by

the CNG station [122]. Secondly, an optimum dispatch of grid and NG generator with consideration for
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the TOU pricing of electricity and NG generator fuel costs further contributes to energy cost reduction.

This constitutes an operation consideration of energy efficiency under the POET classification. Finally,

an optimum gas flow control profile for the four line priority panel configuration achieves minimum

vehicle tank filling time.

5.2.1 Model for the fixed speed drive

Optimal sizing for the FSD drive compressor seeks to determine the optimum fixed flow rate of the

compressor that sustains availability of gas flow to the cascade storage and the four-line priority panel

configuration of the CNG station such that all gas demand at the dispenser is met, by optimizing

conditions of the cascade storage and compressor switch. The optimally sized FSD compressor and

four line priority panel configuration is also optimally operated to minimize the cost of electricity

drawn by the compressor from the grid and NG generators and also produce minimum-time vehicle

tank filling profiles.

5.2.1.1 Objective function

The objective of the model is to minimize the size of the compressor by minimizing the flow rate

necessary to meet the gas demand needs at the dispenser and to simultaneously minimize the cost of

electricity consumed from both the grid and NG generator as well as minimize the filling time of the

vehicle tanks. The objective function is thus

JFSD = (ψ1)ṁco +(ψ2)
N−1

∑
t=1

ts

(
PG(t)Pe(t)u(t)+PNG(t)PGWHu(t)

)
+(ψ3)

N−1

∑
t=1

(pT (t)− pveh(t))+(ψ4)
N−1

∑
t=1

(
u(t +1)−u(t)

)2
,

(5.1)

where ṁco is the compressor flow rate in kg/h, ts is the sampling time, PG(t) is the instantaneous power

drawn from the grid in kW , Pe(t) is the TOU tariff electricity price per kW , u(t) is the compressor

switch, PNG(t) is the instantaneous power drawn from the NG generator in kW , PGWH is the unit cost

of NG generator power per kW , pT (t) is the target vehicle pressure for current vehicle in bars, pveh(t)

is the vehicle pressure at the current sampling in bars,ψ j ( j ∈ {1,2,3,4}) are weighting factors and N

is the control horizon.
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5.2.1.2 Constraints

The power consumption of the compressor is supplied from the grid and the NG generator such

that,

PG(t)+PNG(t) = PFSD(t)u(t), (5.2)

where PFSD(t) is the power consumed by the fixed speed drive compressor which is a function of the

gas mass flow rate ṁco, which is a control variable that is constant in the control horizon such that

[123],

PFSD(t) =
nv

nv−1
R

T
ηc

[(
pi(t)
pinlet

)( nv−1
nv

)
−1

]
ṁco

i ∈ {hp,mp, l p,veh},

(5.3)

where nv is the polytrophic coefficient, R is the gas constant, T is the inlet gas temperature in K, ηc is

the compressor efficiency, pinlet is the compressor inlet pressure from the municipal gas line and pi is

the pressure in the target tank which is either one of the cascade reservoirs or the vehicle tank.

Gas flows from the cascade storage tanks and the compressor to the vehicle tank at a mass flow

rate ṁveh(t) which is the sum of flow rates from the three cascade reservoirs and the compressor, so

that

ṁveh(t) = ṁhp(t)vohp(t)+ ṁmp(t)vomp(t)+ ṁl p(t)vol p(t)+ ṁcovco(t), (5.4)

where vohp, vomp and vol p are the dispenser valves to the high medium and low pressure reservoirs

of the cascade storage respectively and vco is the priority panel valve linking the compressor to the

dispenser for direct vehicle tank filling from the compressor. The flow rates ṁhp(t), ṁmp(t) and ṁl p(t)

between the high, medium and low pressure reservoirs of the cascade storage and the vehicle tank

respectively, are based on the ideal gas model for an adiabatic system [112] and are governed by the

pressure ratios between the storage tanks and the vehicle tank. i.e.,
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ṁi(t) =Cdρi(t)Aori f ice

(
pveh(t)
pi(t)

) 1
γ

×

{
(

2γ

γ−1
)(

pi(t)
ρi(t)

)

(
1− (

pveh(t)
pi(t)

)
γ−1

γ

)} 1
2

for
pveh(t)
pi(t)

≤
(

2
γ +1

) γ

γ−1

, i ∈ {hp,mp, l p},

(5.5)

and

ṁi(t) =Cd

√
γ pi(t)ρi(t)Aori f ice

(
2

γ +1

) γ+1
2(γ−1)

for
pveh(t)
pi(t)

≥
(

2
γ +1

) γ

γ−1

, i ∈ {hp,mp, l p},

(5.6)

where γ is the ratio of specific heats

γ =
cp

cv
, (5.7)

and cp is the specific heat capacity of the gas at constant pressure while cv is the specific heat capacity

of the gas at constant volume. Cd is the coefficient of discharge of the dispenser valve orifice, Aori f ice

is the area of the dispenser valve orifice in m2 and ρi is the density of the gas in the respective cascade

storage reservoir in kg/m3, which relates to the instantaneous tank pressure through the equation

[112]

ρi =
Pi(t)
RT γ

, i ∈ {hp,mp, l p}. (5.8)

When the compressor is on, the valves of the four line priority panel open in turns to fill the vehicle

tank directly or replenish the cascade storage reservoirs as described by the equality constraint (5.9).

The dispenser valves as well as the valve for direct filling of vehicles from the compressor also open in

turns to fill the vehicle tank and shut off when the target pressure is reached as described by equality
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constraints (5.10) and (5.11) respectively.

vhp(t)+ vmp(t)+ vl p(t)+ vco(t) = u(t), (5.9)

vohp(t)+ vomp(t)+ vol p(t)+ vco(t) = 1, for pveh(t)< pT (t) (5.10)

vohp(t)+ vomp(t)+ vol p(t)+ vco(t) = 0, for pveh(t)≥ pT (t) (5.11)

vohp(t),vomp(t),vol p(t),vhp(t),vmp(t),vl p(t),vco(t) ∈ {0,1}.

where vhp, vmp and vl p are the priority panel valves to the high pressure, medium pressure and low

pressure cascade storage tanks respectively and vohp, vomp and vol p are the corresponding dispenser

valves and vco is the priority panel valve linking the compressor to the dispenser for direct vehicle tank

filling from the compressor. Gas pressure in the cascade reservoirs php, pmp and pl p, and gas pressure

in the vehicle tank pveh are limited by inequality constraints (5.12), (5.13), (5.14) and (5.15).

pmin
hp ≤ php(t)≤ pmax

hp , (5.12)

pmin
mp ≤ pmp(t)≤ pmax

mp , (5.13)

pmin
l p ≤ pl p(t)≤ pmax

l p , (5.14)

pveh(t)≥ pT (t) for
t

tmax
= jtmax j ∈ {1,2,3 · · ·} (5.15)

(5.12), (5.13), (5.14) are the working pressure limits of the cascade storage tanks, with pmin
hp , pmin

mp

and pmin
l p being the minimum limits and pmax

hp , pmax
mp and pmax

l p being the maximum limits for the three

cascade storage levels respectively in bars. The inequality constraint (5.15) ensures that filling of

each vehicle tank is complete within maximum allowed filling time for one vehicle tmax. The general
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dynamic equations for pressure-changes in the vehicle and cascade storage reservoirs are

d
dt

pveh(t) = ṁveh(t)K1, (5.16)

d
dt

php(t) =−ṁhp(t)Khpvohp(t)+ ṁcovhp(t), (5.17)

d
dt

pmp(t) =−ṁmp(t)Kmpvomp(t)+ ṁcovmp(t), (5.18)

d
dt

pl p(t) =−ṁl p(t)Kl pvol p(t)+ ṁcovl p(t), (5.19)

where K1, Khp, Kmp and Kl p are constants such that

K1 = T
(

cp

cv

R
Vveh

)
, Khp = T

(
cp

cv

R
Vhp

)
,

Kmp = T
(

cp

cv

R
Vmp

)
and Kl p = T

(
cp

cv

R
Vl p

)
,

(5.20)

where Vveh, Vhp, Vmp and Vl p are the volumes of the vehicle tank, high pressure reservoir, medium

pressure reservoir and low pressure reservoir respectively in L. This results in the following discrete

equations of pressure,

pveh(t +1) = pveh(t)+ tsK1

t

∑
τ=1

ṁveh(τ), (5.21)

php(t +1) = php(t)− tsKhp

t

∑
τ=1

ṁveh(τ)vohp(τ)+ ts
t

∑
τ=1

ṁcovhp(τ), (5.22)

pmp(t +1) = pmp(t)− tsKmp

t

∑
τ=1

ṁveh(τ)vomp(τ)+ ts
t

∑
τ=1

ṁcovmp(τ), (5.23)

pl p(t +1) = pl p(t)− tsKl p

t

∑
τ=1

ṁveh(τ)vol p(τ)+ ts
t

∑
τ=1

ṁcovl p(τ). (5.24)
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5.2.1.3 Algorithm

In order to solve the optimization problem using the Mixed Integer Distributed Ant Colony Optimisation

(MIDACO) solver, the components of the problem have to be formulated as

minimise f (x) (objective function) (5.25)

subject to g(x) = 0 (equality constraints) (5.26)

h(x)≥ 0 (inequality constraints) (5.27)

The vector containing the control variables consists of the the three valves from the priority panel to

the cascade storage and three valves in the dispenser from the cascade storage to the vehicle, as well as

the fourth valve connecting the vehicle tank directly to the compressor. Further, the power drawn from

the grid PG and the power from the NG generator PNG are also control variables as well as the fixed

compressor flow rate ṁco. Therefore, x for the FSD can be written in the standard form

xxxFFFSSSDDD = [vhp(1),vhp(2), · · ·vhp(N),vmp(1),vmp(2), · · ·vmp(N),

vl p(1),vl p(2), · · ·vl p(N),vohp(1),vohp(2), · · ·vohp(N),

vomp(1),vomp(2), · · ·vomp(N),vol p(1),vol p(2), · · ·vol p(N),

vco(1),vco(2) · · ·vco(N),PG(1),PG(2) · · ·PG(N),

PNG(1),PNG(2) · · ·PNG(N), ṁco]
T
(9N+1)×1.

(5.28)

The objective function (5.1) becomes,

fff FFFSSSDDD =

[
ψ1ṁco +ψ2ts

(
PG(1)Pe(1)u(1)+PG(2)Pe(2)u(2) · · ·+PG(N)Pe(N)u(N)+

PNG(1)PGWH(1)u(1)+PNG(2)PGWH(2)u(2) · · ·+PNG(N)PGWH(N)u(N)

)
+

ψ3

((
PT (1)−Pveh(1)

)
+
(

PT (2)−Pveh(2)
)
· · ·+

(
PT (N)−Pveh(N)

))
+

ψ4

((
u(2)−u(1)

)2
+
(

u(3)−u(2)
)2
· · ·+

(
u(N)−u(N−1)

)2
)]

,

(5.29)

while the equality constraints (5.2), (5.9), (5.10), and (5.11) in the form g(x) = 0 are expressed as
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ggg111(((xxx))) =


PG(1)+PNG(1)−PFSD(1)

PG(2)+PNG(2)−PFSD(2)
...

PG(N)+PNG(N)−PFSD(N)


N×1

, (5.30)

ggg222(((xxx))) =


vhp(1)+vmp(1)+vl p(1)+vco(1)−u(1)

vhp(2)+vmp(2)+vl p(2)+vco(2)−u(1)
...

vhp(N)+vmp(N)+vl p(N)+vco(N)−u(N)


N×1

, (5.31)

ggg333(((xxx))) =


vohp(1)+vomp(1)+vol p(1)+vco(1)−1

vohp(2)+voomp(2)+vl p(2)+vco(2)−1
...

vohp(N)+vomp(N)+vol p(N)+vco(N)−1


N×1

for pveh < pT , (5.32)

ggg444(((xxx))) =


vohp(1)+vomp(1)+vol p(1)+vco(1)

vohp(2)+voomp(2)+vl p(2)+vco(2)
...

vohp(N)+vomp(N)+vol p(N)+vco(N)


N×1

for pveh ≥ pT , (5.33)

therefore

gggFFFSSSDDD(((xxx))) =


ggg111(((xxx)))

ggg222(((xxx)))

ggg333(((xxx)))

ggg444(((xxx)))


4N×1

. (5.34)

The inequality constraints arising from pressure limits for the cascade storage (5.12), (5.13) and (5.14)

are denoted as
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hhh111(((xxx))) =



pmax
hp −php(1)

pmax
hp −php(2)

...

pmax
hp −php(N)

pmax
mp −pmp(1)

pmax
mp −pmp(2)

...

pmax
mp −pmp(N)

pmax
l p −pl p(1)

pmax
l p −pl p(2)

...

pmax
l p −pl p(N)

php(1)−pm
hpin

php(2)−pm
hpin

...

php(N)−pm
hpin

pmp(1)−pm
mpin

pmp(2)−pm
mpin

...

pmp(N)−pm
mpin

pl p(1)−pm
l pin

pl p(2)−pm
l pin

...

pl p(N)−pm
l pin


6N×1

, (5.35)

while (5.15) is expressed as

hhh222(((xxx))) =


pveh(tmax)−pT (tmax)

pveh(2tmax)−pT (2tmax)
...

pveh(N)−pT (N)


N

tmax
×1

(5.36)

and hence
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hhhFFFSSSDDD(((xxx))) =

 hhh111(((xxx)))

hhh222(((xxx)))


(6N+ N

tmax
)×1

. (5.37)

5.2.2 Model for the variable speed drive

Optimal sizing of the VSD seeks to determine the optimum instantaneous flow rate of the compressor

which corresponds to minimum energy consumption while meeting the gas demand. Similar to the FSD

optimization model in Section 5.2.1, the optimal VSD flow rate profile is combined with minimization

of electricity cost from the grid and NG generator and optimization of the vehicle filling profile to

achieve the minimum filling time. The objective function is therefore expressed as,

JV SD = (ξ1)
N−1

∑
t=1

ṁco(t)+(ξ2)
N−1

∑
t=1

ts

(
PG(t)Pe(t)u(t)+PNG(t)PGWHu(t)

)
+(ξ3)

N−1

∑
t=1

(pT (t)− pveh(t)), (5.38)

where ξ1, ξ2 and ξ3 are weighting factors. The flow rate ṁco(t) in the case of the VSD is time variant,

in contrast with the constant flow rate for the case of the FSD. Additionally, the compressor switch in

the VSD case is considered to be in an always-on mode, with the gas flow rate available to vary over

the control horizon.

5.2.2.1 Constraints

The constraints for the VSD optimization model are similar to the FSD constraints in Section 5.2.1.2

such that the power consumption of the compressor is supplied from the grid and the NG generator so

that,

PG(t)+PNG(t) = PV SD(t)u(t), (5.39)

where PV SD(t) is the power drawn by the variable speed drive compressor in kW , which is a function

of the instantaneous compressor flow rate ṁco(t) in m3/h, which varies according to [123],
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PV SD(t) =
nv

nv−1
R

T
ηc

[(
pi(t)
pinlet

)( nv−1
nv

)
−1

]
ṁco(t)

i ∈ {hp,mp, l p,veh}.

(5.40)

Similarly, gas flows from the cascade storage tanks and the compressor to the vehicle tank at a mass

flow rate ṁveh(t) which is the sum of flow rates from the three cascade reservoirs and the compressor,

so that

ṁveh(t) = ṁhp(t)vohp(t)+ ṁmp(t)vomp(t)+ ṁl p(t)vol p(t)+ ṁco(t)vco(t). (5.41)

Further, the flow rates ṁhp(t), ṁmp(t) and ṁl p(t) between the high, medium and low pressure reservoirs

of the cascade storage and the vehicle tank, are governed by the pressure ratios between the storage

tanks and the vehicle tank. i.e.,

ṁi(t) =Cdρi(t)Aori f ice

(
pveh(t)
pi(t)

) 1
γ

×

{
(

2γ

γ−1
)(

pi(t)
ρi(t)

)

(
1− (

pveh(t)
pi(t)

)
γ−1

γ

)} 1
2

for
pveh(t)
pi(t)

≤
(

2
γ +1

) γ

γ−1

, i ∈ {hp,mp, l p},

(5.42)

and

ṁi(t) =Cd

√
γ pi(t)ρi(t)Aori f ice

(
2

γ +1

) γ+1
2(γ−1)

for
pveh(t)
pi(t)

≥
(

2
γ +1

) γ

γ−1

, i ∈ {hp,mp, l p}.

(5.43)

The limits for the operation of the priority panel and dispenser valves in the case of variable speed drive

are the same as the valve operation of the fixed speed drive operation (5.9), (5.10) and (5.11). However,

for the VSD, the compressor switch u(t), is set to a static on-position with compressor gas output

varying. Further, the limits of gas pressure in the cascade storage and vehicle filling remain the same

as denoted by (5.12), (5.13) (5.14) and (5.15) for the three reservoir levels respectively. Additionally,

the dynamic equations of pressure in the vehicle tank and cascade storage reservoirs remain the same

as (5.21), (5.22), (5.23) and (5.24).
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5.2.2.2 Algorithm

The sizing and optimization problem for the VSD compressor is also solved using the Mixed Integer

Distributed Ant Colony Optimisation (MIDACO) solver, and the components of the problem have to

be formulated in the form

minimise f (x) (objective function), (5.44)

subject to g(x) = 0 (equality constraints), (5.45)

h(x)≥ 0 (inequality constraints). (5.46)

The xxx vector representing the VSD control variables consists of the seven priority panel and dispenser

valves, the instantaneous power drawn from the grid and natural gas generator and the varying

compressor flowrate so that it is expressed as

xxxVVV SSSDDD = [vhp(1),vhp(2), · · ·vhp(N),vmp(1),vmp(2), · · ·vmp(N),

vl p(1),vl p(2), · · ·vl p(N),vohp(1),vohp(2), · · ·vohp(N),

vomp(1),vomp(2), · · ·vomp(N),vol p(1),vol p(2), · · ·vol p(N),

vco(1),vco(2) · · ·vco(N),PG(1),PG(2) · · ·PG(N),

PNG(1),PNG(2) · · ·PNG(N), ṁco(1), ṁco(2) · · · ṁco(N)]T10N×1.

(5.47)

and the objective function (5.38) is expressed as

fff VVV SSSDDD =

[
ξ1

(
ṁco(1)+ ṁco(2) · · ·+ ṁco(N)

)
+ξ2ts

(
PG(1)Pe(1)u(1)+PG(2)Pe(2)u(2) · · ·+

PG(N)Pe(N)u(N)+PNG(1)PGWH(1)u(1)+PNG(2)PGWH(2)u(2) · · ·+

PNG(N)PGWH(N)u(N)

)
+ξ3

((
PT (1)−Pveh(1)

)
+
(

PT (2)−Pveh(2)
)
· · ·+

(
PT (N)−Pveh(N)

))]
,

.

(5.48)

The power-flow equality constraint (5.39) and the VSD equivalents to the the equality constraints (5.9),

(5.10) and (5.11) for valve action are expressed as
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ggg555(((xxx))) =


PG(1)+PNG(1)−PV SD(1)

PG(2)+PNG(2)−PV SD(2)
...

PG(N)+PNG(N)−PV SD(N)


N×1

, (5.49)

ggg666(((xxx))) =


vhp(1)+vmp(1)+vl p(1)+vco(1)−u(1)

vhp(2)+vmp(2)+vl p(2)+vco(2)−u(1)
...

vhp(N)+vmp(N)+vl p(N)+vco(N)−u(N)


N×1

, (5.50)

ggg777(((xxx))) =


vohp(1)+vomp(1)+vol p(1)+vco(1)−1

vohp(2)+voomp(2)+vl p(2)+vco(2)−1
...

vohp(N)+vomp(N)+vol p(N)+vco(N)−1


N×1

for pveh < pT , (5.51)

ggg888(((xxx))) =


vohp(1)+vomp(1)+vol p(1)+vco(1)

vohp(2)+voomp(2)+vl p(2)+vco(2)
...

vohp(N)+vomp(N)+vol p(N)+vco(N)


N×1

for pveh ≥ pT , (5.52)

therefore

gggVVV SSSDDD(((xxx))) =


ggg555(((xxx)))

ggg666(((xxx)))

ggg777(((xxx)))

ggg888(((xxx)))


(4N+1)×1

. (5.53)

The VSD inequality constraint for vehicle filling similar to FSD’s (5.15) is expressed as
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hhh333(((xxx))) =


pveh(tmax)−pT (tmax)

pveh(2tmax)−pT (2tmax)
...

pveh(N)−pT (N)


N

tmax
×1

(5.54)

and the inequality constraints arising from pressure limits for the cascade storage (5.12), (5.13) and

(5.14) are denoted as

hhh444(((xxx))) =



pmax
hp −php(1)

pmax
hp −php(2)

...

pmax
hp −php(N)

pmax
mp −pmp(1)

pmax
mp −pmp(2)

...

pmax
mp −pmp(N)

pmax
l p −pl p(1)

pmax
l p −pl p(2)

...

pmax
l p −pl p(N)

php(1)−pm
hpin

php(2)−pm
hpin

...

php(N)−pm
hpin

pmp(1)−pm
mpin

pmp(2)−pm
mpin

...

pmp(N)−pm
mpin

pl p(1)−pm
l pin

pl p(2)−pm
l pin

...

pl p(N)−pm
l pin


6N×1

. (5.55)

Therefore,
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hhhVVV SSSDDD(((xxx))) =

 hhh333(((xxx)))

hhh444(((xxx)))


(6N+ N

tmax
)×1

. (5.56)

5.3 CASE STUDY

A CNG fuelling station located in the Johannesburg municipality in the Gauteng province of South

Africa is considered in this study. The station serves CNG powered vehicles such as public transport-

ation vans, courier delivery vehicles and security patrol fleets. Most of the vehicles fuelled at this

station are dual-fuel vehicles, with CNG being used in conjunction with either petrol or diesel. As

such, vehicles use CNG stored in the on-board cylinder until the gas is depleted and then switch to

petrol or diesel to power the internal combustion engine until the CNG is replenished. Currently, the

station runs on a 132kW compressor with a rated flow rate of 900 m3/h under standard conditions,

which is cycled between the limits of gas in storage under the baseline operation. The station has a

three line priority panel for filling gas from the compressor to the cascade storage and a three valve

dispenser connecting vehicle tanks to the three levels of the cascade storage. Gas delivered via the

municipal gas-line is compressed into the three levels of the cascade storage reservoirs with a capacity

of 2000L each. The cascade reservoirs are operated between the lower limits of 75 bars, 150 bars and

210 bars for the low pressure, medium pressure and high pressure levels respectively, and a maximum

pressure of 250 bars for the three levels. The station is supplied with electricity from the national

utility provider Eskom under the Miniflex TOU tariff1, divided into daily peak, standard and offpeak

times denoting the electricity pricing levels for different times during the day, such that

pe(t) =


po f f peak = 0.5157 R/kWh if t ∈ [0,6]∪ [22,24]

pstandard = 0.9446 R/kWh if t ∈ [9,17]∪ [19,22]

ppeak = 3.1047 R/kWh if t ∈ [6,9]∪ [17,19]

(5.57)

At the CNG station under consideration, a 150 kW NG generator is installed on site as a standby

source of power for when interruptions to grid power occur. The price per kWh of power generated

through the NG generator at 60% efficiency, is estimated to be 0.85 R/kWh based on the highest price

1http://eskom.co.za/tariffs
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Figure 5.2. Gas demand profile.

per Gigajuole of natural gas in South Africa2. Under the proposed optimal operation model, the NG

generator is availed for optimal power dispatch in the regular operation of the station compressor. This

means that powering the station compressor optimally will include the option to use the NG power,

when grid electricity prices are higher than cost of power from the NG generator.

The gas demand at the station is shown in Figure 5.2. The plot shows the average hourly demand for

a period of one month, overlayed with the hourly demand of a single day in the 30 day period and

the scatter plot shows the individual vehicle gas demand for this day. The demand profile shows a

higher gas demand prior to and during peak people movement times of the day. Under the baseline

operation, the compressor stays off as vehicles are filled from the cascade storage and is switched on

when the quantity of gas in the cascade reservoir hits the lower limit. The compressor stays on until

the upper limit of quantity of gas in the cascade storage is reached and the compressor is switched

off. This cycling of the compressor results in an operation profile shown in Figure 5.3. It is clear

from Figure 5.3(a) that under the baseline operation, the compressor is in operation during the peak

electricity pricing period of the morning and further switches on twice during the standard electricity

pricing period, thereby failing to take advantage of lower electricity pricing available in the offpeak

electricity pricing period. This operation profile results in energy consumption of 212.08 kWh for the

control horizon, at a total electricity cost of R432.59, mainly contributed by the on status during the

2http://www.energy.gov.za/files/media/explained/Energy-Price-Report-2017.pdf
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Figure 5.3(a): Compressor switch status
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Figure 5.3(b): Mass of gas in the cascade storage

Figure 5.3. Baseline Operation profile.

significantly steep-priced morning peak period. The proposed strategy is expected to overcome this

challenge by employing a combination of optimal scheduling of compressor-on status, the optimal

sizing of FSD and VSD compressors for lower power consumption and the use of the NG generator

to optimally achieve the minimum possible power cost over the 24 hour operation. Furthermore,

the strategy involves optimization of gas transfer from the cascade storage and compressor under

the resulting operation profile so that a comprehensive improvement in the CNG fuelling station

performance is realized. Table 5.1 contains further parameters and constant values used in the solution

of the optimization problem.

Table 5.1. Additional parameters and constants.

Parameter Value Parameter Value

ρa,std 1.225 kg/m3 Mwg 0.0164 g

Cd 0.61 R 0.083145 LbarK−1mol−1

γ 1.304 T 294.15 K

Mwa 0.028966 g
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5.4 RESULTS

The optimization problem for minimal compressor flow rates, optimal power dispatch and optimal

control of gas transfer was solved using the MIDACO solver in the MatLab environment for a control

horizon of 24 hours, with a sampling time of 20s.

5.4.1 Sizing and power consumption

Figure 5.4 shows the optimal flow rate and operation profile in the solution of the sizing problem

for the compressor considering the FSD and VSD scenarios. Firstly the optimal compressor fixed

flow rate for the FSD case is found to be 253 m3/hour. This is a significantly lower value compared

to the baseline 900 m3/hour flow rate compressor currently in use. The optimal solution means that

this flow rate represents the ideal capacity of the compressor required, to achieve minimum energy

consumption for gas compression at the CNG station, while meeting the demand within the specified

constraints. The operation profile of the compressor switch show longer operation times for the

compressor which is consistent with a lower flow rate meeting the demand previously supplied by

a higher flow rate compressor. Further, the compressor is operated during the morning and evening

offpeak electricity pricing times and once during the standard electricity pricing times, in contrast

with the baseline operation where the compressor is on during peak electricity pricing time, thereby

avoiding cost penalties associated with operation during high electricity price times. Secondly, the

optimal variable flow rate for the VSD case in Figure 5.4(b) shows how the optimal flow rate of the

compressor, obtained from the solution of the model, evolves over the control horizon to meet demand,

minimize electricity cost and accomplish gas transfer within the given constraints. The compressor

operates continuously with higher flow rate occurring during the offpeak electricity pricing times and

lower flow rate during the peak and standard electricity pricing times of the control horizon. Since

the flow rate directly correlates to power consumption, this outcome means lower power consumption

during higher electricity pricing times.

The power consumption profile from the grid and the NG generator is shown in Figure 5.5. In the FSD

case, where operation of the compressor is intermittent according to the optimal compressor schedule

obtained from the proposed model, the grid power is in use for the compressor-on instances occurring

during the grid’s offpeak electricity pricing periods, which takes advantage of the lower prices of grid
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Figure 5.4(a): Fixed speed drive
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Figure 5.4(b): Variable speed drive

Figure 5.4. Optimal flow rates for FSD and VSD and cascade storage mas of gas

power on offer, to replenish the cascade storage. During the standard electricity pricing period, when

the compressor is turned on, the NG generator is used instead of grid power as it costs less per unit

of power than the grid electricity price during this time. The total energy consumed by the optimally

sized, optimally scheduled and optimally power dispatched FSD driven compressor is 207.73 kWh

costing R135.28. Although the reduction in energy consumption from the baseline is marginal, the

combined effect of optimal sizing and optimal scheduling and power dispatch yields a significant

reduction in energy cost. In the case of the VSD, power draw from the grid rises gradually during the
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morning offpeak electricity pricing period to replenish the cascade storage as vehicles continue to fill

up. When the peak electricity pricing period commences at 06:00, the NG generator, whose power

costs less per unit than the peak and standard electricity price, supplies the power requirements of the

VSD compressor over the rest of the standard electricity pricing period as well as the evening peak and

standard electricity pricing periods. After 22:00 when the offpeak electricity pricing period for the grid

resumes, the VSD compressor draws power from the grid once again, as it replenishes the cascade

storage to the initial condition levels at the end of the control horizon. The total energy consumed

under the optimally varied and optimally power dispatched VSD compressor is 143.34 kWh at a total

cost of R93.70. This remarkable reduction in energy consumption and electricity cost is consistent

with the flexibility of the variable speed drives, which allows for huge savings in energy costs as a

result of optimal matching with prevailing load requirements, thereby reducing power inefficiencies

[65]. The level of energy cost savings also demonstrates the compounding of energy cost savings

where sizing optimization, operation optimization and optimal power dispatch strategies are applied

under demand response programs. Table 5.2 summarizes the energy consumption and electricity cost

outcomes of the baseline scenario against the optimally sized and optimally operated FSD and VSD

compressors from the proposed model.

Table 5.2. Energy consumption data.

Scenario Energy consumption (kWh) Electricity Cost (R)

Baseline 212.08 432.59

Optimal FSD 207.73 135.28

Optimal VSD 143.34 93.70

From Table 5.2, the optimally sized and optimally power-dispatched VSD compressor yields the most

desirable outcomes in energy consumption and energy cost. VSDs have been shown to be the most

effective way to achieve energy efficiency in air compression systems, providing more than 30%

in energy consumption savings in air compression applications [124, 125]. In the current study, a

comparison of energy consumption between the baseline and the proposed interventions shows energy

consumption savings of 32.41% when VSD technology is used to replace the baseline fixed speed

drive, which is a significant reduction in energy use for the CNG fuelling station. The reduction in

energy use for the VSD is also significantly higher than the savings in energy consumption achieved

through optimal sizing of the FSD compressor. The lowering of energy consumption is useful for the

reduction in operation costs of the CNG station, and on a wider picture, it is a useful contribution
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Figure 5.5(a): Fixed speed drive
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Figure 5.5(b): Variable speed drive

Figure 5.5. Optimal power dispatch for FSD and VSD and cascade storage mas of gas

of the CNG station to better use of energy for the benefit of all grid electricity customers. Under

the model proposed in this study, the lowering of energy cost through lower energy consumption is

compounded with optimal dispatch of the dual-power supply between the NG generator and the TOU

tariff priced grid electricity. For the FSD case a 68.72% savings in energy cost are realized which

can be attributed to an optimal dispatch of the two power sources, since for this case, the reduction in

energy consumption through optimal sizing is marginal. The results of the compounded energy savings

and energy cost saving strategy are demonstrated by the results for the VSD case, where a remarkable

78% in energy cost savings is achieved. This reduction in energy cost is contributed to by both lower

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

99



CHAPTER 5 OPTIMAL SIZING, OPERATION AND POWER DISPATCH

energy use and optimal dispatch of the grid and NG power around the TOU and gas fuel pricing for

the grid and NG generator respectively. It is therefore reasonable to conclude that the VSD option in

the energy efficiency intervention for the CNG station is the superior one, as it is the most effective in

reaping the benefits of capacity and operation optimization. Consequently, an analysis of the economic

implication of implementing such an intervention is necessary in order to facilitate decision making by

CNG station operators.

5.4.2 Gas transfer

The results of the optimization of gas transfer are demonstrated in the gas filling profiles in Figure 5.6.

The results show the optimal filling profile of the first vehicle in the control horizon, demonstrating a

shorter filling time is realized for the VSD scenario compared to the FSD scenario. Because of the

VSDs always-on operation of the compressor, the controller utilizes the four line priority panel for

direct vehicle tank filling from the compressor through valve vco. By having the option to connect

the vehicle tank directly to the compressor when the optimum solution requires it, the VSD optimal

operation has a continuously available choice to achieve the shortest possible filling time above the

optimal sequencing of the cascade storage valves. This is unlike the case of the FSD where the

optimal solution yielded an intermittent operation of the compressor where most of the vehicles are

fuelled during the compressor-off times thereby not having available the option to fill directly from the

compressor through valve vco in the optimal filling profile.

The effects of this difference are further demonstrated in Figure 5.7, where the average gas transfer

time per kilogram is plotted. It is clear from this plot that the availability of the compressor flow rate at

all times helps to shorten the filling time of the VSD scenario further than the optimal filling profile of

the FSD and the baseline. This additional benefit of the VSD and four line priority panel configuration

is a desirable enhancement of the performance of the CNG fast-fill station, which the optimal control

method proposed in the current study is able to achieve. In general, the average time saving for the

filling process is 24.24 seconds per vehicle for the FSD case and 26.43 seconds for the VSD scenario

in comparison with the baseline. These savings represent a notable advantage of the optimization

strategy of the filling process proposed in this study.
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Figure 5.6. Gas transfer profile to vehicle tank
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Figure 5.7. Gas transfer time

5.4.3 Economic analysis

The optimally operated VSD has been identified in this study as the superior approach for energy

efficiency and energy cost reduction, and an economic analysis in the form of payback period evaluation

is carried out to determine the time it takes to recover the initial investment in the intervention, through

the returns from energy cost savings. The baseline case considered is the limit-based compressor

cycling operation, whose profile is shown on Figure 5.3, powered exclusively from the grid. The

savings from the proposed dual-powered VSD optimized model over the 24 hour control horizon are

used to obtain the annualized benefits. The system maintenance cost is assumed to be constant. The

discounted present value technique is used in the cash flow analysis such that [126]

DPV =
FV

(1+ r)n , (5.58)

where DPV represents the discounted present value of future cash flow, r is the discount rate, n

is the number of years and FV is the nominal value of the cash flow amount in a future period

[127, 128].

Variable speed drives are costly and thus careful evaluation of cost and benefits is necessary to determine

the appropriateness of implementing this type of intervention. From the cash flow data on Table 5.3,

the break even point is realized after a period of 3 years and 1 month. This is an reasonable time for
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the station operator to implement the optimal solution using the VSD with many years of energy cost

savings expected beyond the payback period.

Table 5.3. Payback period

Years 0 1 2 3 4 5

Variable speed drive (206048.00)

Controller (22900.00)

Installation cost (20604.80)

Maintenance cost (2495.53) (2495.53) (2495.53) (2495.53) (2495.53)

VSD and Optimal Operation benefit 123694.00 135568.62 148583.21 162847.20 178480.53

(249552.80) 121198.47 133073.10 146087.68 160351.67 175985.00

Discount factor @ 4.62% 1.00 0.96 0.91 0.87 0.83 0.80

Discounted cashflows (249552.80) 115846.37 121579.63 127576.14 133848.85 140411.31

Discounted payback period Years Discounted cashflows Cumulative cashflows

0 (249552.80) (249552.80)

1 115846.37 (133706.43)

2 121579.63 (12126.80)

3 127576.14 115449.34

4 133848.85 249298.19

5 140411.31 389709.50

Payback is 3 years 1 month

5.5 CONCLUSION

The optimal matching of CNG station compressor capacity to the established gas demand and the

optimal operation of the compressor powered from optimally dispatched NG generator and grid power

have been pursued in this chapter to push the energy efficiency of the CNG fast-fill station higher and

push the energy costs lower. The approach which involves optimal sizing of an FSD compressor and

optimal variation of flow rate for a VSD compressor yields remarkable results that show the significant

opportunities for cost saving and energy efficiency that exist for CNG station which is an important

component of the gas delivery infrastructure.

The results of the study show that the flexibility of the VSD in combination with the proposed four line

priority panel, yield not only significant energy savings and significant energy cost reduction, but also

desirable reduction in vehicle filling time. This outcome secures the reputation of the proposed energy

efficiency intervention for the CNG station as it realizes winnings for the CNG station operator in form
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of cost savings and at the same time does not compromise on customer satisfaction with vehicle filling

time.

Transition to less polluting energy choices in transportation requires that the expanding infrastructure

for alternative fuels implements measures that reinforce the sector as a responsible user of grid

electricity which is under growing strain due to explosion in demand and the capital intensive nature

of developing new generation to keep up with the demand. This study demonstrates the benefit of

optimal power dispatch and CNG fast-fill station participation in demand response programs in the

form of TOU tariff for the CNG station operator through reduced operation costs, complemented by an

optimization of gas delivery to the benefit of CNG powered vehicle users.
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This thesis presents a design of approaches to efficient operation of the fast-fill compressed natural

gas vehicle fuelling station with regards to energy use. The compressed natural gas delivery network

is a primary energy network that interacts in consequential ways with the electricity grid which is a

secondary energy delivery network. The work can be classified in three categories: one involving the

optimal shifting of compressor operations to achieve minimum electricity costs while satisfying gas

demand in the context of a demand response program, the second involving the optimal operation of

the compressed natural gas station components for optimal product delivery where demand response

interventions are adopted by the operator and the third involving equipment and technology level

interventions in energy efficiency, to go with operation level interventions and product delivery

optimization.

The model of gas flow through the system is developed and implemented to determine optimal gas

replenishment schedules for the cascade storage through the switching on and off of the compressor,

that results in minimum possible cost of electricity purchased in the TOU tariff. The pressure conditions

for the gas filling process are modelled so as to achieve the optimal deployment of the dispenser and

priority panel valves that produce the minimum filling time for the vehicle cylinders. The use of the

NG generator as a DSM mitigation device is evaluated under optimal sizing and operation conditions

of compressors using FSD and VSD technologies to realize minimum cost of power for the CNG

filling operation, in combination with minimum filling time optimization.

6.1 SUMMARY

The pursuit of a lower carbon future is an important endeavour for humanity in the present times,

driven by the increasing human population, which requires the development of solutions to both energy
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insecurity as well as environmental pollution. The energy intensive transport industry has consistently

been one of the sectors that are most culpable in contributing to the present crisis from the view point

of energy sourcing and energy use. Adoption of alternative to the traditional liquid fossil fuels has

shown significant promise in increasing the rate at which the transportation industry is securing a

better energy profile for the coming years. Compressed natural gas, being one of the main alternative

fuels, has therefore been experiencing growth in usage and popularity, which has brought with it

the need to expand the network for gas delivery. Simultaneously, the electricity delivery network

continues to suffer the effects of increasing demand and expensive generation development, which

has necessitated the use of demand management as a tool to securing the stability of the grid. DSM

programs have availed incentives for customers to participate in the shaping of grid load profiles,

especially through the use of pricing differentiation for different usage patterns. Because gas delivery

is reliant on electricity for powering different nodes in the network of pipelines and compressors, the

intersection of sustainability interventions in the transportation industry and in electricity grid supply

become important to consider.

Three approaches to managing energy use in the gas delivery to vehicular consumers are provided in

this work, with the aim to align the expansion of the use of compressed natural gas as an alternative

fuel, with the demand response goals of DSM programs adopted by power utility providers.

• An approach to optimally schedule the compressor operation to minimize electricity cost in a

scenario with an electricity time-of-use tariff is designed in Chapter 3. The controller is designed

to determine optimal operation profile of the compressor that achieves minimum energy cost

given the electricity pricing profile and further maintains the quantity of gas in each of the

three cascade storage reservoirs at the levels that satisfy the established demand, through the

deployment of the three line priority panel. Accordingly, this is an entry level response to demand

side management of the compressed natural gas station, that is realized through implementation

of a new operation scheduling profile previously not existent.

• In Chapter 4, the concern of the proposed approach is to address gas transfer from the cascade

storage to the vehicle, to go with the optimal minimization of electricity cost consumption of the

station compressor through optimized scheduling of the on-status with respect to the utility time-

of-use tariff. A lower layer model predictive controller is designed to control the valves of the

three line priority panel for the filling of each cascade storage reservoir, and the dispenser valves

for the filling of the vehicle tanks in an optimal manner with the aim of achieving minimum
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vehicle tank filling time. The gas transfer process is dependent on the pressure ratio between

the reservoir and the vehicle tank, and a mixed integer non-linear programming problem is

modelled to realize the optimal filling profiles. The lower layer uses the output of the upper layer

compressor-on status scheduling as an input for the gas transfer optimal control problem. The

results of this hierarchical approach to the gas transfer and energy cost efficiency problems show

the ideal outcomes for product delivery under demand response interventions.

• In Chapter 5, a proposed change in the sizing and technology of the compressor drive is evaluated.

FSD and VSD based solutions are modelled to solve for energy consumption levels for each

case. Furthermore, this technology-based approach to better energy use is combined with an

optimal operation of the compressor, considering the TOU tariff of the grid and the cost of

fuel for the NG generator, introduced as a DSM mitigation device. Additionally, the optimal

control of gas transfer is solved for a proposed four line priority panel configuration so that the

filling time is minimized. Indeed, the results obtained from this combined-strategies proposal

show a remarkable reduction in energy cost for the CNG station due to a combination of lower

energy consumption and optimal economic operation of the compressor. The VSD options

emerges as the superior choice in comparison with the optimally sized FSD for the parameters of

performance under consideration. The vehicle fuelling time is also minimized from the baseline,

as a result of the optimal control of the filling process through the dispenser and four-line priority

panel.

6.2 RECOMMENDATIONS AND FUTURE WORK

The strategies to the energy efficient operation of the CNG station presented in this study demonstrate

the existence of ignored economic opportunities in the interaction of a primary energy delivery network

and the electricity grid. The results demonstrate that there are significant savings that can be realized

through adoption of energy efficiency strategies for the operators of the CNG vehicle fuelling station,

which not only lowers the cost of gas delivery, but also ensures the energy consuming nodes of the gas

delivery network participate in DSM, for the benefit of all grid users and the environment.

Even though the objectives of this research have been met, there are useful further opportunities to

improve on the impact of similar interventions for the CNG network and the grid.
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1. Incorporating a renewable source of compressed natural gas could further increase the sus-

tainability profile of the CNG fuel market for vehicles, thereby furthering the lower pollution

advantage that CNG has above the liquid fossil fuels. Such incorporation of biomass based CNG

requires development of corresponding control strategies for the energy efficient operation of

the resulting infrastructure.

2. The focus of the current work is on the CNG fuelling station as a node in the gas delivery

network. There exist other nodes within the gas delivery network such as the pressure boosting

and pressure reduction stations that are also dependent on the electricity grid power and could

benefit from similar optimal control strategies as proposed in this work.

3. The electricity use profile of other primary energy delivery networks could also consider similar

pursuits as presented in this work, while considering their own unique configurations and

complexities.

4. An exploration of possibilities of using demand response in primary energy delivery networks

such as the gas delivery network similar to electricity demand response should be undertaken.

Such programs, would be expected to have an effect on the electricity load profiles of the internal

and peripheral energy-consuming nodes of the gas delivery network.
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