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Abstract 

 

Electrification of the transport sector is a necessary measure required to lower greenhouse gas 

emissions. However, electrified light rail systems suffer energy efficiency problems due to the 

ineffective recovery of the braking energy regenerated during train or tramcar braking events. 

Utilizing the growing number of electric vehicles (EVs), and therefore the increasing number 

of EV batteries, as energy storage for the rail could provide a novel solution to address the 

challenge.  

 

Using tramcar operational data collected with a GPS data acquisition system, and the Matlab 

and Simulink modelling and simulation environment, this research initially gains insight into 

the energy balance of a local tram system, highlighting that the unrecovered and thereby wasted 

braking energy could be equivalent to approx. 50% of the overall energy consumption. This 

research later simulates the addition of a stationary energy storage system (SESS) to the tram 

network, and demonstrates the energy-saving achieved. Additionally, the simulation also 

suggests that a small but optimal capacity, and an installation on the mid-stop of an energy 

supply section, are beneficial to achieving better energy-saving and economic returns. 

Subsequently, this study designs two energy storage systems (ESSs), the EV energy storage 

system (EVESS), which solely exploits EV batteries for energy storage, and the combined ESS 

(CESS), which integrates the EVs with a sub-system of a stationary battery. Both ESS 

arrangements were found to successfully deliver energy-saving to the tram system. Moreover, 

a control approach was designed for the CESS to prioritise the charging of the EVs. The CESS 

could therefore refresh the capacity of the stationary battery more frequently and achieve a 

better overall energy-saving. Finally, this work compares the energetic and economic 

performance of the SESS and CESS addition to the network, and concludes that the CESS is 

more advantageous than the SESS alone. A network-wide CESS installation was therefore 

examined to assess its economic feasibility, and it was found economically viable if the 

electricity delivered to the EVs was charged at a reasonable price.    
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Chapter 1. Introduction 

This thesis focuses on the electrical engineering infrastructure behind electrified rail and road 

transport, to improve the energy efficiency of the electrified transportation. This chapter aims 

to introduce the general context and the potential opportunities in this related research area, the 

driver, aims and objectives of this research, and the thesis structure. Hence,  

• Section 1.1 - introduces the drivers and current status of the electrification of the 

transportation sector. 

• Section 1.2 - introduces the issues within electrified light rail and the potential benefits of 

electrified road transport, and the potential linking of the two to achieve additional energy 

efficiency benefits. 

• Section 1.3 - proposes the aims and objectives of this research. 

• Section 1.4 - presents an overview of the thesis structure. 

 

1.1 Background of the electrified transportation network 

1.1.1 Drivers and key players of the electrification of the transportation network  

The UK government set its target to cut Greenhouse Gas (GHG) emissions to 80% below the 

1990 level by 2050 [1]. The UK has already reduced its overall GHG emissions from the 1990 

level of 794 million tonnes CO2 equivalent (MtCO2), to 414 MtCO2 in 2020 [2, 3]. However, 

from 1990 to 2019, the emissions from the transport sector remained approximately 120-140 

MtCO2, and hence the proportional emissions of the transport sector has increased from 15.8% 

in 1990 to 26.6% in 2019 (as shown in Figure 1-1). Therefore, reducing the GHG emissions 

from the transportation sector is crucial for tackling the GHG emission reduction goal [4]. 

 

Considering that between 75-85% of GHG emissions are attributed to CO2, decarbonization 

becomes a key measure for emissions [2, 3]. Decarbonization of the electricity grid in the UK 

is conducted via the adoption of renewables, such as hydro, solar, wind and bioenergy, etc. The 

share of renewables in the total electricity generation has increased from 3.6% in 2004 to 37.1% 

in 2019, while the share of fossil fuels has decreased from 75.5% to 43.3% during this period 

[5]. Due to this countrywide electricity generation mix, electrified transportation is not 

technically zero emission. However, in the example of electric vehicles (EVs), they still have 

a lower CO2 footprint than a vehicle with a combustion engine powered by fossil fuel, primarily 

due to the electricity used containing some renewable elements [5, 6]. Hence, electrification of 
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vehicular transport is one of the important approaches to reduce GHG emissions from the 

transport sector [6].  

 

Figure 1-1 The yearly GHG emissions from all sectors and the transport sector [2, 3] 

 

There are four modes of transport, road, waterborne, airbourne, and rail [4]. Based on the 

passenger travelling distance, from 1952 to 2019, road transport contributed 82.0 - 94.0% of 

the distance travelled, rail contributed 5.1-17.4% and air and other transport modes contributed 

less than 0.1-1.5% [7]. For domestic freight transport in the UK, from 1952 to 2019, 71.9 - 

89.6% of goods (by weight) were handled via road and 3.9 - 23.8% were handled by rail 

transport, with only 3.8 - 15.4% being handled via waterborne and other modes [8]. Road and 

rail together are therefore responsible for the majority of both passenger and freight transport. 

Coincidentally, examination of the extent to which electrification can be applied in different 

transport modes shows that electrification of rail and road transport is technologically possible 

and close to meeting the needs of potential customers, particularly the rail transport has been 

widely electrified [4]. For rail transport, by 2017, 60% of the rail network in Europe has been 

electrified, and is responsible for 80% of the total traffic [4]. From 2010 to 2019, in the 27 EU 

countries, Norway and United Kingdom, the number of registered battery electric cars and 

plug-in electric cars has increased from 734 to 534,583, and the proportion of electric cars in 

the total vehicle population increased from 0.01% to 3.46% [9]. Due to the forthcoming UK 

ban on the sale of new petrol and diesel vehicles in 2030, the number of EVs is expected to 

grow, and therefore, the electrification of road transport is expected to expand [10-12]. 
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However, the electrification of waterborne and airbourne transportation has only been applied 

to short range operations, due to the lack of mature energy storage capacity to facilitate longer 

journeys, and this situation is not expected to change in the next decade [4]. Moreover, from 

the point of view of distance with regards to goods transport, waterborne and airbourne modes 

of transport only form a much smaller contribution to the total when compared to the road and 

rail [7, 8]. Hence, waterborne and airbourne transportation are not considered as key players or 

targets for GHG emission reduction in the near future. Therefore, the following sections 1.1.2 

and 1.1.3 will only review the current and future electrification of rail and road transport modes 

in the UK, where this research is targetted. 

 

1.1.2 The electrification of rail transport 

The UK rail infrastructure mainly comprises of three key bodies, the mainline network that is 

responsible for the national train travel, the underground railway that provides urban rail travel 

that operates both above and underground, and the light rail and tramways that offers the urban 

rail travel at ground level, on elevated structures, in tunnels and on streets [13-15].  

 

Within electrified rail transport, electricity is typically supplied at nominal voltage levels of 

750Vdc, 1.5 kVdc, 3 kVdc, 15 kVac, and 25 kVac [16]. Generally, an urban rail system, for 

example the Sheffield Supertram light rail, is supplied at 750 Vdc [17]. Conversely, the East 

Coast Main Train Line, which is a mainline system, is supplied at 25 kVac [18].  

 

During the period from 1985 to 2020, the mainline rail track in the UK that was open for traffic 

ranged between 15,500 km and 17,000 km, of which, electrification has increased from 3,809 

to 6,049 km [19]. Moreover, the percentage of electrified rail tracks (by length) has increased 

from 23% in 1984-1985, to 38% in 2019-2020 [19]. For purely rail transport, the yearly 

electricity consumption grew by 35% from 3,139 GWh in 2005-2006 to 4,257 GWh in 2019-

2020 [20]. During this period, the electricity consumption of rail freight transport reduced from 

118 GWh to 70 GWh, but increased for the passenger rail transport from 3,021 GWh to 4,186 

GWh [20]. From 2017 to 2020, the yearly increases in total train transport and passenger 

transport have been greater than 3% [20]. By 2020/2021, the two underground railway systems 

and the ten light rail and tramways systems in the UK together provided 792 km routes for 

passenger travel. All these routes are electrified [21-31]. In conclusion, a considerable length 

of rail has been electrified to date and has resulted in an increase in electricity consumption. 
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1.1.3 The electrification of road transport 

Road transport consists of cars, motorcycles, tricycles, quadricycles, Light Goods Vehicles 

(LGVs), Heavy Goods Vehicles (HGVs), buses and coaches [4]. The level of electrification 

amongst different vehicles types varies. Long-range trucks and coaches are still not able to be 

solely powered by electricity due to their high energy demand for moving heavy cargos 

continuously for long periods of time, to cover the long distances travelled. This is primarily 

due to the limited energy density of the available battery packs [4]. However, current battery 

technology enables electrified buses and trucks to operate in urban areas where typically shorter 

journeys facilitate frequent recharging of the battery [4]. Through the available technology, and 

incentives offered by the UK government, the number of plug-in vehicles such as cars and 

LGVs in the UK has grown rapidly in recent years, from 6,227 at the end of 2011, to 413,642 

by the end of 2020 with a yearly growth rate (comparing to the previous year) of 130-200% 

[32]. The proportion of plug-in cars and LGV in the total licensed vehicle population has grown 

from 0.02% to 1.07% [32, 33]. The rapid growth of the plug-in vehicles is mainly driven by 

plug-in cars, especially battery electric cars and plug-in hybrid electric cars, as shown in Figure 

1-2 [34].  

 

Figure 1-2 Growth of plug-in cars and LGVs [34] 

 

The rapid growth of EVs could be attributed to the available UK government support, as 

incentives of up to £8,000 per vehicle have been provided to assist with the purchase of 7 

categories of cars and vehicles that have emissions lower than 75 g/km since 2011 [35]. 

Moreover, the UK government considers decarbonization of road transport as one of the 
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measures for carbon reduction and mitigation of air pollution [36]. In this sense, the UK 

government aims to make almost every car and van in the UK an ultra-low emission vehicle 

(ULEV), expected to be plug-in vehicles or hydrogen fuel cell electric vehicles by 2050 [36]. 

Furthermore, the UK government announced a ban on the sale of new petrol and diesel cars by 

2030 [10]. Likely the sale of the new hybrid cars, which include internal combustion engines 

and emit GHG during their operation due to fossil fuel usage, could also be banned by 2035 or 

earlier [12, 37]. Hence, the overall electrification of road transport, especially the number of 

battery electric cars, is expected to continue to grow.  

 

The Future Energy Scenario 2021 published by the National Grid ESO predicts the growth of 

electric vehicles in a number of different scenarios [37]. These scenarios are assumed to meet 

the net-zero emission targets by 2050, but have various consumer engagement on energy saving 

and carbon reduction, the availability of investment and decarbonization technologies, the 

change on supply side of the energy system, and the reliance on the fossil fuels, etc [37]. Hence, 

the rate of decarbonization and the predicted growth of EVs according to the different scenarios 

varies.   

 

The Future Energy Scenario 2021 predicts the total number of vehicles to remain between 28 

to 41 million from 2020 to 2050 [38]. The predicted profile of vehicles (EVs and total vehicles) 

of the fastest decarbonization (FD) and slowest decarbonization (SD) are shown in Figure 1-3. 

 
Figure 1-3 The predicted profile of vehicles (EVs and non-EVs) of the fastest and slowest decarbonization 

studied in the Future Energy Scenario [38] 
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As can be seen in Figure 1-3, the fastest decarbonization scenario has a steeper growth of EVs 

from 2020 to 2040 than the slowest decarbonization does. The fastest decarbonization scenario 

assumes consumers are highly engaged in reducing energy consumption, and prefer public 

transport. Therefore it has fewer vehicles and EVs on road than the slowest decarbonization 

scenario. Combining with other scenarios studied, by 2050, 91-98% of the total vehicles are 

predicted to be electric, and 74-81% of the total vehicles are predicted to be battery-electric 

cars [38]. The electrification of the road transport in the UK is predicted to have a different 

growth pattern but eventually reach a high penetration level.  

 

1.2 The integration of the electrified rail and road 

The electrification of rail and road is expected to help tackle GHG emissions. At the same time, 

it also substantially increases electricity demand, and therefore, it is important to improve the 

system's overall energy efficiency. Since EVs are commonly equipped with a battery to power 

the electric motor, the growing number of EVs will lead to a growing number of mobile 

batteries, and thereby a growing energy storage capacity. This energy storage capacity could 

provide a suitable add-on to the rail infrastructure that suffers energy wastage due to an 

ineffective recovery of the regenerated braking energy. In detail, when the braking energy 

generated by the rail system can not be re-used within the system, it can be transmitted to and 

be stored in the EV battery. The stored energy could then be returned to the rail system or taken 

away by the EVs. Thus, the integration of rail and road could encourage the bi-directional 

energy exchange between the two parties and could be the solution for improving the energy 

efficiency of the rail and road simultaneously. 

 

1.2.1 The energy efficiency of the electrified rail system 

Since rail transport consumes a substantial amount of electricity, improving the energy 

efficiency, such as utilizing lighter material or applying regenerative braking, are considered 

key measures to deliver those goals [4]. Generally, in rail-based applications, while motoring, 

the electric motor in the train obtains electrical energy from the supply network and converts 

this into kinetic energy that drives the train/tram. While braking, there is a potential for the 

electric motor to act as a generator, that not only slows down the train / tramcar but also 

converts the kinetic energy of motion into electrical energy [39], which is in-turn fed back onto 

the rail network. This electrical energy produced during the braking event is therefore referred 

to as the ‘braking energy’. 
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In all the electrified mainline rail, light rail and tram, and metro systems, this braking energy 

could then be used by another tram/train that is accelerating in the same electrical section as 

the braking event, as shown in Figure 1-4 (a). However, in current practice, the energy supply 

from the substations is unidirectional, only flowing from the substations to the tram/train, hence 

the substation operates unidirectionally and thereby only supplies energy to the tram/train but 

cannot receive energy generated from the tram/train. Therefore, if there is no other train 

accelerating in the same electrical section as the train which is decelerating, the braking energy 

will cause the catenary voltage to rise, because it has nowhere to go other than the DC link 

capacitors of the train/tram drive (connected to the catenary via the pickup). If the voltage rise 

is too high, it will damage the drive system by over-voltaging the capacitors and 

semiconductors. In addition, it may damage the catenary and substation rectifiers, causing 

serious problems. Therefore, in order to dissipate the braking energy, a ‘crowbar’ protection 

resistor is introduced into the system (usually mounted on the tram roof), which is turned on 

when the voltage at the tram exceeds a predetermined voltage threshold. The unused braking 

energy will then have a path to flow via the resistor where it will be dissipated as heat [39], as 

shown Figure 1-4 (b). 

 

Figure 1-4 A schematic of the braking mechanism: (a) regenerative braking and (b) resistive braking  

 

This braking energy dissipation (often as heat in resistor banks on the roof of the train / tram) 

is extremely wasteful. In the case of an urban tram system, the distance between tram stops is 

relatively short leading to a large number of braking events. This is exacerbated by the tram 

tracks being inlaid into the road surface in places, leading to the tram sharing its route with the 

normal vehicles, and is therefore subject to normal traffic congestion, which results in frequent 

braking and accelerating during a journey. Therefore, recovering this wasted braking energy 
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could improve the overall energy efficiency of the system, and also stabilize the voltage seen 

on the catenary, preventing possible over-voltage events. 

 

In addition to the issue of wasting valuable braking energy, the electrification of the rail 

network also has an influence on the utility power grid. Passenger travels account for more 

than 98.3% of electricity consumption in the mainline rail network [20], and the passenger 

travels by light rail, tram and metro are all powered by electricity [21-31]. These services are 

commonly operated from early morning till around midnight. Therefore, part of the rail’s 

operation period overlaps with the peak energy demand period (from approximately 07:00 to 

20:00) of the grid [40]. As the electrified rail network is powered by the electricity grid, the 

growing electrification of the rail network may stress the national grid to some extent during 

the peak operating periods. 

 

The effective recovery of braking energy can help to address the above two issues, and adding 

energy storage system (ESS) to the rail network is one of the commonly applied measures [41, 

42]. After an ESS is introduced onto the rail / tram system, the regenerated, but unused, energy 

will be stored in the ESS. When the tram is moving off or accelerating, the ESS will return the 

stored electricity to the tram [41, 42]. Although an ESS is able to deliver an energy saving to 

the system and thereby bring in cost savings, it also adds in extra capital and operational costs. 

In some cases, the high capital cost of the ESS could compromise the economic benefit brought 

by the energy-saving and lower financial return [41, 43].Therefore, in order to promote the 

implementation of ESS for better braking energy recovery and reuse for the rail, it is crucial to 

discover the way to lower the cost of ESS.  

 

1.2.2 Potential benefits of electrified roads 

Rechargeable batteries are one of the key components of EVs. They provide energy storage to 

the EV, storing the electricity taken from the grid when recharged and feeding the electricity to 

the electric motor as the vehicle travels. As the number of EVs grows, the number of the 

batteries installed in the EVs will also grow, thus increasing the overall energy storage capacity 

available from EVs. Further, as battery technology continues to evolve, improvements will lead 

to a higher stored energy density from batteries. If the available storage capacity is large enough 

to exceed the normal expected daily usage, then spare capacity might be available for other 

purposes. For example grid support, that could potentially provide another income stream for 
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the vehicle owner. Therefore, the capacity of the vehicle battery, and the routine consumption 

due to commuting or vehicle use are the two key factors that determine how much spare energy 

storage capacity in the EV battery could be made available for other uses when the vehicle is 

parked.  

 

Based on the make / model and type of the Plug-in EVs available, the capacity of vehicle 

batteries varies widely. If the vehicle is only equipped with an electric drive, for instance the 

Nissan Leaf and the Tesla model 3, these are defined as battery EVs (BEVs). In order to keep 

the autonomy within a reasonable range, around 200 miles for both Tesla Model 3 and for the 

Nissan Leaf, the battery packs on both types of cars are tens of kWhs. If a vehicle has an electric 

motor, which is powered by an on-board battery plugged in to the grid for recharge, and an 

internal combustion engine also for the drive, for instance the BMW 330e saloon or the 

Mercedes-Benz A250e, these are defined as Plug-In Hybrid EVs (PHEVs). The electric motor 

of a PHEV is more likely to drive the vehicle at a low speed or for a limited range, and hence, 

its battery pack is smaller than the ones seen in the BEVs. The battery capacity (BC) and range  

of a number of popular EVs (from top 20 new registrations by model in the UK on 2019) are 

shown in Table 1-1 [44]. 

 

Table 1-1 The battery capacity and range of the popular EVs 

Car Model EV Type BC (kWh) Range (mile) Reference 

BMW I3 BEV 42.2 182-190 [45] 

Kia Niro BEV 39-64 180-282 [46] 

Nissan Leaf BEV 40-62 168-239 [47] 

Renault ZOE BEV 52 245 [48] 

Tesla Model 3 BEV 50-76 278-360 [49-51] 

Jaguar I-Pace BEV 90 258-292 [52] 

BMW 330e PHEV 12 37 [53] 

Mercedes-Benz A 250e PHEV 15.6 44 [54] 

 

According to the Department for Transport, from 2010 to 2019, in England, the average annual 

trip distance by car as a driver was 3,198-3,388 miles per person, hence the daily average 

traveling distance by car as a driver is calculated as 8.8-9.3 miles per person [55]. Figure 1-5 

shows the breakdown of car trips made per person (as driver) per year from 2010 to 2019 [56]. 

As can been seen, the number of trips by car/van, as a driver, was 380-402 per person per year 
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[56]. Trips between 2-5 miles had the biggest share of miles covered at 32.6-34.7%. More than 

77% of the trips are under 10 miles, and more than 93% of the trips were under 25 miles [56]. 

Therefore, the majority of the car trips were over short distances.  

 

Figure 1-5 UK trips by car as driver per person per year 

 

Cross referencing Table 1-1, if the EV is fully charged every night, both the BEV and the PHEV 

are able to cover the average daily travel distance of approx. 9 miles without a second charge. 

For the BEV which has range more than 150 miles, the majority of the battery capacity remains 

unused with normal daily travel. Thus, there could be some unused capacity in the EV battery 

which could be offered for other services. Although this energy storage capacity only becomes 

accessible if the EVs are stationary, studies suggest that approximately 90% of vehicles are 

parked at any given time within a 24 hour period [57]. Therefore, EVs can potentially be 

utilized and integrated into energy storage systems. As predicted in the Future Energy Scenario 

2021 published by the National Grid, the number of EVs on the road in the UK could reach 27-

39 million by 2050 [38]. Assuming each EV is equipped with a 50 kWh battery, the total battery 

capacity available in the EV population would be equivalent to 1,350-1,950 GWh. Meanwhile, 

the Future Energy Scenario 2021 also predicted the annual end consumer demand in 2050 

would be 388-494 TWh, which is equivalent to a daily end consumer demand of 1,063-1,353 

GWh. If all the EV batteries would be used a energy storage and would be fully charged, the 

electricity stored can provide a supply that meets 1.0-1.8 days of the end consumer demand 

[38].  
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As an EV holds great potential for energy storage, the vehicle-to-grid (V2G) concept was first 

proposed in early 2010, and aimed to provide the power from EVs to specific electricity 

markets [58, 59]. In recent years, the concept has been developed into V2X, which uses EVs 

to provide energy storage to any electric devices, facilities and markets [60-62]. In essence, 

V2X uses EV batteries as an energy storage device to store the electricity that is produced when 

the grid has low stress and/or has over generation capacity, for reuse later in daily routine 

applications, especially when the grid is at peak demand, and the EV is not in use. Tarroja, et 

al. [63] discusses the advantages of using EVs as energy storage over the conventional 

stationary ESS. The study consideres complementary energy storage for meeting the GHG 

reduction or renewable energy that might be required in the future, and the exploitation of EVs 

as energy storage could delay, avoid, or reduce the cost of the purchase of those complementary 

stationary ESS. Such a concept inspires this research to explore the possibility of connecting 

the EV to a light rail (tram) network and allowing the EVs to serve as energy storage systems 

for the rail network in order to recover braking energy and improve overall energy efficiency. 

 

1.3 Aims and objectives 

The rail and road sectors are the two key players in the development of electrified transportation 

networks. However, there are issues with the electrified rail network, particularly the braking 

energy, which is sometimes dissipated as heat rather than recovered. This is because the 

produced electrical energy could not be consumed at the point of regeneration. This offers an 

opportunity for energy storage, and thus utilizing the increasing availability for energy storage 

capacity offered by the growing number of EVs that could potentially be offered for storing the 

braking energy from the electrified rail network. EVs can store the braking energy when the 

train/tram is decelerating and then provide that energy back when the train/tram is accelerating. 

Furthermore, the EVs could also provide electrical energy to the rail network when the grid is 

at peak demand, enabling peak lopping of the load presented to the grid. EVs are the key 

component that connects the rail and road, and deliver the bidirectional energy exchange 

between the rail and road. Potentially, the energy exchange between rail and road not only 

improves the energy efficiency of the rail network but also reduces the peak stress on the grid. 

A further advantage of this, in the case of tram / light rail systems, is that the rail power supply 

is direct current (dc), therefore dc-dc conversion between the rail and the vehicle battery is 

more efficient than dc–ac conversion for vehicle-to-grid or standard charging of the EV battery 

[64]. Among different rail systems, the light rails and trams, operated in an urban area and 
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commonly at ground level, have the best chance to allow convenient connection with the EVs 

and hold a greater possibility of enabling the successful connection and subsequent energy 

exchange between rail and road.  

 

Therefore, this research aims to demonstrate the bidirectional energy exchange between light 

rail and road using the Sheffield Supertram as the research subject. The objectives of the project 

are therefore: 

• Objective 1 - To investigate the energy balance of the tram network, especially the energy 

demand for traction and the distribution of the braking energy, via an adequate methodology. 

• Objective 2 - To add ESS into the system and examine its impact on energy balance and to 

determine the optimal configuration of stationary ESS with regards size and location and 

consideration of economic feasibility. 

• Objective 3 - To explore the technical feasibility and the optimal solution for including EVs 

into the rail network via a full or partial replacement of the stationary ESS, and to assess 

its merit on the energy balance and the economic feasibility. 

 

1.4 Thesis structure  

The remaining five chapters of this thesis are organized as follows: 

• Chapter 2 - A literature review focusing on the investigation of the energy balance in light 

rail systems, the study of the technical and economic performance of adding ESS into a 

light rail system, and the applications of EVs as energy storage. 

• Chapter 3 - An introduction of the energy operation / operating energy balance of a typical 

tram network, an explanation of the simulation method used, an introduction of the tram 

network model built, and results and discussion of the energy balance accross the tram 

network. 

• Chapter 4 - An introduction to the stationary ESS model, a comparison of the energetic 

performances of the ESSs installed on the systems with different energy supply set-ups, 

investigation of the optimal addition of ESS onto the network based on energy-saving 

delivered, and the economic feasibility study of the whole or partial network-wide ESS 

installation. 

• Chapter 5 - The study of the tram system’s hourly energy balance, the introduction of 

modelling and features of the EV only ESS, and combined ESS that includes the EV and a 

stationary battery, a comparison of different ESS systems based on energy-saving 
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performance, and the study of the energetic and financial impact of the network-wide 

combined ESS installation. 

• Chapter 6 - Conclusions and recommendations. 
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Chapter 2. Literature Review 

As introduced in Chapter 1, the electrification of the rail and road is a good measure to tackle 

the GHG emission and both are expected to expand. Electrified rail transport suffers an 

undesirable loss of braking energy and would benefit from good recovery measures to reuse 

the braking energy to improve the rail’s energy efficiency. The fast-growing number of EVs 

and thereby the growing number of batteries (equipped in the EVs) is expected to bring in a 

considerable energy storage capacity, which could be potentially used as the energy storage for 

the rail network for braking energy recovery. Among different electrified rail systems, light 

rails and trams are considered to have the most convenient connection with the EVs and thereby 

a better chance towards the successful connection and energy exchange. Thus, this 

investigation aims to research the bidirectional energy exchange between electrified rail and 

road transport based on a light rail system. To fulfil such an aim, it is important to:  

1) Investigate the energy balance of the light rail network via an adequate methodology. 

2) Understand the impact of the addition of ESS on the energy balance and the optimal 

configuration of added stationary ESS. 

3) explore feasibility and merit of exploiting EVs as the ESS for the tram network. 

 

Prior to conducting any experimental research, it is crucial to conduct a literature review to 

understand the current research progress of the relevant area first, and subsequently, to propose 

the objectives accordingly to fill knowledge gaps. Thus, in this chapter,  

• Section 2.1 - reviews the findings of the existing energy balance studies of the urban light 

rail network and the methods used in the relevant studies. 

• Section 2.2 - introduces and reviews the measures for braking energy recovery and the 

impact that could be made on the energy and cost-saving. 

• Section 2.3 - introduces the exploitation of EVs as energy storage in a different area and 

reviews its exploitation on the energy exchange between rail and road. 

• Section 2.4 - identifies the knowledge gaps of the research areas and proposes the objectives. 

 

2.1 Energy balance of electrified Transit Systems 

One of the key objectives of this research is to study and compare the energy balance of the 

light rail network both before and after the introduction of EVs as ESS. Therefore, the primary 

aim of this research is to understand the energy balance of the tram system. The observation of 
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this energy balance could be done either via experimental measurement of the rail vehicle 

dynamics and system parameters, or modelling of the vehicle dynamics into electrical energy 

flow. As no direct access to the tram system has been possible within this study, a simulation 

approach, based on comparison with published results for validation, has been taken. With this 

in mind, it is prudent to review the approaches of other studies into electrified tram systems, 

and their respective outputs. 

 

2.1.1 Applications to analyze energy balance of electrified transit systems 

A number of studies have examined energy efficiency on urban light rail networks , where the 

current or original energy balance of the system is used as the baseline for demonstrating the 

efficacy of improvement measures.  

• Destraz, et al. [65] studied a tram line located in Mannheim, Germany, and the simulation 

result predicted that for a round trip, one tramcar journey consumed 73.36 kWh energy for 

traction and produced 22.47 kWh of braking energy, which was equivalent to 31% of the 

traction energy used.  

• Açıkbaş and Söylemez [66] investigated the tramway in Istanbul and showed that 81-93% 

of braking energy could be reused for traction and thereby contributing 32-37% of the 

traction energy. 

• Chymera, et al. [67] modelled and simulated the Blackpool Tramway located in England. 

It predicted that the energy loss occurred during the operation, i.e. in mechanicals, in 

braking, etc., and indicated that the braking energy loss contributed to 40% of the total 

energy loss. The simulation results were compared with the experimentally measured 

results, and was considered valid. 

• Kara, et al. [68] also studied the energy balance of the metro transportation in Istanbul, 

Turkey via modelling and simulation, and found that the braking energy could contribute 

approximately 44% of the total energy demand. 

• Yang, et al. [69] modelled and simulated Line 2 of Shanghai Metro. The study focused on 

a traction section that has 15 stops, and discovered that braking energy could contribute 64% 

of the traction energy. The simulation result also predicted that 72% of the braking energy 

had been reused for traction in other trams on the network. When validated, this prediction 

was found to be close to the measured percentage of 69%. 

• Tian, et al. [70] exploits the power flow algorithm for the energy balance investigation of 

the Beijing Yizhuang subway. The modelling and simulation results predicted that the 
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braking energy was equivilant to 68% of the traction energy. As 35-68% of the total braking 

energy could be reused for traction via regenerative braking, the energy consumption could 

be reduced by 22-42%. 

• Barrero, et al. [71] used the ‘quasistatic’ backwards looking method, which is commonly 

used to simulation power flow and energy consumption in vehicle, to study the energy 

balance of Brussels metro line. Under the moderate condition, the braking energy produced 

was equivilant to 46% of the traction energy. 39% of the braking energy could be reused 

for traction via regenerative braking and could contribute 18% of the traction energy.   

 

As found above, braking energy holds a substantial energy reserve for the urban rail system, 

but commonly has not been well recovered and reused.  

 

From the studies reviewed, the proportion of braking energy to total traction energy (BE: TE), 

and the regenerative energy to total braking energy (RE: BE) could be highly variable in 

different systems. This research gathered the generic specification, i.e. track length, nominal 

voltage, number of substations and stops, of different systems reviewed above and investigated 

their impact on the BE: TE ratios and the RE: BE ratios. However, as can be seen in , there is 

no apparent relationship between the generic system specification and the energy balance ratios 

in Table 2-1. 

 

Table 2-1 The generic system specification and the energy balance ratios in the published studies 

Reference 

Mannheim 

Tram Line 

[65] 

Blackpool 

Tramway 

[67] 

Shanghai 

Metro Line 2 

[69] 

Beijing 

Yizhuang 

Subway [70] 

Brussels 

Metro Line 

[71] 

Track Length (m) 8,000 18,000 60,000 227,300 8,000 

Nominal voltage (V) 825 550 1500 750 N/A 

No. of Substations 2 N/A 4 12 7 to 9 

Mean distance between 

Substations (m) 
4,000 N/A 15,000 18,942 1,000 

No. of Stops 15 35 15 14 14 

Mean distance between 

Stops (m) 
533 514 4,000 16,236 571 

Maximum Speed (km/h) 70 32 80 80 72 

BE:TE1 31% 40% 64% 68% 46% 

RE:BE2 18% N/A 69% 35%-68% 39% 

1: The ratio of braking energy to traction energy, 2: The ratio of regenerative energy to braking energy 
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As shown in Table 2-1, the BE: TE ratios vary. That's because in real life, the traction state and 

the braking state always go hand in hand, and the former always ends up in the latter. The 

conversion between kinetic energy and braking energy would be impacted by the locomotive 

efficiency, gearbox efficiency, friction, etc. Thus, the BE: TE ratios are likely to be independent 

of the system specifications examined in Table 2-1 but could be related to factors of tramcar 

features such as motor and gearbox models, etc., which are highly varied in different systems. 

Intrinsically, the BE: TE ratios can not be predicted through the generic system specifications 

and are expected to be varied in different systems.  

 

As shown in Table 2-1, the RE: BE ratios have high variations. Regenerative braking occurs if 

one tram/train is braking while another tram/train is also travelling in the same energy supply 

and is taking energy from the catenary for traction. The length of the energy supply sections 

and the timetable of the light rail operation could heavily affect the occurrence of regenerative 

braking [42, 72, 73]. For instance, a longer energy supply section and a timetable with a more 

frequent departure would allow more tram/train travelling in the same energy supply section, 

and therefore, more braking and acceleration would happen in the same energy supply section 

and the possibility for regenerative braking to happen would increase [42, 72, 73]. However, 

there is not enough information presented in published studies reviewed to support a 

meaningful investigation that comprehensively examines the synergetic impact of the length 

of the energy supply sections and the timetable on the RE: BE ratios. Thus, this review 

considered it is challenging to predict the RE: BE ratios of a system to test via the generic 

system specifications. Thus, the energy balance of a rail system is case-specific and can not be 

simply estimated from the system parameters. The investigation of it requires a dedicated study. 

 

2.1.2 Overview of modelling and simulation methods to obtain energy balance 

To identify a suitable method to investigate the energy balance of the tram system, this research 

firstly reviewed the methods used to examine the energy efficiency of DC electric systems. 

 

Firstly, the most intuitive approach would be experimental measurement, via measuring the 

voltage and current of each energy flow of the power system. Yang, et al. [74] used a relatively 

straight-forward method in their study of the Shanghai Metro Line II. By installing the voltage 

and current sensors on the carrier, the voltage and current data of the tram and the traction grid 

were obtained. Hence, the energy trend of each part of the network was calculated. However, 
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in practice, not every network operator is able to allow this intrusive measurement, and allow 

real-time data collection, as all installations have to adhere to rigid safety standards, and also 

not adversely affect the reliability of the systems. 

 

As experimental measurement is not always practical, modelling and simulation can be used 

instead. Another merit of modelling and simulation is that, it is able to predict the performance 

of the system under different operational configurations without changing them in real life, and 

hence prevent unnecessary capital cost or compromise the safety of the systems. Various 

simulation methods have been applied in previous studies.  

 

Dedicated commercial software exists for the simulation of rail networks. For example, 

RAILSIM, developed by an American company called SYSTRA, is capable of traction and 

operational simulation and is commonly exploited in the North America region. RAILSIM has 

also been utilised for tram system simulation by Kara, et al. [68] who used it to analyse the 

regenerative braking energy of the metro system in Istanbul, Turkey. Additionally, TOM (the 

Train Operations Model) was developed by Carnegie-Mellon University, and SimuX 

developed by M. Turan Söylemez, have both been used in the simulation and energy balance 

studies of tram systems powered by a DC supply [66, 75]. Although the software mentioned 

above are professional and their effectivity and reliability have been proven, due to concerns 

on commercial confidentiality, some of them are not open for general use, or are just partially 

available to a certain organization and academic bodies. Hence, these software packages are 

not fully accessible, and in some cases, their accessibility issue is attributed to the very high 

purchase cost. 

 

Instead of using the aforementioned dedicated software, many studies use well-proven general 

platform softwares, to construct models and undertake system simulations. Some of the 

software platforms focus on studying the whole network's energy supply system. In those 

studies, the various parts of the tram network (such as substations, trams, etc.) are equivalent 

to simple circuit components within an analogous circuit simulation representing the tram 

network. Subsequently, an analogous electric circuit is built to be analysed for its energy 

operation via a Power Flow Algorithm. In essence, the Power Flow Algorithm commonly uses 

equations and matrixes to express the operation of the rail system, and exploits the powerful 

computing ability of a software platform for modelling and simulation. 
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Lee, et al. [76] and Tian, et al. [70] applied the Power Flow Algorithm to the construction of a 

model, and conducted simulations for the investigation of the energy balance. The former 

looked into the Seoul Metro Line 7, and the latter examined Beijing Yizhuang subway. 

Teymourfar, et al. [77] modelled the Tehran metro network and simulated the energy balance 

via creating a digital simulation environment through software PSCAD. Chymera, et al. [67] 

and Yang, et al. [69] applied the Node Voltage method and conducted the modelling and 

simulation on Matlab to obtain the current and voltage of each tram car at any given time point 

and location to understand the energy balance of the network. However, this approach is 

complicated and not intuitive. Firstly, in the case of a substation with uncontrolled rectification, 

its characteristics are strongly nonlinear, leading to the non-convergence of the DC network 

power flow calculation when solving the network for regenerative braking. Besides, it is 

challenging to modify the model to address changes in the system's configuration or to include 

extra units, and thus further study approaches for improving energy efficiency of the system.   

 

Some of the software applications target studying the efficiency of the energy exchange 

between the tram and the supply network. These applications firstly focus on modelling each 

key unit, component or module of the tramcar and the power supply system. For example, the 

motor in the tram car will be modelled instead of being simplified to a basic current source 

existing in an electric circuit. The model can then be built to conduct simulations to scrutinize 

the energy exchange between the tram and the energy supply network. Shahnia, et al. [78] 

applied PSCAD to the simulation of the traction power supply system and car models. Streit 

and Drabek [79, 80] used the Labview software package to obtain the key parameter of their 

proposed control method and simulated the energy efficiency of a tram car. Matlab/Simulink 

is also one of the most popular software packages because Matlab/Simulink has libraries (such 

as the Simpower toolbox) with some electrical components programmed in it. Hence, the users 

can obtain and add different units to their model directly. Du, et al. [81] used this approach to 

compare traction current used by different types of electric motor while a light rail train car 

travels between two substations. Yu, et al. [82] studies the current and voltage change when a 

tram car brakes. Ruigang, et al. [83] and Brazis, et al. [84] both constructed tram car models 

and simulated the energy exchange between the tram car and the energy supplying facilities. 

Using such modelling and simulation methods enables examination of the energy change of 

one tram/train car while it is travelling in the network, but could struggle to analyse the 

complicated and dynamic energy trend of the entire rail network, which has multiple trains 



20 

 

travelling simultaneously. Still, it can construct models that have a good visualisation and are 

easy to modify. 

 

In conclusion, various software packages can be used to model the energy balance of the rail 

system, but the different approaches have their pros and cons. Thus, a methodology which is 

built on a well-known software platform and is intuitive but still able to model the energy 

balance of a complicated and dynamic rail system, is required. 

 

2.2 Braking energy recovery of the rail system 

2.2.1 Overview of braking energy recovery methods 

The recovery of braking energy could be via operational management or technical intervention. 

For example, in light rail systems, Optimising the departure schedules is one of the commonly 

applied operational management measures and could help improve braking energy recovery. 

However, it is out of the scope of this research. To date, the technical intervention for braking 

energy recovery is two fold, using reversible substations, and the addition of energy storage 

systems (ESS’s) [41, 42, 85]. 

 

 via Reversible substations 

Reversible substations are equipped with AC/DC inverters in the place of simple multi-pulse 

rectifiers, which allow the braking energy to be fed back to the distribution network [41-43]. 

Inverter feedback is instigated with a high power three-phase inverter. This type of inverter is 

able to connect its DC link, with the DC line of the traction substation. Via this approach, the 

regenerated electricity can be inverted into AC, and synchronised to the voltage and phase of 

the grid. Hence, the regenerated energy can be returned to the network of the grid operator, 

thus being used in the operator's network or sold to the energy supplier [41]. The schematic of 

this approach is shown in Figure 2-1. A number of studies have looked into the exploitation of 

reversible substations in the rail network. 

• Cornic [86] presented the findings of the RailEnergy project. The project was funded by 

the European Commission under the 6th Framework Programme for Research and 

Development, and aimed to reduce rail energy consumption. It architected the reversible 

DC substation and modelled / simulated its performance by virtually applying it on a 

regional service from Utrecht to Zwolle, which has an 87 km track length, 15 stops, and a 

supply power range from 6-18 MW. The simulation result showed that the application of 
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reversible substations could deliver an energy saving of 7%. However, in this study, the 

frequency of stops does not closely reflect that of a busy urban tram system, expecially 

when this exists in part over the road network, and is thus subject to trafffic flow issues. 

• Ibaiondo and Romo [87] developed a new converter topology, which can be applied to the 

reversible substation. A prototype unit was designed and installed in one of the traction 

substations of the urban subway network in Bilbao, Spain. The addition of the prototype 

could reduce daily energy consumption by approx. 8.7% for weekdays, 14.5% for 

Saturdays, and 24.25% for Sundays. 

• Gelman [88] compared the energy-saving and the related economic performance of the 

reversible substation and the conventional substation. The modelling and simulation found 

that the reversible substation can lead to the system consuming 44% less energy than the 

conventional substation. Given the relatively high capital cost of the reversible substation, 

the work estimated that the investment would be recovered after 12 years. 

 

 

Figure 2-1 The schematic of utilization of braking energy via inverter feedback storage 

 

The application of inverter feedback to the utility supply is good for integrated energy usage 

and efficiency, as the regenerative energy is directly fed back to the grid. However, it has a 

weak economic justification, due to high capital cost of the inverters, and the complicated 

control and maintenance that hinders its wider application. Moreover, the quality of the 

electricity that is fed back is relatively low as the current harmonics can be high, and the power 

levels transient. The high harmonic distortion gives rise to interference with communication 

and control systems on the tram / rail system, and can generate interference with other electric 

facilities [42, 89]. In addition, the very low price paid by grid operators for electricity returned 

to the utility supply does not aid the economic case, as the energy has to then be drawn from 

the grid at a much higher price when it is needed again [90]. 
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 via Energy storage system 

After an ESS is introduced onto the rail / tram system, the regenerated, but unused, energy will 

be stored ‘locally’ in the ESS, instead of being returned to the utility supply. When the tram is 

moving off, or accelerating, the ESS will return the stored electricity to the tram without 

incurring supply costs from the utility grid. One of the key components of an ESS is the energy 

storage unit, for which batteries, super-capacitors, and flywheels are popular choices for rail / 

tram applications [91]. 

 

Battery Storage 

Battery storage uses a rechargeable electrochemical battery as the energy storage unit. At 

present, typical battery chemistries under investigation for storing regenerative energy include 

lead-acid batteries, Nickel-based batteries, and lithium batteries [92]. The advantages of battery 

energy storage systems are that the energy density is high, the cost is low, and the technology 

is mature [93]. However, due to the low power densities of common battery chemistries, the 

charge-discharge time is relatively long [93]. 

 

Supercapacitor Storage 

The super-capacitor is another method of energy storage. In a super-capacitor, the electrode 

and the electrolyte compose a binary electrical layer structure. Since the electricity is stored as 

electrical potential energy, the charge-discharge does not require the chemical conversion that 

is required within a battery. Such a characteristic enables a super-capacitor to charge and 

discharge rapidly [93]. Compared to the battery, the super-capacitor has a much higher power 

density, but a significantly lower energy density [91]. Thus, a super-capacitor stores less energy 

than a battery that shares the same mass [91]. 

 

Flywheels storage 

Flywheel energy storage systems store the electrical energy as mechanical kinetic energy in a 

spinning flywheel. However, the flywheel can only store the energy for a short time, and energy 

loss occurs during the spinning of the flywheels due to the inevitable friction (bearing friction 

and windage being typical) [41]. The flywheel system also requires a large volume of space, 

heavy maintenance, and could create noise and safety concerns [94]. Due to the substantially 

decreased cost of lithium ion batteries since 2010, Meishner and Sauer [94] predicted that 

battery ESS would displace flywheel based systems, which were popular between 2000 to 2010. 
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Based on the location of installation, ESSs can be categorised as either onboard storage, or 

wayside storage. For the onboard storage, the ESS is installed on the tram / train, and the unit 

primarily stores and supplies energy to the tram it is located on. With wayside storage, the 

module can collect the unused braking energy from trams on the system, and it can also provide 

the electricity back to a nearby accelerating tram. A schematic of the approaches can be seen 

as Figure 2-2. Previous research related to using onboard ESS for light rail networks includes: 

• Steiner, et al. [95] reported that a prototype light rail vehicle with onboard energy storage 

capacity was offered to the public transportation operator RNV in Mannheim for trial by 

Bombardier Transportation. Compared to the conventional light rail vehicle with no energy 

storage, the prototype equipped with a new traction system and energy storage consumed 

30% less energy and reduced the peak power demand on the system by 50%.  

• Herrera, et al. [96] modelled and simulated the application of a tramcar with onboard ESS 

on the tramway of Seville, Spain. Through optimising the energy management strategy and 

also the capacity of the ESS, the daily operational cost of the tram system could be reduced.  

• Arboleya, et al. [93] conducted a case study to demonstrate the energy-saving performance 

of the onboard ESS. Based on an assumed journey, the simulation result found that the light 

rail vehicle with onboard ESS consumes 11.5% less energy than the one without onboard 

ESS. 

 

Figure 2-2 The schematic of the utilization of braking energy via energy storage: (a) on-board storage, (b) 

wayside storage 

 

Therefore, the aforementioned studies prove that the onboard ESS can effectively recover 

braking energy and thereby achieve energy savings, and that an onboard ESS is also suitable 

for catenary free networks [93]. However, the onboard ESS is only effective for the light rail 
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vehicle on which it is installed, and once that light rail vehicle is no longer in operation, the 

onboard ESS will not provide benefit to other light rail vehicles or the network as a whole. 

Furthermore, the addition of on-board ESS to the vehicle would increase the weight or volume 

limits for the vehicle, therefore reducing the vehicle’s performance and passenger-carrying 

capacity. The installation of wayside ESS could avoid such issues. The connection to the rail is 

then stationary, and similar to our suggested approach about connecting EVs to the network. 

Thus, this thesis provides a comprehensive review on the wayside ESS in the following Section 

2.2.2. 

 

2.2.2 Application of wayside ESS 

The wayside ESS is also referred to as the stationary ESS, and is commonly installed on the 

ground alongside the tracks. Therefore, it avoids the issues associated with an on-board ESS as 

it doesn’t occupy any passenger-capacity (in terms of weight or volume) of the tramcar and it 

can offer its service to the tram network all the times. Among various methods for recovering 

the braking energy, the stationary wayside ESS is the one closest to our suggested approach, 

because when EVs are acting as an ESS, they are connected to a charging point and remain 

stationary. Therefore, this research reviews the application of stationary ESS in light rail 

systems.  

 

Barrero, et al. [97] studied the Brussels metro line 2 which has a total length of 8 km, 14 stops, 

9 unidirectional power supply substations, and is operated in an open-circuit voltage of 876V. 

The study develops a simulation program based on the “effect-cause” method in 

Matlab/Simulink. The study uses a supercapacitor for energy storage and suggests that the ESSs 

should be installed every 1.5 to 2.0 km.The work achieved an energy saving of 11% in peak 

hours, and 26% for night and weekend periods, demonstrating the success and applicability of 

ESS within a tram system. 

 

Teymourfar, et al. [77] studied the Tehran line-3 metro which is operated with a nominal voltage 

of 750 V. Although the whole network is 33 km long incorporating 26 stops, the study only 

conducted modelling on a segment which contains 10 stops and 9 unidirectional substations. 

The study developed an effective method to predict the maximum instantaneous regenerative 

energy produced at each stop. The study shows that regenerative energy produced at each of 

the 10 stops varies from 533 MWh/year to 5,900 MWh/year. For each stop, the study tailors 



25 

 

the configuration of the stationary ESS module. For the stop with the greatest regenerative 

energy production, the maximum energy saving is around 42-44% during peak and off-peak 

operating hours. 

 

Lee, et al. [76] studied the Seoul Metro Line 7 in South Korea, which comprises 42 stations 

and 16 substations over 47.1 km of track. The network is operated with a rated voltage of 

1,500V and the no-load voltage of 1,650V. The study modelled and simulated a railway system 

with ESS installed, and calculated the optimal power and capacity of the ESS. The capacity of 

the ESS was calculated as 478 kWh, and its application to the system was able to improve the 

efficiency to more than 90%, while saving 7 MWh energy per hour. As energy consumption 

was predicted to reduce, the operational cost was consequently lowered by 27.7%. Moreover, 

the wayside ESS was also found to deliver benefits of stabilising the feeder voltage, and the 

line charging and discharging voltages. As a result, transient overvoltage or under voltage on 

the catenary is prevented.  

 

Ceraolo and Lutzemberger [98] studied the Bergamo light rail system, which is 12 km long, 

has 10 power supply substations and is operated with a rated voltage of 750V, via modelling 

the simulation. With an ESS added to each power supply substation, the simulation result 

predicted an approx. 43% energy-saving. The study also suggested that 2-4 km is the optimum 

distance between the ESS’s in order to minimise the energy loss due to the line resistance. 

Additionally, the study compared the influence caused by the storage media, the super-

capacitor and lithium ion battery. Although the energy saving delivered by both super-capacitor 

and lithium ion batteries is comparable, lithium ion batteries are a more competitive option 

because installation costs are lower, and hence lead to a more rapid Return on Investment (RoI). 

 

Gao, et al. [99] studied the Beijing line-5 metro supply network and trains. Real data from the 

metro line and its trains were obtained and used to predict the maximum instantaneous 

regenerative energy of each station via modelling and simulation. The research found that the 

addition of wayside ESS could lead to a daily energy saving of 12%, which was equivalent to 

1,500 MWh per annum. 

 

As mentioned above, the ESS helps deliver energy-savings to a rail network, but installation 

requires capital investment. The implementation of adding ESS to the rail network thereby 

needs to be justified based on whether the initial investment can be returned through the 
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economic benefit created by the energy-saving, and how quick it can be. Some literature has 

performed economic feasibility studies based on the energy balance. 

 

Teymourfar, et al. [77] investigated the economic benefit of using a wayside ESS and predicted 

good economic feasibility. The study estimated that the initial investment would be returned 

after ten months, and the cost-saving through the ESS would be approximately nine times 

higher than the initial investment, over the ESS lifetime. 

 

Ceraolo and Lutzemberger [98] compared the economics of stationary ESS with a battery or a 

super-capacitor acting as energy storage media. Assuming the battery and super-capacitor 

deliver a similar energy-saving, the former showed better economics than the latter since it was 

assumed to be 50% cheaper in unit price. However, the increase in the number of ESS additions 

was found not to elevate the energy-saving linearly. Fewer ESS installations improve the speed 

at which the investment would be recovered. When the number of ESSs ranged from one to 

ten, the payback period varied from two to 18 years for the system under consideration. 

 

Lamedica, et al. [100] investigated the optimal addition of wayside ESS to a railway line. Its 

economic study not only considered the payback period, which focused on how long the initial 

investment is recovered, but also looked into the net present value (NPV), which predicts the 

economic benefit generated during the useful life of the ESS. The study found that both one 

and two ESSs could achieve a positive NPV, and so, they are both proven economic additions. 

However, the addition of two ESSs was found to have a smaller NPV and a longer payback 

period than just a single ESS. 

 

Park, et al. [101] investigated how the cost and asset life of the battery in the ESS impacts the 

economic feasibility. Based on the actual load data of a Korean urban light rail substation, the 

study modelled and simulated the energy saving achieved by adding a battery ESS. It 

discovered that the predicted annual profit generated through the ESS addditon would increase 

by 50 US dollars ($) if the unit cost ($ per kWh) of battery was less than $130/kWh and could 

decrease by $1/kWh. Additionally, the study found that if the battery’s asset life could be 

extended, more profit could be generated over the battery’s useful life, for instance, the 

estimated total profit generated was approx. $23,000 if the battery life was 10 years and coud 

become $37,500 if the battery life 15 years. 



27 

 

Roch-Dupré, et al. [102] studied the impact of the addition of an ESS on the demand charge, 

energy consumption and the related economic influence. With the aid of modelling and 

simulation, this research predicted that the addition of an ESS lowered the cost of the demand 

charge by 10.02% and lowered energy consumption by 16.93%, therefore leading to a 15.08% 

reduction in the overall cost. Further, it studied the influence of the ESS cost on the economics 

and showed that NPV could change from € -6,000 to € 298,000 if the cost of the battery varied 

from 50% to 150% of its assumed baseline level. 

 

As discussed in the above research, the economics of including ESSs varys substantially 

between studies and is likely to be case-specific as each case would have a varied energy saving 

that lead to different cost savings and use different types, capacity and number of ESS that 

result in highly varied costs. It is worth noting that both the number and size of ESSs influences 

energy-saving, but the energy-saving might not respond to the two influential factors linearly. 

Therefore, the ESS’s configuration (i.e. the capacity) and implementation strategy (i.e. the 

location and the number of ESS additions) could also heavily impact the economic appraisal 

built on energy-saving. Furthermore, the unit cost per ESS, which directly impacts the initial 

investment, is also found to affect the economic performance.  

 

Although some researches have looked into how different parameters impact the economic 

feasibility, they did not study these uncertainties in-depth, and consider how and why these 

uncertainties influence the economic appraisal differently. Therefore, it would be valuable to 

have a comprehensive study that holistically investigates the impact of the ESS’s configuration, 

the implementation strategy, and the cost element on the energy-saving and economic 

feasibility of installation. Also, it would be beneficial to conduct a sensitivity study on each 

cost or income-related element to understand how they influence the economic evaluation. 

 

2.3 The exploitation of EV batteries for energy storage 

2.3.1 The Vehicle-to-Grid approach  

The V2G approach utilizes the energy storage capacity embedded in the EVs to achieve energy 

exchange between EVs and grid, and is called vehicle-to-grid (V2G) [103, 104]. V2G 

technology allows the EVs to provide power to specific electricity markets, for example when 

the demand is high (peak lopping or load shifting), or to store power from the grid at specific 

occasions, for example, when the demand is low (or has over generation capacity) [103, 104]. 
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 The merits of V2G 

Studies have suggested that V2G can make a contribution to the regulation of grid frequency, 

and the overall reduction of the peak demand. With V2G, EVs may be required to provide 

power to the grid. Since the cost per kWh of electrical energy obtained utilising EVs is high, 

and the durability of the EVs’ batteries is low, the EVs are not suitable for providing based-

load power like the large generators [105, 106]. However, because the EV battery is able to 

quickly respond to demand changes [107], it could be utilized for voltage regulation or for 

primary and secondary reserves [105, 106]. 

 

Studies have been done on applying V2G for grid regulation. Drude, et al. [108] introduces two 

dispatch strategies to the Brazilian energy market, and proves that V2G operation can help to 

stabilise the grid. It also suggests that an appropriate policy should be put in place for 

preventing the conflict between grid operator and EV owners. Udrene and Bazbauers [109] 

used an advanced energy systems analysis tool called “EnergyPLAN”, which can be used to 

simulate the operation of the different energy system (i.e. electricity, heating, cooling, transport, 

etc) [110], to examine the feasibility of using V2G enabled vehicles to provide peak-shaving 

services to the Latvian electricity system. The result shows that, with 11% of the EVs battery 

capacity available to the grid, a 100 kg annual CO2 reduction per passenger car can be achieved. 

Financially, White and Zhang [111] discovered that approaches that enable frequency 

regulation services, and peak-load shifting, provides significant financial returns as an annual 

profits of $277-3,080 estimated based on the 2009 New York electricity market price for the 

vehicle owner. 

 

Various studies suggest V2G can also be used for integration of renewable energy generation 

[112, 113]. From using the ‘EnergyPlan’ model, Lund and Kempton [114] found that V2G 

operation can absorb excess generation from wind power, and increase the overall utilization 

of wind power in an electricity grid. If EV batteries are a higher capacity, this benefit will be 

further improved. Haddadian, et al. [115] investigated using V2G to increase the penetration of 

different renewable resources without harming the system security and stability. The outcome 

of this research suggests that V2G can smooth the variability of renewable generation, leading 

to a reduction of overall system operation costs and emissions, and increase the uptake of wind 

power. Ul-Haq, et al. [116] studies an EV charging station that is either powered by 

photovoltaic (PV) panels, or the power grid. V2G is used to stabilise the grid during peak load 
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hours. The simulation result demonstrates the feasibility of the charging station under different 

operating modes, together with the V2G operation. 

 

In conclusion, the V2G technology has been proven to be viable and can bring benefits in terms 

of peak demand reduction, grid regulation, and grid stabilisation. This benefit could potentially 

be delivered to the rail application, when EVs act as the ESS for the light rail system.   

 

 Issues of using the V2G approach 

The degradation of the EV battery is one of the key issues affecting the feasibility of the V2G. 

Guenther, et al. [117] conducted a model-based study to examine the aging of EV batteries in 

different load profiles, and considered the battery life would be reduced as the V2G peak-

shaving was added to the battery cycling. Uddin, et al. [118] reported there is a disagreement 

as to whether the V2G will degrade the battery life in different literature, they suggest that the 

longevity of the battery should not be affected if there is a smart control algorithm that uses an 

objective of maximising battery life as part of the system operation. Hill, et al. [119] compares 

the revenue achieved by the EV owners for providing V2G for grid ancillary services (such as 

frequency regulation) to the cost of the potential battery degradation caused by V2G. The study 

concluded that, from the owners’ perspective, the battery life is a key factor that determines the 

financial viability of the V2G in practice. 

 

Apart from the financial viability, the battery life also affects the EVs owner’s willingness to  

participate V2G system, as they are the owner of the battery and will be directly impacted by 

any shortening of battery life that occurs as a result of being used for V2G. Geske and 

Schumann [120] surveyed EV owners and found that the “Range anxiety” and the “minimum 

range” are the most important determinants in their consideration of whether to allow V2G 

operation with their vehicle batteries. Thus, potentially incentives are required to encourage 

the EV owners to participate in V2G applications [121]. 

 

2.3.2 Existing research on electrical energy exchange between rail and road transport 

In recent years, many researchers have investigated the technological and economic feasibility 

of V2G, and have further developed the V2G concept into V2X, which uses EVs to provide 

power to any electric devices, facilities and markets [60-62]. V2X could have various 

applications depending on what is linked to and exchanging energy with the vehicle. Examples 
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of V2X applications include: vehicle-to-load (V2L), vehicle-to-home (V2H), and vehicle-to-

building (V2B) [61, 62]. The V2L is considered the least complex and applied on the smallest 

scales. It primarily aims to use EVs to provide an emergency backup load to facilities 

experiencing energy shortages and/or lacking a grid connection [61, 62]. In some cases, it is 

used for recreational or non-urgent usage, i.e. camping and concerts [62]. V2H is the second 

least complex application among the three examples. It not only uses the EV for load but uses 

it for energy storage as part of home energy management [61, 62]. The latter application is 

popular for homes that possess renewable energy generation, such as solar and wind. Since the 

time of peak energy generation may not coincide with the time of peak consumption, thus the 

V2H could deliver its energy storage capacity to balance and smooth the generation and load, 

and prolong the grid independence [61]. V2B is a more complex application and usually occurs 

on a large scale that involves greater numbers of EVs or an EV fleet. The EVs in the V2B 

application can provide their electricity charged during the off-peak period to the commercial 

or industrial user during the peak period. The V2B could help reduce the grid demand during 

peak [61, 62]. Also, it might deliver cost benefits to the commercial or industrial user due to 

the potential to purchase the electricity from the EV owner at a lower price rather than from 

grid [62]. The US air force conducted a three week experiment in Colorado and used two 

medium duty electric trucks with 95 kW power and 125 kWh capacity for the V2B. The power 

demand was successfully reduced by 43 kW [122].  

 

In the light of V2X, the charging station of EVs could connect to the rail network, and 

potentially, EVs could thereby act as the wayside energy storage system of the rail network. 

The V2X version for rail and road could utilize the EVs to store and balance the generation and 

usage of braking energy, and offer some of the EV energy to the rail traction to reduce grid 

demand and stress. It combines the features and the merits of the V2H and V2B. However, 

studies are limited that investigate the connection and energy exchange between rail and road. 

 

Brenna, et al. [123] studied connecting the rail and EV charging points as using a high-speed 

railway system to provide power to the fast charging facilities of EVs in service stations located 

alongside the highway close to the railway lines. When an EV undertakes a long journey on 

the highway, it requires high power rapid-charging facilities for a quick re-charge in order to 

extend its traveling range. The fast charging facility requires a high power electrical grid 

connection which is not commonly available in the remote areas, but can be accessed via the 

highspeed train power system, which is supplied at the kV level. Thus, Brenna, et al. [123] 
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proposed to link the rail and road. However, the energy provided to the EV is not related to the 

braking energy of the rail, and it is just from the high power grid supply initially provided to 

the rail. Hence, the power supplied to the EV charging has to be limited as if excessive energy 

is drawn from the rail power supply network, the operation of the rail will be compromised. 

Moreover, the energy exchange between the rail and road proposed in this study is 

unidirectional, only from rail to road as found in standard charging systems.  

 

The charging of EVs by the rail network does not always compromise rail operations. 

Fernandez-Rodriguez, et al. [124] linked a wayside ESS with an EV charging point. The ESS 

firstly absorbed the excessive braking energy, which was produced but did not get reused 

immediately. A management system then controlled the discharging of the ESS, to charge up 

the EV connected to the system or to power the rail in traction load. The study discovered that 

the connection of the EV charging point and the wayside ESS improved energy saving, and 

this could be attributed to the EV taking the braking energy originally stored in the ESS and 

therefore allowing the ESS to receive more braking energy. However, the energy exchange 

between the EVs and the rail is still unidirectional as it is from the rail to the road.  

 

A bidirectional energy exchange between rail and road, which properly implements the V2X, 

has been proposed. Radu, et al. [121] analysed the on-board and wayside ESS application in 

urban DC transport systems and proposed (another) concept about the connection between the 

rail network and the EV charging point. It suggested using the wayside ESS to connect the rail 

and EVs. When the wayside ESS has sufficient braking energy reserve collected from the DC 

transport systems, it could then charge the EVs. When the EVs connected to the wayside ESS 

that hold available energy to give and the DC transport system has energy demand in traction, 

the EVs could then sell their energy to the rail through charging the wayside ESS. Such an 

application enables the charging of EVs with braking energy, elevates the wayside ESS’s 

receiving capacity on braking energy, potentially reduces the traction load (to the grid) and 

energy bills of the rail, and could also even encourage the use of public transport if the DC 

transport system operator offers a discount on their service to the EV owners who are willing 

to connect their vehicle and sell energy to the ESS. Still, the concept proposed has not been 

well proven for its technical and economic feasibility through actual case studies. It would be 

valuable to conduct a case study to model and simulate how the exploitation of EVs battery for 

energy storage could benefit a real rail system from both an energy and financial perspective. 
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2.4 Chapter summary  

This research aims to achieve the bidirectional energy exchange between light rail and road, 

using the EV battery as the energy storage system for the rail to reduce the rail’s energy 

consumption and peak demand and to potentially recover part of the braking energy to charge 

the EVs.  

 

Section 2.1 reviewed recent energy balance studies of urban light rail systems. It considered 

that modelling and simulation have been commonly used for energy balance investigation and 

is easy to modify based on different research needs. The energy balances used as the baseline 

to assess the energetic and financial advantages of different energy storage approaches are case-

specific and seldomly been studied at a whole network scale. The gap existing in the current 

knowledge is the lack of a comprehensive understanding of the whole network energy balance 

and an optimized method for achieving this. Therefore, the first objective of this research is to 

investigate the energy balance of the tram network, especially the energy demand for traction 

and the distribution of the braking energy, via an adequate modelling methodology. 

 

Section 2.2 reviewed the current braking energy recovery approaches. As the stationary battery 

ESS has a good performance on energy saving and shares a similar connection (to the rail) 

method with the EV, it is considered a suitable starting point for the energy storage study. The 

energetic and financial benefit delivered by the addition of stationary ESS is expected to vary 

greatly from case to case and is impacted by the units added, the capacity, the location of 

installations, etc. It is likely that the strategy used to add stationary ESS to the light rail network 

could be transferred to the later EV application. However, the gap existing in the current 

knowledge is that there is no comprehensive understanding of the optimal strategy, which 

considers both technical and economic feasibility. Therefore, the second objective of the 

research is to introduce the stationary ESS into the system, examine its impact on energy 

balance, and determine the optimal configuration of stationary ESS with regards size, location 

and number of addition and consideration of economic feasibility.  

 

Section 2.3 reviewed the application of the EV as energy storage for different electric facilities 

and markets. The concept of utilizing EV batteries to provide the energy for rail are considered 

to have several benefits, such as reducing the rail’s energy consumption and peak demand, 

better recovery of the braking energy, etc. However, the gap existing in the current knowledge 
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is that such a concept has not been assessed based on an actual system, and the connection and 

integration of the EV to the rail have not been well researched. Therefore, the third and final 

objective of this research is to explore the technical feasibility and the optimal solution of 

integrating EVs into the rail network via a full or partial replacement of the stationary ESS, and 

to assess its merit on the energy balance and the economic feasibility.  

 

The thesis will now 

1) introduce the operation of a typical tram network, propose and explain the simulation 

method and model used for the energy balance study, and present and discuss the results， 

in Chapter 3 

2) introduce the stationary ESS model designed, compare the performance of the addition of 

stationary ESS added to the systems with different energy supply modes, discuss the 

optimal ESS implementation strategy (i.e. number and location) based on the energy-saving 

and cost-saving delivered, in Chapter 4 

3) present the hourly energy balance of the tram network, introduce the model and the 

inclusion of EVs into the ESSs designed, compares different ESS systems based on their 

energetic and financial performance on the partial or full network-wide installation, in 

Chapter 5 
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Chapter 3. Modelling of energy trend of the tram network 

Having examined the various approaches to modelling energy storage on light rail (tram) 

networks in the previous chapter, this chapter will describe the development of a model, based 

on travel data logged on the Sheffield Supertram as an example network.  

 

The energy supply system, operational time schedule, and vehicular traffic all impact on the 

energy consumption of an urban light rail (tram) system. With such a complex interconnected 

problem, construction of a general model is not possible to suit all tram systems. Therefore, 

this project aims to utilize the Sheffield supertram as a specific example system for a case study. 

However, the complex inter-relationships between the factors affecting the energy use are 

generic to most urban light rail systems, therefore the results are representative of, and can be 

extrapolated to, similar systems. Throughout this research, there was no access to the energy 

supply network of the Supertram for experimental monitoring of voltage and current, despite 

efforts made to engage with Supertram, however design simulations made during the 

construction of sections of the supertram network were made available to the project by the 

design contractor, and could be used for model validation. This research therefore aims to 

investigate the potential improvement in the total energy consumption of the tram system 

through the introduction of energy storage onto the system. To this end, this research project 

took a modelling approach to the problem, validated by the small amount of data available, and 

the results of other studies carried out on similar urban tram systems. To achieve the overall 

aims of the project, a model was built in Matlab Simulink, based on the actual configuration of 

the Supertram system (reported in the literature). This was then used to simulate the energy 

balance of the system, and for subsequent investigations. The core concept of the modelling is 

to use the actual operational data, distance, speed and acceleration, of sample tram journeys to 

estimate the real time load of the motor and the tramcar, and ultimately simulate the energy 

trend with the association of the published operational timetable.  

 

This chapter explains the process of modelling and simulation of the energy trend of the tram 

network from its operational data, based on Matlab Simulink, and presents the energy trend 

estimated for the same tram system with different energy supply methods, as described later in 

the chapter. In detail, the chapter is broken down into the following sections:  

• Section 3.1 - introduces the system layout, energy supply mechanism and braking 

mechanism for the typical urban light rail network of the type studied. 
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• Section 3.2 - explains the type of data required, the data collection methodology and the 

data processing for the simulation.  

• Section 3.3 - shows the details of the model of the tram network. 

• Section 3.4 - presents the intial benchmark results and discussion of the energy trend of the 

tram network, obtained from the simulation. 

 

3.1 Tram operation system 

3.1.1 The Supertram layout 

This research focuses on the Sheffield Supertram network, which is a light rail network 

operated by the Stagecoach company. The Supertram provides an inner-city tram based public 

transportation service to the city of Sheffield (UK). As a focus of the project, it is considered 

as a typical urban light rail tram network. 

 

The total route length of the Supertram network is 29 km. It consists of three lines (or routes) 

which includes 48 stops in total, the blue line, the yellow line and the purple line as shown in 

Figure 3-1. In the network, each track is a dual rail system allowing inward and outward travel 

from the city center on separate tracks, and where routes overlap, the dual track is shared 

between routes (lines), through appropriate timetabling of the services.  

 

 

Figure 3-1 The route map of the Sheffield Supertram [125] 

 

3.1.2 Energy supply of tram system 

The schematic of the energy supply mode of the Supertram is shown in Figure 3-2. The rated 

nominal voltage of the Supertram system is 750 V dc, and the low voltage (LV) distribution 
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voltage of the UK utility grid connection is 11 kV ac at the substations. Hence, the substations 

transform the 11 kV ac into 750 V dc, and provide it to the catenary for supplying power to the 

trams. The traction electric motor on the tram converts the electricity received from the 

catenary into kinetic energy that moves the tram. There are 12 substations to supply energy 

within the tram network, shown with their names underlined in red in Figure 3-1. The 

substation applies a bilateral power supply methodology. Namely, each substation provides 

power to the two adjacent rail supply sections. 

 

 

Figure 3-2 Schematic of supply system (a) common OCS and (b) seperate OCS 

 

In real world practice, the urban light rail system can use either a separate overhead catenary 

system (OCS) or a common OCS to transmit the energy from the substation to the tramcar. For 

example, the systems studied in [67, 70, 100, 126, 127] exploit a seperate OCS, and the systems 

studied in [73, 77, 128] exploit a common OCS. In the separate OCS, the substation has two 

independent cable feeds to power the uplink catenary/tram-travel and downlink catenary/tram-

travel, each fed from a separate rectifier. Therefore, the two cables (uplink and downlink) are 

not electrically connected, as shown in Figure 3-2 (b), and energy cannot be transferred 

between the uplink and the downlink. However, in the common OCS, the substation uses the 

same cable to power both the uplink and downlink and hence the uplink and downlink 

catenaries are connected, as shown in Figure 3-2(a), and energy can be transferred between the 

two directions. 

 

The use of either the common OCS or the separate OCS determines how energy flows between 

uplink and downlink, and hence between different tramcars and substations, and furthermore, 
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between tramcar and tramcar. Consequently, it can lead to different energy usage trends 

between systems. This project received a report from Supertram for internal use only, and the 

report contains this crucial system data, the introduction of the common OCS and separate OCS, 

and some insights into the difference between the two energy supplying methods [129]. 

Therefore, it is worth studying the effect on the energy trend of the two alternative operational 

modes. In this project, different models were created to represent the common OCS mode and 

the separate OCS mode, funadamentally based on the Supertram network. A detailed 

description of the models is given in Section 3.3.  

 

3.1.3 Braking mechanism 

A moving tram can either be accelerating, at constant (uniform) speed, or decelerating. During 

acceleration and at constant speed, the tram draws current from the catenary and energy is 

consumed (there is friction opposing the motion even at constant speed). However, whilst 

decelerating (or braking), electricity is derived from the kinetic energy of the tram, via the 

electric motor on the tram, which is then regenerated into the catenary system.  

 

While a tram is braking, electricity will be generated. However, the simple rectifiers used at 

the substations do not allow energy to be fed from the catenary back into the grid. Thus, if 

another tram is also travelling between the same two substations and is accelerating, the 

generated electricity would be fed to the accelerating tram. This type of braking is called 

regenerative braking. If there is no additional tram travelling between the same two substations 

while the tram is braking, the electricity, which cannot flow to an available tramcar nor back 

to the substation, will charge the stray capacitance of the catenary and thereby raise the catenary 

voltage, exceeding the allowable voltage limit and cause problems with voltage breakdown 

somewhere in the system. Hence, instead of being fed back to the catenary, the generated 

electricity is diverted to the braking resistors located on the tram, and therefore the energy gets 

dissipated as heat for safety reasons. This type of braking is called resistive braking. 

 

Therefore, the tram operation not only consumes electricity but also generates electricity due 

to regeneration. One of the tasks of this research is to seek a solution to maximize the use of 

the regenerative braking energy, and thereby reduce the energy supply from substations. Hence, 

it is essential to understand the energy associated with the regenerative braking and resistive 

braking, and have an overview of the overall energy trend of the tram operation.  
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3.1.4 The system data of Supertram 

This research aims to use modelling and simulation methods to study the energy balance of the 

Supertram system and this thereby requires gathering the Supertram’s system data for the 

model construction and the subsequent simulation. Part of system data is publically available 

from Supertram’s official website and was collected [130]. With the access to Supertram’s 

internal report, this research validated the data collected from the Supertram official website 

and supplied some crucial but not publically available extra data [129]. The key system data 

used in the modelling and simulations is shown in Table 3-1. 

 

Table 3-1 Supertram system data 

Sources Name Value 

Public 

available 

data 

catenary nominal voltage 750V 

tare weight 46.5t 

passenger capacity 88 seated 

maximum acceleration 1.3 m/s2 

Internal-

use only 

data 

  

Not publically available 

  

 

3.2 The origin of the input data 

3.2.1 Overview of input data 

As mentioned at the beginning of this chapter, this research uses simulation models to estimate 

the energy trend. The simulation includes the construction of model and the data input. Figure 

3-3 presents the general data input process for the simulation, and it can be explained as: 

• The distance, speed, acceleration and altitude data of one tram journey that covers all the 

routes and stops was collected initially on a second by second basis. 

• This data was subsequently used to calculate both the distance moved from position to 

position, and the force generated or absorbed by the electric motor at any moment during 

the tram journey.  

• Both the distance and force data obtained for the single tram journey, and the operational 

timetable, are used by a Matlab model for integration into the system. The model aims to 

replicate the operational profile of the tramcar for every tram journey during a single day.  
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• Based on the operational profile of every tram journey made during a day (from the Matlab 

model), the Simulink model will simulate the daily energy balance of the tram system.  

 

 

Figure 3-3 Schematic of the modelling and simulation process 

 

3.2.2 Data collection 

 Selection of device  

Dedicated GPS devices can be used to collect travel data, including coordinates, speed and 

acceleration of a moving object. This can also be collected using non-dedicated equipment with 

GPS function, such as a cell phone. In the initial stage of the project, several mobile 

applications were tested and proven not to meet our requirement on data accuracy. As an 

example, data was gathered by the mobile application named “Speedmeter”, which was found 

to be the best among the tested mobile applications. The graphs of the speed and acceleration 

data collected via “Speedmeter” are shown in Figure 3-4.  

 

 

Figure 3-4 The Speed data and acceleration data collected via iPhone apps “Speedmeter” 
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As can be seen, due to the loss of the cellular signal, the data of the 50th to 60th second in such 

a journey of under 10 minutes is missed. More importantly, the acceleration collected exceeded 

the maximum regulated value of 1.3m/s2 given by the Supertram data. The graph of the speed 

and acceleration data collected via “Speedmeter” is shown in Figure 3-4. 

 

After consulting the technician from the University of Sheffield School of Geography, a GPS 

device, GARMIN eTrex® 10 (shown in Figure 3-5), was used for the data collection for this 

research project. 

 

Figure 3-5 Garmin GARMIN eTrex® 10 

 

The raw data collected by GARMIN eTrex® 10 is latitude and longitude coordinates. The 

coordinates are collected second by second, and hence, the travelling distance per second can 

be calculated. If the latitude and longitude of Point A are (LatA, LonA) and of Point B is (LatB, 

LonB), then the distance between Point A and Point B is calculated via Equation 3-1. 

𝑆 = 𝑅 × arccos[sin(𝐿𝑎𝑡𝐴) × sin(𝐿𝑎𝑡𝐵) + cos(𝐿𝑎𝑡𝐴) × cos(𝐿𝑎𝑡𝐵) ∗ cos(𝐿𝑜𝑛𝐴 − 𝐿𝑜𝑛𝐵)  Equation 3-1 

where S is distance, R is the radius of the earth which is taken as 6,371,000 (metre).  

With the distance acquired, the speed and acceleration can be calculated via Equation 3-2.  

 𝑆(𝑡) = ∫ 𝑣(𝑡)𝑑𝑡 = ∬ 𝑎(𝑡)𝑑𝑡 Equation 3-2 

where S is distance, t is time, v is speed, and a is acceleration.  

 

In order to examine the reliability of GARMIN eTrex® 10, the device was used to collect the 

travelling data of the tram journey alongside the mobile application “Speedmeter”. The graphs 

of the speed and acceleration data collected via GARMIN eTrex® 10 are shown in Figure 3-6. 

Although the curves of the speed are similar, the acceleration curve collected via GARMIN 
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eTrex® 10 does not exceed the regulated range, and there are no sections of data loss. Thus, 

the device meets our requirement on reliability and accuracy, and is used for the subsequent 

data collection. 

 

Figure 3-6 The speed data and acceleration data collected via GARMIN eTrex® 10 

 

 The principle of data collection  

Since the Supertram network has three lines, it is impossible to have one single journey that 

covers all the routes and stops on the uplink and downlink. To understand the energy trend of 

the entire network, data collected from both travelling directions of each line is required. 

Therefore, in the sampling campaign, data collection that covers the whole system consisted of 

8 different tram journeys as shown in Figure 3-7. 

 

Figure 3-7 Tram journeys taken in the sampling campaign 

 

These journeys covers all of the possible routes and stops on both uplink and downlink of each 

route, for example, the data sampling tram journey was initially carried out from the Cathedral 

stop to Herdings Park, then the second journey was from Herdings Park back to Gleadless 

Townend which is actually a stop on the route from Cathedral to Herdings Park. When the 8th 

tram journey finished at Cathedral where the sampling started, one sampling campaign was 
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complete, and the operational data of a tramcar at any place of the network or at any moment 

during the journey was thereby obtained. 

  

As mentioned initially, the tram journey is affected by the road and traffic conditions as the 

tram travels for part of its journey on public roads, and its travel pattern is therefore varied due 

to traffic variations. In order to get more reliable and representative data, data collection events 

took place on three different days during a week. In those sampling days, data collection took 

place in both morning and afternoon. Therefore, there are six sets of data collected in total to 

account for basic variations in traffic.   

 

In detail, data was collected in both mornings and afternoons of June 19th, 20th and 21st 2018. 

The morning data collection began on the Purple line tram journey which departed at 08:20 

from the Cathedral to Herdings Park. The afternoon data collection began on the Purple line 

tram journey which left at 13:45 from the Cathedral to Herdings Park. 

 

 Result of the data collection 

The six data sets contain the height above mean sea level, distance, speed and acceleration of 

the tram journeys in both directions for all three lines that took place on both morning and 

afternoon from June 19th to 21st. Figure 3-8 shows the height above mean sea level profile of 

the journey collected from Halfway to Malin Bridge in one sampling campaign. In that figure, 

the tram stops are highlighted with red dots. 

 

Figure 3-8 The change of height above mean sea level and distance over time during the journey from ‘Halfway’ 

to ‘Malin Bridge’ (Dots highlight tram stop locations) 
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The six sets of speed and distance data were categorized into Blue Line (from Halfway to Malin 

Bridge), Yellow Line (from Middlewook to Meadowhall) and Purple Line (from Cathedral to 

Herding Park) and are shown in the Appendix A. It is worth noting that, although the speed is 

not identical between journeys with same origin and destination, the overall trends are similar. 

Three tram journeys were randomly selected to compare their travelling (speed) profiles 

obtained through the six different sets of travelling data, as shown in Figure 3-9. These three 

tram journeys are (a) from Spring Lane to Arbourthorne, (b) from Beighton/Drake House Lane 

to Crystal Peaks, and (c) from Attercliffe to Arena/Don Valley Stadium. 

 

 
Figure 3-9 The speed and distance profile of the tram journey 
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3.2.3 The traction force of the tram  

The traction and braking of the tram are driven by electricity. The electric motor of the tram is 

the device that transforms the energy, such as the mutual transformation of electricity and 

kinetic energy, and consequently, provides force to accelerate or decelerate the tram. In this 

sense, traction force and braking force are key parameters showing the status of energy 

transformation in the electric motor, and can be used to calculate the electricity generation and 

consumption in the tram operation. 

 

From simple first principles, this research analyses the tram movement from a perspective of 

the mechanics. Generally, while the tram is moving, the force that impacts the tram is the joint 

force (FJoint) of the traction force (FTraction) provided by the electric motor and resistance force 

opposing the motion (fResistance). Hence, the FTraction provided by the electric motor can be 

calculated via Equation 3-3.  

 𝐹𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐹𝐽𝑜𝑖𝑛𝑡 − 𝑓𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 Equation 3-3 

where FTraction is the traction force, FJoint is the joint force, and fResistance is the running resistance. 

 

All three forces are vectors. During the tram operation, the tram is considered always moving 

forward. If the force exerted on the tram car is in the same direction to the movement of the 

tram, it is considered as having a positive magnitude. Otherwise, it is considered as having 

negative magnitude. In the case of resistance, the fResistance, which is always in the oppositive 

direction to the movement of the tram, is always considered as having negative magnitude.   

 

 The Joint force 

The FJoint can be calculated from Equation 3-4 by applying Newton’s second law.  

 𝐹𝐽𝑜𝑖𝑛𝑡  = 𝑀𝑡𝑟𝑎𝑚 × a Equation 3-4 

where Mtram is the mass of the tram and a is the measured acceleration from the GPS data 

logging.  

 

Using publically available information from the website of Supertram, the tare weight and the  

passenger capacity of one tram car is 46,500 kg and 88 seats, respectively [130]. Assuming the 

average weight of a person is about 60 kg [131], the total mass of a full tram car is 
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46,500+88×60 = 51,780 kg. According to the information posted on the website of Supertram, 

the physical acceleration of the tram ranges from 0-1.3 m/s2. Therefore, the joint force ranges 

between 0 and 67.3 kN for a full capacity seated tram. 

 

 The running resistance 

During tram operation, the force that impacts the tram and hinders its movement is called the 

tram resistance. The tram resistance consists of basic resistance and additional resistance [83].  

 

‘Basic resistance’ consists of motion resistance between the parts of the tram, air resistance, 

and is also caused by the impact of, and friction between, the wheels and rails. There are many 

factors that affect the basic resistance of the tram, and some are unable to be accurately 

quantified. In order to simplify the calculation of the basic resistance, the Davis equation [132] 

is commonly applied to approximately express the basic resistance, based on empirical data 

and the type of trams. Hence, the basic resistance can be calculated via Equation 3-5 [132]. 

 𝑓1 = 𝑎 + 𝑏𝑣 + 𝑐𝑣2 Equation 3-5 

where v is the velocity, and a, b, c are vehicle-related constants. In this study, a is taken as 1.01, 

b is taken as 0, and c is taken as 0.0006, values obtained from Supertram’s internal report. 

 

‘Additional resistance’ is caused by the road conditions, and consists of ramp resistance, bend 

resistance and tunnel resistance [133, 134]. 

 

Tunnel resistance 

Since the route of Supertram rarely runs through a tunnel, the tunnel resistance was not 

considered in this modelling. 

 

Ramp resistance 

The ramp resistance (f2) is calculated via Equation 3-6 [135]. 

 𝑓2 = 𝑀𝑡𝑟𝑎𝑚𝑔 𝑠𝑖𝑛 [𝑡𝑎𝑛−1 (
𝑇𝑔𝑟𝑎𝑑

100
)] Equation 3-6 

where Mtram is the mass of the tram, g is the gravity and Tgrad is the track gradient in percentage 

and is obtained from the height above mean sea level given by the data logging. 
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Bend resistance 

The bend resistance (f3) is calculated via Equation 3-7 [136]. 

 𝑓3 = 0.01 ∗
𝑘

𝑅
∗ 𝑀𝑡𝑟𝑎𝑚 Equation 3-7 

The variable f3 is the resistance due to track curvature (kN), k is dimensionless parameter 

depending upon the train, and is taken as 600 in the UK study [136]. R is the curve radius in a 

horizontal plane (meters), Mtram is the mass of the tram.  

 

The value of the R is measured via Google maps. As shown in Figure 3-10, using the tram route 

between Park Grange and Arbourthorne Road as an example, the radius of the bend is measured 

as 160 m.  

 

Figure 3-10 The bend located between Park Grange and Arbourthorne Road (Screen captured from Google 

Maps) 

 

Through GPS data collected, the exploitation of Google maps, and the application of Equation 

3-7, this research discovered that:  

• There are only seven locations that have a bend with a ≤50 m radius, the time used to travel 

through these bends is approx. 135s, and the bend resistance calculated is 6.2 kN  

• There are eight locations that have a bend with a radius >50 m but ≤100 m, the time used 

to travel through these bends is approx. 180s, and the bend resistance calculated is 3.1 kN  

• There are only two locations that have a bend with a radius >100 m but ≤150 m, the time 

used to travel through these bends is approx. 100s, and the bend resistance calculated is 2.1 

kN 
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Based on the weight of the tramcar (section 3.2.3) and the nominal maximum acceleration 

(Table 3-1) the maximum joint force (of the tramcar) during the tram operation, ranges from 0 

to 67.3 kN. When compared to the joint force, the bend resistance is not likely to be influential. 

Travelling all the tracks takes approx. 7,050 s. Hence, the time spent on travelling through the 

bends mentioned above only accounts for a short proportion of the total travel time. 

Considering that the bend resistance makes a very small impact on the tram journey is in line 

with other academic studies [135, 137-139], which also do not include the bend resistance in 

the traction force calculations for their work. 

 

 Result of traction force 

From Equations 3-3 to 3-6, the traction force of the tram of any moment during the journey can 

be found, and is an input to the energy trend model. However, due to the limited space here, 

only the journey from Halfway to Gleadless Townend is shown as an example, and the 

calculated traction force of the tram during the journey is shown in Figure 3-11. It is worth 

noting that the positive traction force shown indicates the tram is accelerating and requires 

traction, and the negative traction force shown indicates the tram is braking and produces 

braking energy.  

 

 

Figure 3-11 The traction force of the tram of journey from Halfway to Gleadless Townend 

 

3.3 Simulation model of energy balance 

3.3.1 Introduction of the entire model 

As mentioned previously in section 3.1.2, the substations exploit a bilateral power supply 

method. Each substation only provides energy to the adjacent energy supply section. Since 

there are 12 substations in the Supertram network (red underlined in Figure 3-1 to show 
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locations), they segregate the network into 11 distinct energy supply sections. In order to 

simplify the modelling, and shorten the simulation run time, this research firstly simulates the 

energy balance of the 11 energy supply sections, and then obtains the energy balance of the 

entire tram network from a sum of the 11 sections.  

 

According to the Supertram operating timetable, the smallest departure interval of each line is 

longer than 10 minutes. However, the time used for a tram to travel through two adjacent 

substations is less than 10 minutes. Therefore, if only one line uses the track between two 

adjacent substations,  

• there is always only one tramcar travelling in the same travelling direction (either uplink 

or downlink) at any one time, 

• there are always two tramcars moving in the opposite direction (one on the uplink, one on 

the downlink) inside the given energy supply section, at any one time.   

 

If there is more than one line (blue, yellow and/or purple) going through two adjacent 

substations, it is possible that there could be two tramcars travelling in the same direction at 

any one time. Hence, there could be four tramcars in any given energy supply section, two 

travelling in one direction, and the other two travelling in the opposite direction. 

 

From analysis of the timetable and the route map of Supertram (shown in Figure 3-1), the 

sections that always have two tramcars travelling in one energy section at any one time are:  

• Halfway to Gleadless Townend (includes Halfway to Crystal Peaks, Crystal Peaks to Birley 

Lane, and Birley Lane to Gleadless Townend),  

• Herdings Park to Gleadless Townend (in the same energy supply section with Birley Lane 

to Gleadless Townend), 

• Meadowhall to Fitzalan Square (includes Meadowhall to Carbrook, Carbrook to Nunnery 

Square, and Nunnery Square to Fitzalan Square),  

• Langsett to Malin Bridge and Langsett to Middlewood.  

 

The sections that may have up to four tramcars travelling at any one time are:  

• Langsett to Fitzalan Square (includes Langsett to University of Sheffield and University of 

Sheffield to Fitzalan Square), 
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• Fitzalan Square to Gleadless Townend (includes Fitzalan Square to Abourthorne Road and 

Abourthorne Road to Gleadless Townend).  

 

Therefore, this research created two models in Matlab Simulink. The first one is for the sections 

with only one line passing through, and the second one is for the sections with two lines or 

more passing through. This section (3.3) uses the second model, which is the more complex 

one, as the example to illustrate the structure of the model.   

 

Figure 3-12 and Figure 3-13 show the model of both the separate OCS and the common OCS, 

for the sections of the track with two lines passing through it, respectively. The key difference 

between the two models is whether the power supply cables that feed the uplink and downlink 

are connected, and therefore whether the substation separately supplies power to the tramcars 

travelling in different directions. Apart from that, the two models have identical structure and 

composition. Generally, the model has four main setions, 1) data calculation module，2) 

substation module，3) line resistance module and 4) tramcar module. The “CAL P” and “CAL 

N” blocks are the main calculation modules. “Substation1” and “Substation2” represent the 

substations; “tram1P”, “tram2P” “tram1N” and “tram2N” are the tram modules; “R1P” to “R3P’ 

and “R1N” to “R3N” are the line resistance modules respectively. 

 

 

Figure 3-12 The model of a separate OCS that carries two lines  
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Figure 3-13 The model of a common OCS that carries two lines.  

 

3.3.2 Data calculation module 

The data calculation module is responsible for exploiting the Matlab function to process and 

integrate the input data, and for feeding the processed data to different modules to complete 

the simulation. The input to this module is the distance and force data, and the output includes:  

• The line resistance from the substation at any moment during the tramcars journey (‘R1P’ 

to ‘R3P’ and ‘R1N’ to ‘R3N’),  

• The traction current of every tramcar travelling in the energy supply section (‘I1P’, ‘I2P’, 

‘I1N’and ‘I2N’), and  

• Data that controls which tramcar will connect to the energy supply network (‘sw1P’ ‘sw2P’ 

‘sw1N’and ‘sw2N’).  

 

The numerical value of line resistance can be calculated via Equation 3-8. 

 𝑅 = 𝑆 ∗ 𝜌 Equation 3-8 

where S is distance and ρ is resistivity of the track and catenary, that is taken as 0.1419x103 

Ω/m. 

 

From the force, the current drawn by the tram may be calculated. The traction motors used in 

the trams are the Siemens 1KB2121 and 1KB2021 [130]. Both motors are Asynchronous AC 
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motor / drive combinations, which feature a linear relationship between the rated torque and 

the rated current (Ie) [83]. Therefore, a linear relationship with the Ie and the force from the 

motor (FT) is deduced and can be expressed as Equation 3-9. 

 𝐼𝑒 = 𝑘 ∗ 𝐹𝑇 Equation 3-9 

where k is a constant. The force constant, k, representing not only the motor, but the whole 

drivetrain of the tram, can be approximated to 14 under traction conditions [81], and to 10 

under braking conditions [82] for systems like Supertram. The different k value used for 

traction condition and braking condition is because the motor, gearbox and other components 

would impact conversion efficiency. When the tramcar is in traction load, current flows from 

the supply network to the tramcar and gets converted into traction force that drives the wheel 

through the motor, gearbox, and other relevant units. A current Ie_t, which is supplied from the 

supply network to the tramcar, will lead to a traction force FT_t, after the conversion efficiency 

losses. When the tramcar is braking, the motor, gearbox, and other relevant units will convert 

the braking force from wheel back to the current, and the current flows in the opposite direction, 

from the tramcar to the supply network. Even though the braking force FT_b, would share the 

same magnitude with the traction force FT_t, after the loss experienced on the conversion units, 

the current Ie_b obtained from the braking force would be smaller than the current Ie_t. 

 

3.3.3 Substation module 

In order to reduce the harmonic current injected into the electricity supply system by the 

substation rectifiers, and the ripple factor of the output voltage, a 24-pulse transformer is 

applied in the substation model [70, 81, 82]. In the ideal condition, the external characteristics 

of the substation are shown as below in Figure 3-14(a). In the figure, UN stands for Nominal 

rated voltage, IN stands for Nominal rated current, and UE stands for No-load DC output voltage. 

According to Thevenin equivalent principle, the traction substation can therefore be seen as an 

equivalent DC voltage source and an internal resistance. Based on the simplified schematic the 

substation model shown in Figure 3-14 (b). 

 

Additionally, the substation system also consists of a diode rectifier unit. As the diode rectifier 

unit only allows current flow from the alternating (grid) side to the direct (tram) side, current 

can only be transmitted to the catenary from the substation but cannot be accepted back to 

substation from the catenary. Therefore, a series diode is added into the model.  
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Figure 3-14 The external characteristics (a) and the simplified schematic model (b) of the substation 

 

The separate OCS typically powers the tramcars in the uplink and downlink separately, each 

fed from its own rectifier. Hence, there are two cathode outputs in the separate OCS. For the 

common OCS, it uses the same cable to power both the uplink and downlink and it thereby 

only has one cathode output. The seperate OCS substation model is constructed in Simulink, 

as shown in Figure 3-15(a) and the common OCS model is shown in Figure 3-15(b). 

 

 

Figure 3-15 The model of the separate OCS substation (a) and common OCS substation (b) 

 

As shown in Figure 3-15, the main components of the substation module are a DC source, a 

resistor, and a diode, and they are in series. The voltage of the DC source is taken as 750 V, and 

the series resistance is taken as 0.02 Ω [70, 140]. “CE1” is the unit responsible for the energy 

calculation. It firstly calculates the energy consumption of the substation based on the input 

current and voltage data, and subsequently converts the energy result from J to kWh. The 

calculation is expressed via  

 E = ∫ IV dt Equation 3-10 
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where E is the energy consumption, I is the current pass through unit, and V is the voltage 

across the unit.   

 

3.3.4 Line resistance module 

The key feature of the line resistance module is to work out the catenary resistance according 

to the travelled distance. It is reported that the track resistance is smaller and makes less impact 

than the catenary resistance [93], and the Supretram internal report considers the catenary 

resistance only. Therefore, this research only includes the catenary resistance in the modelling 

and simulation and exploits a variable resistor to mimick the line resistance system. However, 

as there is no variable resistor unit in the library of the Specialized Technology, the line 

resistance module has to be built specifically. Commonly, the variable resistor consists of a 

controllable current source or a controllable voltage source. As this model places the variable 

resistor in series, but Simulink does not allow controllable current sources in these series 

connections, a controllable voltage source is chosen. The model of the line resistance module 

in Simulink is therefore shown in Figure 3-16. 

 

Figure 3-16 The line resistance model 

 

With the resistance set in the model, the voltage of the controllable voltage source is obtained 

via the function. Ultimately, this module equals the resistance of the catenary resistance at any 

given simulation timestep. 

 

3.3.5 Tramcar module 

The tram is in effect a controlled current source, or sink, on the system as the trams are in effect 

torque controlled, the driver being ultimately responsible for controlling the speed of the tram. 

For simplification, the tram system is therefore replaced and represented by a controllable 

current source. The tramcar model is shown in Figure 3-17. 
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Figure 3-17 The tramcar model 

 

The on-board energy ‘dump’ resistor is to prevent the catenary voltage rising above the line 

voltage limit while the tram is braking if too much current is returned to the catenary. The on-

board dump resistor employs a constant voltage limit approach, using a multiphase IGBT 

(Insulated Gate Bipolar Transistor) chopper and a dump resistor. As the DC bus voltage 

(catenary voltage) rises under the braking condition, the conduction ratio of the chopper is 

adjusted to maintain the voltage below the set maximum limit. Hence, the power dissipated in 

the dump resistor is controlled. The resistance of the dump resistor is 0.1 Ω, and the upper limit 

of the catenary voltage is set to 790 V. Additionally, a ‘hotel load’ module, which is used to 

simulate the hotel load that represents the energy consumption of lighting and heating within 

the tram, was also added into the tramcar module. The power of the hotel load is 11.5 kW. The 

power of lighting and the power of heating of the Supertram tramcar is estimated as 5 kW and 

13 kW [130], respectively. The lighting stays on all year round, but the heating is provided only 

50% of the time during the year. Hence, the power of the hotel load is considered as 11.5 kW 

throughout the year. 

 

The blocks “CE1” and “CE2” are energy calculation modules. One measures the current from 

the tramcar to the traction catenary together with the voltage across the tramcar, calculating the 

regenerative braking energy fed from the tramcar back to the traction catenary. The other is 

supplied with the current and the voltage across the energy “dump” resistor, they can calculate 

the resistive braking energy that is wasted in the dump resistor.  
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3.4 Energy balance on tram system 

In order to investigate the energy use within the tram system, this research investigates the 

energy balance of three aspects of the system:  

• Energy supplied to the traction catenary from substation (Esub)  

• Energy dissipated on resistor through resistive braking (Eres), and  

• Energy recovered by other tramcars through regenerative braking (Ereg) 

 

Prior to presenting the result of the simulated energy balance, here we firstly validate the 

simulated result with the data provided in Supertram’s internal report. 

 

3.4.1 Result verification 

The Supertram’s internal report shows the maximum power (occurred during the operation) of 

some substations with different OCS set up. Using the substation in Gleadless Townend as a 

demonstrating example, the maximum power was estimated as 494 kW for a separate OCS and 

483 kW for a common OCS, respectively [129]. Our research then simulated a power profile 

of the substation and shows the profile of a random 3,000s of tram journey in Figure 3-18. 

 

Figure 3-18 The power profile of the Gleadless Townend substation 

 

As can be seen in Figure 3-18, the maximum power of the Gleadless Townend substation 

simulated in this research was  

• 525 kW for a separate OCS, which is only 6.3% higher than the 494 kW estimated in 

Supertram’s internal report, and 
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• 510 kW for a common OCS, which is only 5.6% higher than the 483 kW estimated in 

Supertram’s internal report 

 

Since the difference between results obtained in this study and shown in Supertram’s internal 

report is less than 10%, the simulated results obtained are considered in alignment with the data 

presented in Supertram’s internal report. Thus, the model used and the simulation conducted 

in this research is considered reliable. 

 

3.4.2 Energy balance of separate system 

For the separate OCS, 6 sets of energy balance data were calculated based on the six sets of 

tram operational data. From these, the mean value of the six energy balances is calculated. The 

mean simulated Esub, Eres and Ereg of the separate OCS were 34,394 ± 401 kWh/day; 17,789 ± 

410 kWh/day; and 1,832 ± 198 kWh/day, respectively. Details of the Esub, Eres and Ereg values 

simulated based on different sets of data and the mean values are shown in Figure 3-19. The 

following discussion of the energy balance of the separate OCS (in the current Section 3.4.2) 

are based on these mean values.  

 

Figure 3-19 Energy balance of the separate OCS 

 

Based on the journey data collected on different dates and times, the energy trends appear to 

show little variation with traffic conditions and passenger numbers, as the passenger numbers 

and traffic conditions will not be the same for each journey. Typically, the morning data samples 

were taken close to the ‘rush hour’ period, and the afternoon samples were under lighter traffic 

and passenger number conditions. Thus, the energy supplied from the substations are within 

±2% of the average across the six sampled journey sets. This approach to the daily energy 
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utilization calculations of the separate OCS appears to be an acceptable approximation, based 

on the consistency of the results shown.  

From the data it is possible to see that the mean total traction energy, which was supplied by 

both the substation and the regenerative braking energy (Esub+Ereg), was approx. 36,226 

kWh/day. Meanwhile, the mean braking energy, the energy gained from the braking of the tram 

(Eres + Ereg) was approx. 19,621 kWh/day. The braking energy was equivalent to approximately 

54.2% of the traction energy. However, only 9.3% of the braking energy was recovered for 

traction as Ereg, and the rest 90.7% was lost in the dump resistors as Eres. The Ereg was equivalent 

to 5.1% of the total traction energy and 5.3% of the Esub, and the Eres was equivalent to 49.1% 

of the total traction energy and 51.7% of the Esub. This suggests that, in a separate OCS, most 

of the braking energy is wasted, and the successful recovery of this energy, for re-use, could 

theoretically save up to half of the total energy consumption.  

 

3.4.3 Energy balance of common system 

Six energy balance totals for the common OCS were also simulated, based on the six sets of 

tram operational data, for comparison with the separate OCS calculations done previously. 

Similarly, the calculated mean values of the six energy balances were produced. The mean 

simulated Esub, Eres and Ereg of the common OCS were 29,517 ± 342 kWh/day; 12,921 ± 272 

kWh/day; and 7,271 ± 212 kWh/day, respectively. Details of the simulated Esub, Eres and Ereg 

based on the different sets of data and the mean values are shown in Figure 3-20. 

 

Figure 3-20 Energy balance of common system 

 

Similar to the separate OCS, the simulated results of the common OCS showed a good 

consistency, with only a less than 3% variation between results obtained from the different data 
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sets, regardless the variation of traffic conditions and passenger numbers of the different 

sampled journeys. Therefore, this approach to the daily energy utilization calculations of the 

common OCS appears to be an acceptable approximation.  

 

In the common OCS, the mean braking energy (Eres+Ereg) was 20,192 kWh/day and was 

equivalent to 54.9% of the mean total traction energy (Esub+Ereg) as 36,788 kWh/day. Here 

though, 36.0% of the total braking energy was reused as Ereg, and the rest was wasted on the 

dump resistor. Compared to the separate OCS, this is a much better use of braking energy, being 

recycled into another tram. The Ereg was equivalent to 19.8% of the total traction energy and 

24.6% of the Esub, and the Eres was equivalent to 35.1% of the total traction energy and 43.8% 

of the Esub. Similar to the separate OCS, a successful recovery of this wasted energy could 

theoretically save up to nearly half of the total system energy consumption.  

 

3.4.4 Comparison between the separate system and common system 

The data shown in Figure 3-19 and Figure 3-20 suggest that:  

1) The total traction energy, which is the sum of the Esub and Ereg, and the braking energy, 

which is the sum of Eres and Ereg, were similar in separate OCS and common OCS.  

2) However, compared to the separate OCS, the common OCS has a higher proportion of 

braking energy recovered for tram traction and thereby has a higher proportion of traction 

energy that comes from the regenerative braking energy.  

3) The energy from the substations, Esub, for the common OCS is therefore consistently smaller 

than the Esub of the separate OCS. The mean Esub of the common OCS is also approximately 

14% smaller than the mean ESub of the separate OCS.  

4) The wasted energy in the dump resistors, Eres, of the common OCS is consistently smaller 

than the Eres of the separate OCS. The mean Eres of the common OCS is about 27% smaller 

than the mean Eres of the separate OCS. 

5) The energy re-used by another tram in the track section, Ereg, of the common OCS is 

consistently greater than the Eres of the separate OCS. The Ereg of the common OCS is 

approximately 297% greater than the mean Ereg of the separate OCS.  

 

As mentioned in Section 3.1.2, the separate OCS prevents the energy transferring between the 

tramcars travelling on the uplink and the downlink, within the same energy supply section, but 

the common OCS allows it. In the common OCS, more tramcars are therefore able to access 



59 

 

and utilize the braking energy produced, and this leads to a greater value of Ereg. A greater Ereg 

then resulted in less energy being required from the substations and thereby a smaller Esub. 

Additionally, a greater value of re-used energy, Ereg also reduces the braking energy to the dump 

resistors, and hence results in a smaller Eres. Hence, the common OCS is considered more 

energy efficient than the separate OCS.  

 

From the mean results presented in Section 3.4.2 and Section 3.4.3, the energy from the 

substations, Esub of the common OCS is 34,394-29,517=4,877 kWh/day less than the Esub of the 

separate OCS, and the re-used braking energy, Ereg of common OCS is 7,271-1,832=5,439 

kWh/day greater than that of the separate OCS. This suggests that the reduction of the 

substation energy supply, Esub, can be completely compensated for by the increase in re-use of 

the braking energy, Ereg. Although the increase of the Ereg is similar to the reduction of the Esub, 

the former is still about 12% greater than the latter. This indicates part of additional Ereg was 

potentially lost in the catenary resistance during its transmission to another tramcar.  

 

From the result shown in sections 3.4.2 and 3.4.3, the braking energy, being the sum of Ereg and 

Eres, for the two systems were found similar, but the common OCS is slightly higher than the 

separate OCS. As shown in Figure 3-17, any braking energy generated could also be consumed 

by the hotel load on the tramcar in addition to the dissipation in the dump resistor. Therefore, 

some degree of self-consumption will take place for the regenerated braking energy. The largest 

difference between the common OCS and separate OCS is that the former has more braking 

energy flow to the catenary and less braking energy flow to the resistor than the latter. 

 

Although a common OCS is found more energy efficient than a separate OCS, the resistive 

‘dumped’ energy, Eres, of both systems are still equivalent to about half of their own power 

supply requirements, Esub. This indicates that there is an enormous unrecovered energy reserve 

in the tram system, and the successful recovery of this could lead to a great benefit on the 

energy-saving and potential cost-saving for the tram system operation. 

  

3.4.5 Comparison between Sheffield Supertram with other light rails 

The Sheffield Supertram is considered as a typical urban light rail system, and hence, it is 

worthwhile to compare its energy balance with the other urban light rail systems’ for validation. 

This research studied the Supertram’s energy balance based on two different OCSs, and the 
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total traction energy required and the braking energy produced were found similar in the two 

different OCSs. Thus, the comparison between the Supertram and other systems primarily 

focuses on the braking energy to traction energy ratio. Moreover, this research also discovered 

that applying different OCSs would lead to a different recovery and wastage of braking energy. 

Although the existing literature barely stated what OCS was used in the urban light rail system 

studied, this research still included the ratio of the regenerative braking energy to the total 

braking energy as a comparison parameter.  

 

The energetic performance of an urban light rail system is affected by various factors, such as 

the timetable, system configuration, and the local traffic condition, etc. and is thereby case 

specific. Still, the ratio of the braking energy to traction energy of the five light rail systems 

listed in Table 2-1 ranges between a relatively narrow band of 31% to 68%. In this research,  

the ratios of both the separate OCS and common OCS studied were at approx. 54%, which is 

in good agreement with the one of the other systems. Regarding the proportion of regenerative 

braking energy in the total braking energy, the literature suggested it could range from 18% to 

69% (as shown in Table 2-1). In this research, the proportions discovered for the separate OCS 

and the common OCS were 9.3% and 36.0%, respectively. Thus, the one of the common OCS 

is in good agreement with the reported findings, but the one of the separate OCS was 

substantially lower than the reported range. Such a phenomenon could be still valid since the 

recovery of braking energy could be impacted by various case specific factor; for instance, the 

reported system would use the common OCS, which has been found more efficient in braking 

energy recovery than the separate OCS. Still, there is not enough available information to 

comprehensively discuss the cause of the lower proportion of regenerative braking energy in 

the total braking energy, however the similarities in results are encouraging.  

 

3.5 Chapter summary  

This chapter has applied Matlab modelling and simulation to study the daily energy balance of 

an urban light-rail system, Supertram in Sheffield. This research successfully collected six sets 

of tram operational data including speed, distance and acceleration. With the aid of Matlab and 

Matlab Simulink, models were built for processing the operational data into the force data and 

for simulating the energy balance based on the processed data. It is worth noting that the models 

used for the energy balance simulation consist of modules that mimick the operation of critical 



61 

 

components of the Supertram system, i.e. the substations, power supply catenary, and tramcars, 

etc..  

 

The daily energy balance of a separate OCS and a common OCS were simulated based on six 

sets of operational data collected from mornings and afternoons on three weekdays. In both 

cases, the daily energy balances simulated based on different data set shows a good consistency. 

In detail,   

• the mean simulated Esub, Eres and Ereg of the separate OCS were 34,394 ± 401 kWh/day; 

17,789 ± 410 kWh/day; and 1,832±198 kWh/day, respectively, and  

• the mean simulated Esub, Eres and Ereg of the common OCS were 29,517 ± 342 kWh/day; 

12,921 ± 272 kWh/day; and 7,271 ± 212 kWh/day, respectively. 

 

In both cases, the amount of braking energy simulated are similar, but the composition varies. 

In the separate OCS, greater than 90% of the braking energy was dissipated in the dump 

resistors and the rest was recovered through re-use. Since the common OCS allows more 

opportunities for tramcars to access and utilize the braking energy, the percentage of braking 

energy dissipated in the dump resistors was reduced to 64% for this system, and the energy 

recovered through re-use was increased by approximately 297%. Consequently, the common 

OCS required approximately 14 % less energy from the substation. In both cases, the braking 

energy dissipated in the dump resistors was equivalent to nearly half of the energy supplied 

from the substation. Successful recovery of this energy is crucial to increasing the energy 

efficiency of the tram network.  
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Chapter 4. Application of energy storage for a tram system 

Having modelled the energy usage trends in a tram network in the previous chapter, the energy 

consumption results for the tram system indicate that during operation, the tram service suffers 

a huge braking energy loss, regardless of whichever energy supply method is used. In this 

chapter the use of a trackside energy storage system (ESS) on the tram network is investigated 

[71, 77, 94, 96, 98, 100, 121, 141], and it is shown that this trackside storage system is able to 

recover and reuse some of the braking energy lost on the tram system. The ESS can firstly 

recover the surplus braking energy in the tram system to reduce the energy dissipated in the 

tram dump resistors. Additionally, when the tram system requires traction energy, the ESS can 

provide the braking energy recovered back to the tram via the catenary, reducing the energy 

supplied from the substations. 

 

Before applying the ESS onto the tram system model, the ESS has to be well designed to fit 

the purpose and the expected working condition. When an ESS is applied to the tram network, 

its configuration and installation location are expected to affect the energy balance of the tram 

network, the performance on energy saving, and the economic feasibility of its implementation. 

Through the observation of different related phenomena obtained via simulation, an optimal 

installation solution has been suggested in this chapter.  

 

In real-world applications, both the separate OCS and common OCS are used in the energy 

supply of urban light-rail systems. Aiming to understand the application of ESS on most light-

rail systems, this research now investigates the energy-saving performance of the ESS under 

both energy supply methods. Hence, this chapter includes: 

• Section 4.1 - introduces the structure and composition of the proposed ESS, i.e. the 

components of the ESS, the operating mechanism and control mechanism, and finally the 

simulation model of the ESS. 

• Section 4.2 - describes how the ESS model is added to the existing tram network with a 

separate OCS installation, examines the influence of the ESS performance on energy saving, 

and the possible energy saving delivered through network wide installation  

• Section 4.3 - describes how the ESS is added to the existing tram network with a common 

OCS installation, examines the energy saving performance of different locations for a 

single ESS installation, and the energy saving delivered by multiple or a network wide 

installation. 
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• Section 4.4 - presents the economic feasibility of adding multiple ESS’s onto the network, 

together with a sensitivity study of the most influential factors for the economic evaluation, 

and the potential merit of using parked EVs as some or all of the ESS 

• Section 4.5 - provides a summary of the chapter. 

 

4.1 Energy storage system structure and simulation 

In this research, the study on the ESS focuses on optimally applying it to the tram system, for 

example, determining the best installation location, and the most suitable configuration that 

can lead to optimal energy-saving and economic feasibility. The research also aims to develop 

an innovative ESS structure or control mechanism. Thus, to start with, the ESS structure and 

control mechanism used in this research is initially adapted from published work [126, 142-

146]. 

 

4.1.1 Design principles of energy storage systems 

The ESS design aims to achieve an energy exchange between the ESS and the tram system. 

Additionally, the design should also make sure the catenary voltage remains stable after the 

ESS is connected. Hence, the ESS consists of two key components, a DC-DC converter and an 

energy storage element. The DC-DC converter connects the energy storage element and the 

tram system. It is responsible for controlling the charging and discharging of the energy storage 

element and stabilizing the catenary voltage, by presenting a controlled voltage to the catenary 

whilst allowing the voltage of the ESS to vary with state of charge (SoC).   

 

As previously mentioned, the final aim of the work is to investigate the use of an ESS which 

may be composed of a single, or number of, EV batteries. Therefore a battery unit is used as 

the energy storage element of the initial trackside ESS, as opposed to employing other 

technologies such as flywheels for example. In this way the characteristics of the intial system 

and the final envisaged system are not too dissimilar. Considering the topology of the DC-DC 

converter, it should allow bi-directional energy exchange from the tram to the ESS and vice-

versa, and there is likely to be a difference between the tram catenary voltage and the voltage 

across the energy storage element. To this end, the DC-DC converter should be able to operate 

in Buck mode and Boost mode. The circuit of a suitable DC-DC converter is shown in Figure 

4-1. 
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Figure 4-1 The circuit of the DC-DC converter in the ESS  

 

Based on the circuit shown in Figure 4-1, there are three working conditions for the converter, 

and they fulfill the needs of different operational states of the tram operation. The converter 

operates through the complementary switching action of the two IGBTs (insulated-gate bipolar 

transistors), under control of a pulse width modulation (PWM) duty cycle, to achieve the energy 

flow required.   

1) When the tram system has a surplus of braking energy, the catenary voltage rises. The 

converter will work in Buck mode. Consequently, the braking energy from the tram system 

will flow into the battery unit, and the battery unit gets charged.   

2) When the tram system requires energy for tramcar traction, the converter will work in Boost 

mode, consequently, the energy will flow from the battery unit to the tram system, and the 

battery unit gets discharged.   

3) When the tram system is stationary, or no tram car is within the supply section, there is no 

surplus braking energy and no requirement for an energy supply. The converter therefore 

operates in standby, matching the battery voltage to that of the catenary without transferring 

energy.  

 

To allow the converter to respond promptly to the different operational status of the tram system, 

the switching elements of the converter need to be well controlled. In fact, the catenary voltage 

is a suitable control variable as it can reflect the operational status of the tram system. Since 

the catenary voltage is chosen as the control variable, but the converter itself employs an inner 

current control loop for the current in inductor L, this research used a double-closed loop 

control strategy with a voltage outer loop and an inner current loop. The control strategy is 

illustrated in Figure 4-2. Figure 4-2 (a) shows the schematic of the connection of the ESS to 

the tram system, and Figure 4-2 (b) demonstrates the control strategy. In Figure 4-2 (a), the 
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voltage across the ESS is named Udc, and the current flowing into or out of the battery is named 

IL. The control unit will provide two signals, which will be given to the DC-DC converter. 

 

 

Figure 4-2 The schematic of ESS’s double-closed loop control  

 

As shown in Figure 4-2 (b), both Udc and IL are collected from the ESS module’s main circuit. 

Udc_ref is the reference voltage set for the control strategy. The process of the control can be 

described as:  

1) The Udc_ref  will be compared with the Udc to obtain the “voltage error”. 

2) The PI regulator and the Limiter will process the “voltage error” to get the current reference, 

IL_ref. It is worth noting that the Limiter limits the maximum charging and discharging 

current for protection of the ESS battery.  

3) The IL_ref  will be compared with IL to obtain the “current error”. 

4) Another PI regulator will process the “current error” to form the complimentary PWM 

signals.  

Thus, since the catenary voltage at the ESS connection point (Udc) varies, the duty cycle of the 

converter in the ESS will be adjusted simultaneously, and the current flows into or out of the 

ESS will therefore change. Such a control strategy can not only stabilize the tram catenary 

voltage but also charge and discharge the ESS in time, according to the operational status of 

the catenary / tram system. 
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4.1.2 Overview of Energy Storage System Model 

Based on the structural design described in Section 4.1.1, an ESS model was built in Matlab 

Simulink and was added to the tram network model, as shown in Figure 4-3. The ESS model 

includes the control module (blue dashed box), the converter module (green dashed box), and 

the battery module (red dashed box). It is worth noting that the tram system has an uplink power 

supply and a downlink power supply. Therefore, the converter module has two converters to 

serve each power supply line individually in the case of a separate OCS. 

 

 

Figure 4-3 The model of the ESS in Simulink 

 

The energy storage unit used in the ESS model is the battery block from the Simulink library. 

The nominal voltage of the EV battery ranges from 350-400V [47, 147, 148]. To mimic the 

characteristics of a typical EV battery, the nominal voltage of the battery block was set as 390V. 

For the converter module, both the converters are identical, and each has two IGBT blocks to 

receive the PWM signal generated from the control module. Additionally, each converter 

includes a filter that sits close to the connection point to the tram system. The structure of the 

control module is shown in Figure 4-4. Both converters are controlled in the same way and use 

the catenary voltage as the control variable to control the charging and discharging of the 

battery (as mentioned in Section 4.1.1). The braking energy will flow to and charge the ESS 

when the catenary voltage exceeds charging threshold voltage (CTV), and the ESS will 

discharge and supply energy to the tram network when the catenary voltage drops below 

discharging threshold voltage (DTV). The set thresholds for this operation will be considered 

later in section 4.1.3. 
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Figure 4-4 The model of the control module inside the ESS   

 

The ESS model described in the sub-section can be configurated with different parameters, 

such as different battery capacity and different battery discharge limit rates. The following 

studies related to the ESS exploited this model to investigate how the ESS installation and the 

ESS configuration impact the energy balance of the tram system.  

 

4.1.3  The charging and discharging threshold 

The determination of the CTV and DTV requires a good understanding of the impact of CTV 

and DTV on the charging and discharging of the ESS. Hence, this research firstly selected a 

battery with a suitable configuration and used it to study how the different CTV and DTV 

influence the charging and discharging of the ESS. 

 

In chapter 3, the energy balance of the tram system was simulated, showing that the maximum 

current drawn by the tram was less than 1,300A at peak traction force. For example, using the 

tram journey from Halfway to Gleadless Townend for illustration (as shown in Figure 4-5), the 

traction current remains within 1,000A for the majority of the journey, rarely going above 

1,000A or reaching the maximum value of 1,300A. Given the nature of the converters within 

the ESS model, the maximum practical current likely to be seen by the battery is therefore 

limited to around 2,000A, given the approximate ratio of the converter being the ratio of the 

nominal system operating voltage and battery voltage (~2 in this case). 
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Figure 4-5 The profile of traction current of tram journey from Halfway to Gleadless Townend 

 

This allows the ESS selection to be based on the current rating of the batteries chosen. Normally, 

a battery operating current can be quoted in terms of its capacity. For example, a 100Ah battery 

can be expected to supply 100A for 1 hour, termed the ‘C’ rate, and 100A drawn from the 

example battery is referred to as 1C. Similarly, if 50A is drawn from the battery, it should 

supply the current for 2 hours, termed 0.5C or C/2. 200A is similarly termed the 2C rate for the 

example battery. This then allows comparison between the operating characteristics of battery 

packs. Normally, lithium-based batteries are limited to a maximum rate of 2C to prevent 

damage to the cells in the battery packs, or reduced operating lifetime. 

 

As the maximum current seen by the battery is 2,000A, this research intends to limit the battery 

current to 2C, the initial study was carried out with a 1,000Ah battery pack, with an initial state 

of charge (SoC) of 50%. The ESS that is equipped with the aforementioned battery was 

therefore added into the model at the centre stop of a tram section between Halfway and Crystal 

Peaks on the Blue route. 

 

As mentioned above, the CTV must be greater than the nominal catenary voltage of 750V and 

must be lower than the upper limit catenary voltage of 790V. Meanwhile, the DTV must be 

smaller than 750V. There should be a reasonable gap between CTV and DTV to provide room 

between the charging and discharging in order to ensure the energy supply system operates 

stably and to give noise immunity. This research chose 760V as the baseline CTV and 740V as 

the baseline DTV. The DTV was fixed at its baseline level when studying the charging state, 

and the CTV was set as 760V, 770V, and 780V, respectively. Similarly, the CTV was fixed at 

its baseline level when examining the discharging state, and the DTV was set as 740V, 730V, 

and 720V, respectively. A simulation, which was based on a single tram journey from Halfway 
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to Crystal Peaks, was conducted to understand the current of the battery with different CTVs 

and DTVs. Results are shown in Figure 4-6. 

 

 

Figure 4-6 The battery current simulated based on different CTVs and DTVs 

 

In Figure 4-6, the positive current shown demonstrates that the energy flows from the battery 

to the tram system, and vice versa. As can be seen in Figure 4-6 (a), the DTV stays at 740V, 

and the CTV varies from 760V to 780V. The three simulated cases thereby have the same 

discharging current, but exploiting higher CTV results in a smaller charging current, leading to 

lower braking energy absorption. Figure 4-6 (b) shows that the CTV stays at 760V, and the 

DTV changes from 720V to 740V. The same charging current is found in three cases, but using 

a higher DTV results in a higher discharging current, leading to more energy exported to the 

tram system. Thus, the simulation results suggest that the battery will have a better ability to 

charge and discharge when both the CTV and DTV get closer to the 750V. Given this research 

aims to used the ESS to absorb as much as the braking energy from the tram and later return 

the energy back for the tram traction, this research chose 760V as the CTV and 740V as the 

DTV for the subsequent ESS study in this chapter. It is also interesting to note that control of 

the CTV and DTV will allow control of the SoC of the ESS if required, with a subsequent affect 

on the amount of energy which can be captured in the ESS. 
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4.2 Application of energy storage in the separate overhead catenary system 

This section focuses on adding the ESS subsystem onto the tram system having a separate OCS 

arangement. It firstly introduces how the ESS is included into the tram network model. 

Subsequently, it investigates the influential factors of the ESS performance if an ESS was 

installed in an individual energy supply section. Finally, it examines the impact of network 

wide ESS additions on the energy balance of the tram system and the potential energy savings 

delivered. It is worth noting that the content presented in this section has been published in 

Zhang, et al. [149]. 

 

4.2.1 Model of the power supply section with ESS installed 

In this project, the application of an ESS onto the tram system, two possible scenarios were 

considered. The first with the ESS added into a single individual energy supply section, the 

second with ESSs added into all the energy supply sections to explore the network wide 

advantages of ESS deployment. An example Simulink model of a energy supply section that 

has an ESS added is shown in Figure 4-7. 

 

 

Figure 4-7 Simulink model illustrating a section of the tram network model Model of ESS installation on an 

energy supply section with separate OCS setup 

 

As can be seen in the figure, the model has more or less the same modules as the base case 

tram network model (shown in section 3.3), but does include an extra ESS module. In the model, 

the ‘CAL P’ and ‘CAL N’ blocks are the main calculation modules; ‘Substation1’ and 
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‘Substation2’ represent the substations;‘tram1’ to ‘tram4’ are the tram modules; ‘PR1’ to ‘PR4’ 

and ‘NR1’ to ‘NR4’ are the line resistance modules respectively; and ‘ESS’ is the energy 

storage module for this section.  

 

4.2.2 Factors affecting the ESS performance 

This thesis firstly studies the impact of the ESS position on performance. The simulation was 

repeated with an ESS added at every stop in an energy supply section in turn, and subsequently 

examines the impact of its position on the energy balance of the system. Similar to the study 

presented in section 4.1.3, the same single journey from Halfway to Crystal Peaks on the Blue 

route was again chosen. A 1,000Ah ESS with a CTV of 760V and a DTV of 740V was placed 

at each stop in turn. The results of the energy usage per journey simulated are shown in Table 

4-1 and Figure 4-8. 

 

Table 4-1 Energy usage for a single journey from Halfway to Crystal Peaks with 6 scenarios for ESS placement 

Location of 

ESS 

Scenario 

Number 

Energy drawn 

from Halfway 

substation (kWh) 

Energy lost in 

tram braking 

resistor (kWh) 

Energy drawn 

from Crystal Peaks 

substation (kWh) 

Total energy 

from substations 

(kWh) 

without ESS 1 7.457 7.954 6.997 14.454 

Halfway 2 6.921 3.375 6.969 13.89 

Westfield 3 4.759 2.451 6.146 10.905 

Waterthorpe 4 5.142 1.975 5.456 10.598 

Beighton 5 6.413 2.157 4.783 11.196 

Crystal Peaks 6 7.448 3.914 6.775 14.223 

 

 

Figure 4-8 Energy use for a single journey from Halfway to Crystal Peaks with 6 scenarios for the ESS 

placement 
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From Figure 4-8 and Table 4-1, it can be seen that the least energy is drawn from the utility 

supply for the single journey shown as Scenario 4, with the ESS being placed at the 

‘Waterthorpe’ tram stop (location 4), which is between the two substations on this track section. 

 

Initially, the ESS placement was constrained to tram stop locations, as these would allow easy 

track access and could be possible places for EV parking in future study scenarios. In the best 

scenario, the energy lost in the braking resistors is reduced from 7.954kWh to 1.975kWh per 

journey, a reduction in loss of approx. 75%. Additionally, the total energy drawn from the utility 

supply for this single journey is also reduced from 14.454kWh to 10.598kWh, equating to a 

supply reduction of approx. 27%, due to the re-cycling of the captured energy from tram 

braking, being used in subsequent accelerations. This therefore points towards the optimum 

location for an ESS installation, located at existing tram stops, to be as close as possible to the 

mid-point between any two substations. In this thesis, the tram stop that is located close to the 

mid-point between any two substations is therefore called the ‘centre stop’ (of a given energy 

supply section).  

 

Utilising this ESS position, Table 4-2 shows the effect of using a smaller ESS (200Ah), and 

applying different current limits to the operation, from 0.5C to 10C, given that the upper value 

is commensurate with the 1,000Ah, 2C scenario shown above. Whilst this high current rate 

may not be practical at this time, future developments may not prevent operation at this charge 

/ discharge rate with future battery technologies.  

 

Table 4-2 Energy usage for a single journey from Halfway to Crystal Peaks with maximum current ratings from 

0.5C to 10C, for a 200Ah battery at the Waterthorpe tram stop. 

Limit 

discharge 

rate (C) 

Max 

current 

(A) 

Energy drawn 

from Halfway 

substation (kWh) 

Energy lost in 

resistor (kWh) 

Energy drawn 

from Crystal 

Peaks substation 

(kWh) 

Total energy 

from substations 

(kWh) 

0.5 100 6.65 5.899 6.451 13.101 

1 200 6.306 4.727 6.227 12.533 

2 400 5.788 3.091 5.884 11.672 

4 800 5.301 1.98 5.561 10.862 

10 2000 5.14 1.971 5.454 10.594 
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Plotting these in Figure 4-9 shows a trend of diminishing returns, with little improvement in 

energy saving operating the 200Ah battery above 4C. This is anticipated, as it may be seen that 

the tram current rarely exceeds 4C (800A) while travelling between these substations, as shown 

by the simulated battery current trace, Figure 4-10. 

 

 

Figure 4-9 Energy use for a single journey from Halfway to Crystal Peaks with 5 current limits for a 200Ah 

battery at the Waterthorpe tram stop. 

 

Figure 4-10 Simulated battery current for a single journey from Halfway to Crystal Peaks with a 10C current 

limit applied to a 200Ah ESS at the Waterthorpe tram stop. 

 

Therefore, the current limit of 4C imposed on the battery is high enough to capture almost all 

of the energy regenerated from the trams on deceleration and return most of what is available 

to the tram on acceleration.  
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4.2.3 Applying the ESS onto the whole network 

In order to understand how an ESS can affect the recovery of braking energy on the whole 

network, 1,000Ah ESSs with a 2C rate limit were added to the network at the ‘ideal’ locations 

as discussed previously (i.e. the centre stops), across the whole network, and this results in the 

overall daily energy trends for the whole network, as shown in Figure 4-11.  

 

 

Figure 4-11 Simulated Daily Energy trends with a 1,000Ah ESS installed at ideal tram stop locations on the 

tram network. 

 

As can be seen in the daily energy balances of the base case tram system (shown in Figure 

3-19) compared with Figure 4-11, the addition of the ESS helped to reduce the energy lost in 

the braking resistors by approx. 60% and increased the regenerated energy re-used by 654%. 

Consequently, the energy supplied from substation was reduced by approx. 32%. A substantial 

energy saving of 11,007 kWh/day was delivered across the network, which equates to an annual 

CO2 emission saving of 928 tonnes equivalent, as the direct emission of grid electricity is 0.231 

kg CO2/kWh [150].  

 

However, as mentioned in Section 4.2.2, the maximum current drawn by the tram rarely 

exceeds 1,300A. Besides, Table 4-2 shows that a 200Ah ESS with 4C discharging limited rate 

that gives a maximum current of 800A could have a comparable energy-saving performance to 

an ESS that offers a maximum current of 1,000A. Therefore, the proposed ESS capacities were 

reduced to 200Ah (nominally 78kWh at nominal battery voltage) and an operating current limit 

of 4C was imposed. The new overall daily energy trends are shown in Figure 4-12.  
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As can be seen from the mean values in Figure 3-19 and Figure 4-12, the addition of the 200Ah 

and 4C ESS gave a reduction in the energy lost in braking resistors of approx. 47% and 

increased the regenerated energy re-used by 511%. The energy supplied from substation was 

also reduced by 25%. The energy saving delivered by the 200Ah and 4C ESS was approx. 

8,694 kWh/day, and that results in an annual CO2 emission saving of approx. 733 tonnes. 

Although the energy saving and CO2 emission saving delivered by 200Ah and 4C ESSs is 21% 

smaller that the one obtained by the 1,000Ah and 2C ESSs, it is still substantial and was 

obtained through the use of an 80% smaller battery capacity installation. A smaller ESS with 

an optimal discharge limit rate could therefore be more preferable, especially when considering 

return on investment which will be discussed later in this chapter. 

 

 

Figure 4-12 Simulated Daily Energy trends with a 200Ah ESS installed at ideal tram stop locations on the tram 

network. 

 

4.3 Application of energy storage system in the common overhead catenary 

system 

The study on the application of an ESS to the tram system with common OCS was conducted 

with a similar approach used in the study of applying the ESS in the tram system with separate 

OCS. However, the study based on the common OCS carried out a deeper investigation on the 

ESS addition to the stops with substations (called substation stop ESS in this thesis) and 

explored the possibility of including substation ESS into the network-wide ESS installation. 

The driver behind this additional investigation is that there is often more land area available at 
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stops with substations to accommodate an ESS, and additionally, within the Supertram network, 

five out of seven park and ride facilities are sited in tandem with substations. 

 

This section therefore firstly introduces how the ESS is added into the tram network model 

with a common OCS arrangement, and how the model allows the substation ESS to serve the 

two adjacent energy supply sections instead of only one section, as in the case of a centre stop 

installation. Secondly, it also compares the performance of the different ESS capacities, located 

at either a centre stop or a substation stop. Finally, it investigates an optimal solution for 

multiple or even network-wide ESS additions. It is worth noting that the content presented in 

this section has been published on Zhang, et al. [151]. 

 

4.3.1 Introduction to ESS installation 

This research considers the implication of locating a possible ESS at various locations within 

the whole network. To this end, an ESS is modelled at each of the 12 substation stops, and at 

the 11 centre stops of each energy supply section shown in Figure 4-13, in turn, to assess the 

overall effect on the whole system energy use.  

 

 

Figure 4-13 The substation stops and the centre stops of the energy supply sections in the Supertram network 

 

The way of adding the ESS onto a centre stop of energy supply section with common OCS 

setup was similar to the case of adding the ESS onto separate OCS energy supply section 

(mentioned in subsection 4.2.1). Besides, the Simulink model of ESS installation on a 

substation stop with common OCS setup (shown in Figure 4-14) also shares similar component 

modules with the model of ESS installation on a system with separate OCS setup (mentioned 

in subsection 4.2.1). However, different from the case with separate OCS setup, the substation 
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stop ESS serves both adjacent energy supply sections instead of only serving the one isolated 

energy supply section.  

 

 

Figure 4-14 Model of ESS installation on substation stop with common OCS setup 

 

As shown in Figure 4-14, the ESS module is able to absorb the braking energy generated from 

two adjacent energy supply sections. In this section, an ESS with a limited discharge rate of 

2C, capacities of 1,000 Ah, 500 Ah, and 100 Ah, and an initial SoC=50% were installed on the 

substation stop and centre stop of each energy supply section in turn to determine the effect on 

the system energy use. These example capacities were based on currently available EV battery 

capacities which range from 40 kWh (i.e. Nissan Leaf) to 100 kWh (i.e. Tesla). Therefore, a 

100 Ah battery (39kWh at 390V) can be considered to equate to an EV with a relatively small 

battery. Multiples of these EVs will give increasingly large available capacity, and Section 4.2 

has demonstrated 1,000Ah is a large enough capacity to provide sufficient energy saving 

capacity to achieve the goals of this research. Hence, the 500Ah is taken as an intermediate 

value approximately reflective of 5 available EV’s for the study. 

 

Similar to Section 4.2, the ESS performance evaluation studied in this section mainly focuses 

on examining how the introduction of the ESS changes the regenerated energy re-used, the 

energy lost on the braking resistors, and the energy supplied from the substation on a daily 

basis. Moreover, this section also investigated how ESS battery capacity and installation 

location further impacts the ESS performance.  
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4.3.2 Single ESS installation 

The simulation results indicate that the introduction of an ESS, regardless of its placement on 

either substation stops or centre stops of an energy supply section, increased the re-use of 

regenerated energy, reduced the energy lost in the braking resistors, and consequently reduced 

the energy supplied from the substations. Table 4-3 shows the increase in the re-use of the 

regenerated energy (+Ereg), the reduction of the energy lost in the resistors (-Eres), and 

consequently the reduction of the energy supplied from the substation (-Esub) if one ESS, 

modelled with various storage capacities was installed at either substation stops (n=12) or 

centre stops (n=11) of the 11 energy supply sections, in turn. Table 4-3 categorizes the results 

based on the ESS battery capacity, and ranks them in a descending order based on the reduction 

of the energy supplied from the substations (-Esub) in a daily basis, for each of the stops in 

Figure 4-13.  

 

As shown in Table 4-3, for the same installation location, a higher battery capacity tends to 

have a greater influence on the amount of regenerated energy re-used, as well as having a 

greater reduction the energy lost on resistor, and a greater reduction of the energy supplied from 

the substation. It is worth noting that the ESS state of charge is set to 50% at the beginning of 

the simulation (namely at the start of a day) regardless of the actual capacity [98]. Assuming 

the ESS is half full, this would allow the ESS to either store or feed energy from/to the network 

initially. Additionally, with this initial condition, the ESS has the capacity to either store excess 

energy, or supply energy to the tram system over the course of the day, this being reflected in 

the final state of charge of the ESS at the end of the days operation. From the data shown in 

Table 4-3,  

• the ESS could receive a net input of braking energy, if the increase of the regenerated energy 

re-used (Ereg) is greater than the reduction of the energy supplied from the substation (Esub), 

• conversely, the ESS could provide its own energy to the tram, if the increase of Ereg is less 

than the reduction of energy from Esub. 

 

Whether the ESS will have a net input or output may be impacted by the number of trams 

sharing the road network, thus could be attributed to the road traffic condition at different times 

of day and the frequency of braking and acceleration occurring when a tram passes through a 

busy area. However, the overall SoC of the ESS could be controlled during operation by 

varying the CTV and DTV as required. 
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Table 4-3 The change of daily energy balance caused by using ESS with different battery capacities 

 ESS battery capacity: 1,000 Ah  ESS battery capacity: 500 Ah ESS battery capacity: 100 Ah 

Ranking Tram Stop Type* 
-Esub 

(kWh) 

-Eres 

(kWh) 

+Ereg 

(kWh) 
Tram Stop Type* 

-Esub 

(kWh) 

-Eres 

(kWh) 

+Ereg 

(kWh) 
Tram Stop Type* 

-Esub 

(kWh) 

-Eres 

(kWh) 

+Ereg 

(kWh) 

1 Park Grange Croft C 1205 1194 1207 Park Grange Croft C 1130 1161 1170 Park Grange Croft C 609 621 630 

2 Shalesmoor C 1084 1155 1156 Shalesmoor C 964 1048 1042 Shalesmoor C 607 635 631 

3 Manor Top C 1004 836 844 Manor Top C 931 829 831 Manor Top C 566 535 528 

4 Hillsborough C 985 1108 1063 Hillsborough C 923 1024 979 Fitzalan Square S 562 608 587 

5 City Hall C 882 1087 1069 City Hall C 876 984 959 Hillsborough C 552 637 588 

6 Attercliffe C 833 902 922 Attercliffe C 770 823 868 The University S 531 585 538 

7 Hackenthorpe C 678 852 870 Hackenthorpe C 676 752 772 City Hall C 518 549 543 

8 Waterthorpe C 675 860 867 Waterthorpe C 668 753 754 Attercliffe C 481 488 504 

9 Fitzalan Square S 622 796 773 Fitzalan Square S 618 726 700 Langsett S 425 469 439 

10 The University S 607 773 733 The University S 604 713 669 Hackenthorpe C 407 410 435 

11 Langsett S 487 656 626 Langsett S 481 595 566 Waterthorpe C 401 418 426 

12 Hyde Park C 457 624 651 Hyde Park C 450 530 560 Arbourthorne S 370 380 394 

13 Arbourthorne S 435 604 608 Arbourthorne S 431 533 535 Gleadless Townend S 337 319 345 

14 Gleadless Townend S 426 527 550 Gleadless Townend S 423 411 436 Hyde Park C 326 320 355 

15 Meadowhall South C 386 552 576 Meadowhall South C 382 472 496 Crystal Peak S 319 333 350 

16 White Lane C 371 517 546 White Lane C 368 449 481 Meadowhall South C 304 311 334 

17 Crystal Peak S 333 538 550 Crystal Peak S 321 422 438 Nunnery Square S 299 308 332 

18 Nunnery Square S 318 491 507 Nunnery Square S 310 408 425 White Lane C 295 305 322 

19 Birley Lane S 277 400 420 Birley Lane S 272 338 367 Birley Lane S 269 275 297 

20 Halfway S 169 384 394 Halfway S 163 260 275 Halfway S 160 172 188 

21 Middlewood S 144 330 303 Middlewood S 141 250 225 Middlewood S 139 193 171 

22 Meadowhall S 109 304 318 Meadowhall S 102 198 220 Meadowhall S 96 107 132 

23 Carbrook S 90 240 262 Carbrook S 83 176 201 Carbrook S 61 70 98 

*: C = centre stop, and S = substation sto
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From Table 4-3 it may be seen that there is little difference in the ranking of the 1,000 Ah 

category and the 500 Ah category. However, there is a noticeable difference in the rankings of 

the 100 Ah category from the first 2 columns. Some substation stop ESS installations ranked 

higher in the 100 Ah category than in the other two categories, for example, an installation on 

Fitzalan Square went from the 9th to the 4th ranking when comparing the 100Ah column with 

the other ESS sizes; and the installation on University of Sheffield went from 10th to 6th. To 

understand how battery capacity impacts the overall savings for the centre and substation stop 

ESS installations, the mean value of the reduction of energy supply from substation, the 

reduction of energy lost in the braking resistors, and the increase in regenerated energy re-used 

was calculated for both centre stop ESS installations and for substation stop ESS’s under 

different ESS battery capacities. Results indicating these mean values and the trends are shown 

in Figure 4-15. 

 

 

Figure 4-15 Mean values (with percentage error bars) of the change of energy balance of substation ESS and 

centre stop ESS 
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As can be seen, the centre stop ESS installations consistently has a greater reduction of Esub, a 

greater reduction of Eres, and a greater increase of Ereg than the substation stop ESS installations. 

The difference varies from 55-132% on the reduction of Esub, 49-91% on the reduction of Eres, 

and 49-92% on the reduction of the Ereg. Due to the influence of the catenary resistance, the 

tramcar braking likely causes more high-voltage-rise events (to the catenary) in the middle of 

the energy supply section, and hence, the ESS installed near the centre location would absorb 

more braking energy. Moreover, when the tram (that travels near the centre stop ESS or the 

substation stop ESS) is accelerating, it is likely that the substation stop ESS will provide less 

energy than the centre stop ESS does because the substation nearby is a much stronger power 

source. Therefore, even both ESS could absorb the same amount of energy in the first place, 

the substation stop ESS could only return less of the braking energy back to the tram network 

and has a smaller reduction of the energy supplied from the substation. Thus, for the same 

battery capacity, the centre stop ESS installations lead to a better energy balance than the 

installations at substation stops.  

 

Although, the accessible braking energy to the substation stop ESS and the centre stop ESS are 

different, with the latter being likely to be substantially higher than the former. For the 

substation stop ESS, the lowest simulated ESS capacity of 100 Ah is likely to be sufficient to 

absorb most of the available braking energy. Thus, increasing ESS battery capacity will only 

reduce the Esub slightly. However, for the centre stop ESS, this capacity is possibly too small to 

fully store or utilize the majority of the available braking energy. As shown in Table 4-3, when 

the simulated ESS capacity was reduced to 100 Ah, the performance of some centre stop ESS 

degraded, and their ranking dropped. The increasing ESS battery capacity could increase the 

degree of utilization substantially and thereby the result is a sharper reduction of the Esub.. 

 

4.3.3 Multiple ESS installations 

In practice, based on the modelling of the entire tram network, multiple ESS could be installed 

to maximise the energy-saving and cost saving across the network. Table 4-3 could be used to 

support decision making for determining at which locations to best install an ESS. The working 

logic is simply to install storage at the higher energy-saving locations (the reduction of energy 

supplied from substation, Esub) first, namely, to pick the installations shown in Table 4-3 ranked 

in descending order. 
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There are two types of ESS installations studied in this project, the ESS at substation stops and 

the ESS at centre stops. Both types of installation have different distinguishing features, the 

centre stop ESS is installed inside an energy supply section, and since each energy supply 

section is isolated from the others, if multiple ESSs are installed on various centre stops 

respectively, each ESS would work independently. However, if the ESSs are installed on both 

the substation stop and the centre stop connected to the same energy supply section, they are 

likely to influence each other, as the braking energy generated could flow to both ESSs 

simultaneously, and hence each ESS could receive less braking energy than if it is working 

independently, and ultimately the energy-saving delivered together could be different from the 

energy-saving delivered independently. 

 

As shown in Table 4-3, the ranking of the 1,000 Ah and 500 Ah capacity ESS are identical and 

the centre stop ESSs are apparently delivering greater energy-savings than the substation stop 

ESSs. If a small number of installations are required, the centre stop ESSs are more preferable 

locations than the substation stop ESSs. However, in the case of 100 Ah capacity ESS, since 

some substation stop ESSs ranked higher, the small number of installations may involve both 

the centre stop ESS and substation stop ESS. To address this, simulation results from 

simultaneous ESS installations on the centre stop and substation stop is presented, illustrating 

the effects on the total energy saving, based on the 100 Ah ESS. 

 

If only three ESSs are required across the entire Supertram network, the top three locations, 

Park Croft Grange (1st), Shalesmoor (2nd), Manor Top (3rd) would logically be chosen. If four 

ESSs are required, Fitzalan Square (4th) would then be initially included as a location. Yet, Park 

Grange Croft and Fitzalan Square are both located in the same energy supply section as shown 

in Figure 4-13, the former is the centre stop and the latter is a substation stop. Independently, 

they can deliver energy-savings of 609 kWh/d and 562 kWh/d, respectively. However, after 

ESSs are installed on both stops simultaneously, the simulation result suggested the two ESSs 

would only deliver a saving of 1,078 kWh/d, which is 93 kWh/d smaller than the sum (1,171 

kWh) of their independent energy-saving. Therefore, two options for the installation of 4 ESSs 

have been established as shown in Table 4-4. The difference between these is that option 2 

replaces the Fitzalan Square installation (4th) with Hillsborough installation (5th) that is a centre 

stop and has no conflict with the other centre stops selected for installation. As shown in Table 

4-4, option 2 delivers 83 kWh/d more energy saving than option 1. 

 



83 

 

Table 4-4 Options for four ESSs installations 

Option 1   Option 2   

Location Ranking* Type** Location Ranking* Type** 

Park Grange Croft 1st C Park Grange Croft 1st C 

Shalesmoor 2nd C Shalesmoor 2nd C 

Manor Top 3rd C Manor Top 3rd C 

Fitzalan Square 4th S Hillsborough 5th C 

Energy Saving (kWh/d) 2,252 Energy Saving (kWh/d) 2,335 

*: Ranking based on reduction of energy supplied from substation shown in Table 4-3 

**: C = centre stop, and S = substation stop 

 

In another scenario, if five ESS installations are required, there are three options that could be 

considered that comprise the top locations (shown in Table 4-3). As shown in Table 4-5, 

Fitzalan Square and Park Grange Croft in option 1 are in the same energy supply section. 

Meanwhile, Shalesmoor and the University of Sheffield in option 2 are also in the same energy 

supply section. Compared to option 1 and option 2, option 3 only consists of centre stop ESS 

installations and includes a low-ranking location City Hall (7th). However, due to cross 

influences between ESS in the same energy supply sections, option 3 generates the highest 

energy saving amongst the three options.  

 

Table 4-5 Options for five ESSs installation 

Option 1   Option 2   Option 3   

Location Ranking* Type** Location Ranking* Type** Location Ranking* Type** 

Park Grange 

Croft 
1st C 

Park Grange 

Croft 
1st C 

Park Grange 

Croft 
1st C 

Shalesmoor 2nd C Shalesmoor 2nd C Shalesmoor 2nd C 

Manor Top 3rd C Manor Top 3rd C Manor Top 3rd C 

Fitzalan 

Square 
4th S Hillsborough 5th S Hillsborough 5th C 

Hillsborough 5th C 
University of 

Sheffield 
6th C City Hall 7th C 

Energy Saving 

(kWh/d) 
2,804 

Energy Saving 

(kWh/d) 
2,743 

Energy Saving 

(kWh/d) 
2,853 

*: Ranking based on reduction of energy supplied from substation shown in Table 4-3 

**: C = centre stop, and S = substation stop 

 

The two examples provided above indicate that when two ESSs are installed on the substation 

stop and the centre stop located in the same energy supply section, the energy saving achieved 

becomes smaller than the sum of their independent installations. Therefore, if multiple ESS 
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installations are required, the final solution tends to only have centre stop installations 

regardless of some independent substation stop installations actually ranking higher in terms 

of energy balance shown in Table 4-3. Thus, this research considers that the best installation 

locations for multiple ESS on a network are always at the centre stops. Interpreted from Table 

4-3, Figure 4-16 shows the potential best daily energy-saving corresponding to each number of 

ESS installations.  

 

 

Figure 4-16 Daily electricity saving of centre stop ESS installations with different battery capacity 

 

4.4 Economic feasibility of applying ESS on tram system 

The introduction of an ESS can effectively deliver an energy-saving to the Supertram network, 

however the costs of the systems have not yet been addressed. Thus an economic evaluation 

has been conducted on ESS installations with different capacities and number of installations. 

Subsequently, a sensitivity study is presented to identify the influential factors to the economic 

evaluation. Since the final aim of this research is to integrate EVs as part of the ESS with the 

tram network, a further economic study was conducted to illustrate the economic benefit 

brought by utilizing the EVs batteries for the energy storage of the tram system.  

 

In this chapter, the results presented in both Section 4.2 and Section 4.3 suggest that, no matter 

whether the tram system uses separate OCS or common OCS, installing ESS on one or more 

centre stops would deliver a better energy-saving than if the ESS is located elsewhere on the 

network. Moreover, Chapter 3 states that a common OCS is more energy-efficient than the 
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separate OCS. Therefore, this research considers the application of common OCS shall be or 

likely will be wider than that of the separate OCS. Thus, the economic feasibility study 

presented in this section was only conducted on the ESS applications on the tram system that 

uses the common OCS configuration.  

 

The remainder of this chapter firstly introduces the method of the economic evaluation and the 

estimation of cost and income. It then presents the result of the economic feasibility of different 

ESS configurations, and examines the influential factors via the result obtained from the 

sensitivity study. Finally, the potential merit of using EV as ESS is also discussed. 

 

It is worth noting that the content presented in this section has been published on Zhang, et al. 

[151]. 

 

4.4.1 Method of economic evaluation 

The economic evaluation carried out in this chapter explores three aspects, payback period, net 

present value (NPV) and internal return rate (IRR). It aims to demonstrate when the investment 

will likely be recovered, how much profit will be generated at the end of the project, and 

determine the rate of return on the investment. The fundamental elements used to conduct the 

economic evaluation are the cost of installation and income generated. The cost includes the 

capital expenditure (CAPEX) and operational expenditure (OPEX), and income is considered 

as the monetary saving brought about by the energy saving. The details of the cost and income 

are described in subsection 4.4.2.  

 

Net Present Value  

NPV is the difference between the present value of cash inflows and the present value of cash 

outflows over a period of time [152]. It assumes the buying power of the same amount of 

money reduces in the future, and hence, the future income needs to be discounted accordingly 

for bringing it back to today’s value [152]. The discount rate could be simply the inflation rate 

[153]. Alternatively, investors would assume their money can be invested elsewhere that 

generates profit. The discount rate then becomes the expected interest rate of the potential 

investment and is usually called, and used as, the nominal discount rate [152]. The NPV of an 

investment project is calculated via Equation 4-1 adapted from San Ong and Thum [153] and 

Žižlavský [152]. 
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 NPV = ∑
𝑅𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=0

 Equation 4-1 

Where t is the number period in the unit of years, Rt is the net cash inflow during a single period 

of t, and i is the discount rate. The t ranges from 0 to any value due to the asset life given and 

ranges from 0 to 5 in this study since the asset life was primarily assumed as five years. It is 

worth noting that R0, the net cash inflow in year zero, is considered negative in this case since 

the project only spends on initial investment but receives no income. When t>0, the Rt could 

be positive, equal to 0, or negative, depending on the magnitude of the expenditure and the 

income. For the discount rate i, it has been reportedly taken as 10-15% for big corporate 

projects, and was also set between 5-9% on some solar photovoltaic projects [152-154]. This 

research utilised a moderate value of 6% for the discount rate.  

 

A positive NPV demonstrates that investment is economically feasible as profit is generated 

[153]. However, it only provides the absolute amount of profit generated during the appraised 

period and is not able to indicate the rate of return [155]. If two investments have the same 

amount of initial investment and the same estimated NPV but a different time scale, the one 

with a shorter time scale generates the profit quicker, and it is thereby potentially more 

preferable. Solely using the NPV is not able to provide an indicative comparison of the two 

investments [154]. 

 

Internal Rate of Return  

The IRR is the rate of return of the current investment and is commonly used together with 

the NPV [155, 156]. IRR is calculated when the NPV is zero, and it can be expressed as 

Equation 4-2, that is adapted from Equation 4-1 

 0 = ∑
𝑅𝑡

(1 + IRR)𝑡

𝑛

𝑡=0

 Equation 4-2 

Where t is the number period in the unit of years that leads to a NPV of zero, Rt is the net 

cash inflow during a single period of t. 

 

In this research, the IRR was determined via the Excel IRR function. If the IRR equal to or 

greater than the discount rate, the return of the current investment meets or exceeds the 

investor’s expectation, and hence the economic viability is proven [154]. 
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Using the same example given in the NPV section, if two investments have the same amount 

of initial investment and the same estimated NPV but a different time scale, the one with a 

shorter time scale will have a higher IRR than the one with a longer time scale. Besides, if two 

investments have the same time scale and the same estimated NPV but a different initial 

investment, the one with a smaller initial investment will have a higher IRR than the one with 

a greater initial investment. Thus, IRR can be used to assess which investment is able to return 

quicker and better [156]. 

 

However, IRR is not able to be used on its own because it is not able to explain the absolute 

amount of profit generated [155]. If two investments have the same time scale and the same 

estimated IRR but a different initial investment, the one with a greater initial investment will 

have a higher absolute profit generated (NPV) than the one with a smaller initial investment. 

 

Discount Payback Period 

The discounted payback period (DPP) indicates the time taken to recover the initial investment 

with regards to potential depreciation over time. The annual income and annual OPEX are 

expected to be uniform before being discounted, and hence, the annual cash flow, which is the 

difference between the annual income and annual OPEX, is expected to be uniform as well. 

The DPP is calculated via Equation 4-3 [157]. 

 𝐷𝑃𝑃 =
𝑙𝑛 [1 ÷ (1 − 𝐶𝐴𝑃𝐸𝑋 ÷ 𝐴𝐶𝐹 ×  𝑖)]

𝑙𝑛(1 + 𝑖)
 Equation 4-3 

where the annual cash flow before being discounted is ACF, and i is the discount rate. 

 

In this study, the asset life, which is battery life, was primarily assumed as five years. A DPP 

that is smaller than the asset life helps to demonstrate economic feasibility. However, the DPP 

is not able to estimate any potential net income generated after the initial investment is 

recovered. 

 

This paper considers that the economic feasibility is proven if the DPP is smaller than the asset 

life (battery life), and NPV are both positive, and the IRR is greater than the discount rate, 

simultaneously.  
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4.4.2 Cost and income 

The CAPEX of the ESS considers the cost of the battery, the cost of the other components (i.e. 

converter, control units, site wiring, etc.), and the cost of installation. According to the 

economic analysis of energy storage system installation reported in various literatures [158-

162], this paper gives reasonable mid-range assumptions of: 

• The unit cost of the battery is estimated at £133 per kWh  

• The cost of the other components is estimated to be 80% of the cost of the battery 

• The cost of installation is estimated as £10,000 per ESS  

Therefore, the CAPEX of each ESS installation can be calculated via Equation 4-4.  

𝐶𝐴𝑃𝐸𝑋 = 𝑛 × [(1 + 80%) (
133 × 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 × 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

1000
) + 10000] Equation 4-4 

where n is the number of ESS that will be installed, battery voltage is set as 390 V, battery 

capacity varies from 100 Ah, 500 Ah and 1,000 Ah, and 1000 is the conversion ratio between 

W to kW.  

 

The OPEX per annum only considers the maintenance of the ESS and is assumed as 3% of the 

CAPEX [163, 164]. Therefore, the costs per ESS with different capacity are shown in Table 

4-6. 

Table 4-6 The costs per ESS  

Capacity of battery 
Cost of 

battery 

Cost of other 

components 

Cost of 

installation 
CAPEX 

OPEX per 

Annum 

1000Ah (390kWh) £51,870 £41,496 £10,000 £103,366 £3,101 

500 Ah (195kWh) £25,935 £20,748 £10,000 £56,683 £1,700 

100 Ah (39kWh) £5,187 £4,150 £10,000 £19,337 £580 

 

The income is considered as the monetary -saving due to the electricity saved. The unit cost of 

electricity for this study is set at £53 per MWh [165]. The annual income related to the 

electricity-saving is calculated via Equation 4-5.  

 𝐴𝑛𝑛𝑢𝑎𝑙 𝐼𝑛𝑐𝑜𝑚𝑒 =
𝐷𝑎𝑖𝑙𝑦 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑆𝑎𝑣𝑖𝑛𝑔 × 365 × 53 

1000
 Equation 4-5 

where the Daily Electricity Saving of each ESS installation appraised is in the unit of kWh and 

is shown in Figure 4-16, 53 is the price (£) per MWh electricity, and 1000 is the conversion 

ratio from kWh to MWh.  
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4.4.3 Economic feasibility 

The economics of different numbers of ESS installations are shown in Table 4-7. As shown, it 

is economically feasible to install ESSs with 500 Ah battery capacity at the top 6 identified best 

centre stops, and it is economically feasible to install ESSs with 100 Ah battery capacity on all 

centre stops. However, no 1,000 Ah ESS installation has been found to be economically viable. 

It is worth noting that, in order to demonstrate the impact of the different parameters on the 

economic evaluation, Table 4-7 and Table 4-10 to Table 4-20 highlight the NPV, IRR and DPP 

results, the uneconomic results (with NPV<0, IRR<6% and/or DPP>5) are highlighted by a 

superscript 'N'.  

 

Table 4-7 The economics of different numbers of ESS installation with different ESS battery capacity 

No. of 

ESS 

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

1 -£18,251N -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

2 -£46,339N -8.2%N 6.8N £42,895 12.3% 3.5 £55,594 41.8% 1.9 

3 -£80,945N -9.6%N 7.2N £54,931 10.6% 3.6 £79,953 40.3% 1.9 

4 -£117,099N -10.5%N 7.5N £66,290 9.6% 3.7 £103,162 39.1% 2.0 

5 -£161,696N -11.7%N 7.9N £73,787 8.6% 3.8 £123,626 37.7% 2.0 

6 -£210,269N -12.8%N 8.3N £72,646 7.1% 4.0 £141,025 36.0% 2.1 

7 -£271,489N -14.3%N 8.9N £63,878N 5.4%N 4.2N £152,419 33.6% 2.2 

8 -£332,897N -15.5%N 9.4N £54,466N 4.1% N 4.4N £163,283 31.7% 2.3 

9 -£412,102N -17.3%N 10.4N £27,249N 1.8%N 4.7N £168,100 29.2% 2.4 

10 -£497,068N -19.1%N 11.5N -£5,453N -0.3%N 5.1N £171,100 27.0% 2.5 

11 -£583,288N -20.6%N 12.6N -£39,335N -2.2% N 5.4N £173,367 25.1% 2.6 

N: uneconomic results 

 

Two most noticeable phenomenon found from Table 4-7 are that:  

1) The greater the ESS battery capacity, the lower the economic feasibility  

2) A greater number of ESS installations will also lower the economic feasibility 

 

The ESS installation on Park Grange Croft (top 1 ESS installation shown in Table 4-3) is used 

as an example for demonstration. When the ESS battery capacity increases from 100 Ah to 

1,000 Ah, the energy-saving (shown as -Esub in Figure 4-16) increases by 97%, and the CAPEX 

and OPEX per annum shown (in Table 4-6) both increase by 435%. When the ESS battery 

capacity increases, the energy-saving increases at a slower rate over time than the cost. 

Therefore, a greater ESS battery capacity will worsen the economic feasibility.  
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Regarding the second trend discovered, it could be attributed to multiple ESS installations 

consisting of the highest energy-saving centre stop ESS installations first. When the number of 

ESS installations increase, the total ESS battery capacity increases positively and linearly at 

the same rate, and so does the cost related CAPEX and OPEX. However, regarding the income 

related energy saving, when the number of ESS installations increase, more centre stop ESS 

installations with lower energy-saving are included, thus the increase of the total energy-saving 

and the income is thereby relatively slower. Therefore, when the number of ESS installations 

increase, the cost increases faster than the income, and hence leads to worse economics.  

 

The economic evaluation aims to assist decision making over potential investment options. In 

the example where a single ESS installation is required, a 500 Ah ESS has a higher NPV but a 

smaller IRR than 100 Ah ESS. This means that the 500 Ah ESS will generate a greater profit 

than 100 Ah ESS at the end of the asset life, but its rate of return on investment is slower since 

it has a higher CAPEX. This indicates that a potential investor could thereby decide which 

option to invest in according to his/her own preference on the absolute value of profit or the 

flexibility of reinvestment.  

 

4.4.4 Sensitivity study  

In the economic evaluation, six variables could have substantial uncertainty and hence could 

heavily impact upon economic evaluation. They are the battery price which affects the cost of 

battery, the installation cost, the ratio between OPEX and CAPEX, electricity price, the battery 

life, and discount rate. This research also conducted the sensitivity study to examine the impact 

of these six variables on economic parameters, and subsequently to discover what is required 

and how to improve the economics. The testing approach was to apply a ±20% variation on 

one parameter to test in turns and then examine the change on NPV, IRR and DPP. 

 

Since each ESS installation leads to varied -Esub (as shown in Table 4-3), the total -Esub 

delivered did not increase linearly when the number of ESS installations increased (as shown 

in Figure 4-16). Therefore, the above tested six parameters could potentially impact the 

economic appraisal of multiple ESS additions differently than how they affected the single ESS 

addition. Therefore, this study investigated how these parameters influence the economics of 

the single ESS addition and each multiple ESS addition (number of installation ranges from 2 

to 11).  
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 Sensitivity study for single ESS addition 

The sensitivity study used the highest energy saving case of one ESS installation on Park 

Grange Croft (shown Table 4-3) as an example for illustration. The CAPEX and annual OPEX 

of the ESSs to install at Park Grange Croft have been listed in Table 4-6, and the undiscounted 

annual income and annual cash flow related to those ESS additions are listed in Table 4-8. 

 

Table 4-8 The undiscounted annual income and annual cash flow related to the ESSs installed on Shalesmoor 

Capacity of battery Undiscounted Annual Income Undiscounted Annual Cash Flow 

1,000Ah (390kWh) £23,307 £20,206 

500 Ah (195kWh) £21,856 £20,155 

100 Ah (39kWh) £11,789 £11,209 

 

Impact of electricity price  

The economic evaluations obtained from different electricity prices are shown in  

 

Table 4-9. A higher electricity price leads to a higher current expenditure. Consequently, the 

same energy-saving would result in a higher cost saving. The electricity price substantially 

impacts upon all ESS regardless of capacity. In the base case, the electricity price is considered 

as a contract price which is discounted from normal market prices. If the UK average non-

domestic electricity price of 2019, £122/MWh, is applied, the economics will be greatly 

increased [166]. 

 

Table 4-9 The economic evaluation based on different electricity price 

Electricity 

Price  

(£/ MWh 

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

£42.4 -£37,887N -14.0%N 8.7 £9,806N 5.8%N 4.2N £17,947 28.2% 2.4 

£53.0* -£18,251N -6.4%N 6.3 £28,219 15.9% 3.2 £27,879 41.9% 1.9 

£63.6 £1,384N 0.5%N 4.9 £46,632 25.3% 2.6 £37,810 55.0% 1.5 

£122.0 £109,564 31.8% 2.2 £148,078 71.1% 1.2 £92,529 122.1% 0.8 

*: Base case, N: uneconomic results 

 

The income generated via electricity saving is the product of the daily energy saving and 

electricity price as shown in Equation 4-5 and is only determined by the two as the rest of the 

components in the equation can be considered as constants. Therefore, the two factors share 
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the same effect on the economic appraisal. The same percentage variation given to the 

electricity price or energy saving will lead to the same change in economics.    

 

Impact of battery price  

The economic evaluations obtained for different battery prices are shown in Table 4-10. As can 

be seen, battery price substantially impacts the economics of the bigger capacity ESSs, but less-

so, on the 100 Ah ESSs. This is because the battery cost contributes more to the capital costs 

of the 1,000 Ah ESS and 500 Ah ESS.  

 

Table 4-10 The economic evaluation based on different battery price 

Battery 

Price 

(£/kWh) 

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

£106 £2,781N 1.1%N 4.8N £38,736 25.1% 2.6 £29,982 49.0% 1.7 

£133* -£18,251N -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

£160 -£39,284N -12.1%N 8.0N £17,703 8.9% 3.8 £25,775 36.0% 2.1 

*: Base case, N: uneconomic results 

 

Impact of battery life 

The economic evaluations obtained from different battery life lengths are shown in Table 4-11. 

Battery life impacts both the NPV and IRR of all the ESS installations substantially but does 

not affect the payback period. This is because it controls the income-generating period, and 

hence controls the total amount of income generated during the battery life. However, it does 

not influence the rate of income generation and hence it will not change when the investment 

is recovered. Battery life is likely affected by the number of charging cycles. Battery life, and 

thereby the economics, could be potentially improved if the numbers of charging cycles can be 

reduced via a better system control and design.  

 

Table 4-11 The economic evaluation based on different battery life 

Battery 

Life 

 (year) 

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

4 -£33,351N -14.3%N 6.3N £13,158 9.2% 3.2 £19,503 36.6% 1.9 

5* -£18,251N -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

6 -£4,007N -1.2%N 6.3N £42,428 19.9% 3.2 £35,780 44.9% 1.9 

*: Base case, N: uneconomic results 
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Impact of installation cost 

The economic evaluations obtained from different installation costs are shown in  

Table 4-12. Opposite to the battery price, the installation cost impacts more on the 100 Ah ESSs, 

but less on the 500 and 1,000 Ah capacities. This is because the installation cost is assumed to 

be a fixed cost and has a higher proportion of the capital cost in the 100 Ah ESSs.  

 

Table 4-12 The economic evaluation based on different installation cost 

Installation 

Cost  

(per ESS) 

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

£8,000 -£15,999N -5.7%N 6.1N £30,472 17.7% 3.0 £30,131 49.5% 1.7 

£10,000* -£18,251N  -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

£12,000 -£20,504N -7.1%N 6.5N £25,967 14.2% 3.3 £25,626 35.6% 2.1 

*: Base case, N: uneconomic results 

 

Impact of OPEX 

The economic evaluations obtained from different OPEX to CAPEX ratio cost are shown in 

Table 4-13. The higher the ratio, the worse the economic evaluation result. However, its impact 

on the overall economics is minor.  

 

Table 4-13 The economic evaluation based on different OPEX to CAPEX ratio 

OPEX: 

CAPEX  

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

2.4% -£15,639N -5.4%N 6.1N £29,652 16.6% 3.1 £28,367 42.6% 1.9 

3.0%* -£18,251N -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

3.6% -£20,864N -7.3%N 6.5N £26,787 15.1% 3.2 £27,390 41.3% 1.9 

*: Base case, N: uneconomic results 

 

Impact of discount rate 

The economic evaluations obtained from different discount rates are shown in Table 4-14. A 

low discount rate leads to less depreciation when the future annual cash flow is discounted into 

the present value. Thus, a lower discount rate will lead to a better NPV and IRR, and ultimately, 

a shorter DPP. Moreover, the discount rate will have a greater impact on the high battery 

capacity project that recovers more energy and generates a higher income and cash flow. The 

discount rate is responsible for discounting the future cash flow into the present value. Hence, 

the variation of the discount rate will lead to a greater numerical change and potentially a 

greater percentage change to the NPV of projects with higher future cash flow, which are the 
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high CAPEX cases in this study. In the examples of the 500 Ah battery ESS and the 100 Ah 

battery ESS, the former has a higher annual cash flow than the latter as shown in Table 4-8. 

When the discount rate was reduced from 7.2% to 4.8%, the NPV of the former increased by 

£5,546 (22%), and of the latter increased by £3,084 (12%). Consequently, the 500 Ah battery 

ESS had a higher percentage increase on the IRR, and a higher percentage reduction on the 

DPP than the 100 Ah battery ESS, when the discount rate reduces. A lower discount rate will 

improve the economics of the high cash flow project to a greater extent.  

 

Table 4-14 The economic evaluation based on different discount rate 

 

 Discount 

Rate 

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

4.8% -£15,399 N -5.3%N 6.0N £31,064 17.2% 3.1 £29,461 43.6% 1.8 

6.0%* -£18,251N -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

7.2% -£20,960N -7.4%N 6.6N £25,518 14.6% 3.3 £26,376 40.3% 1.9 

*: Base case, N: uneconomic results 

 

Summary conclusions from the sensitivity study  

As shown in Table 4-10 to Table 4-14, the change of the NPV, IRR, and DPP usually follows 

the pattern that when NPV increases, the IRR increases and the DPP reduces. Therefore, this 

research produced spider plots, to plot the change of NPV against the ratio of the changed value 

to the baseline value of a tested parameter. This was used to identify the most influential 

parameter (to the economic appraisal), which should have the steepest slope, among a number 

of tested parameters [167]. The spider plots of ESS with different battery capacities are shown 

in Figure 4-17. It is worth noting that, Figure 4-17(a) uses a different y axis compared to Figure 

4-17(b) and Figure 4-17(c). It is because the baseline NPV of the 1,000 Ah ESS addition on 

Shalesmoor is negative and is considered as a financial loss, whereas a positive change in NPV 

indicates a larger financial loss and worse economics. However, a negative change of the NPV 

demonstrates a smaller financial loss and better economics. As aforementioned, if the battery 

price becomes lower, the economics improve, hence, as shown in Figure 4-17(a), when the 

battery price decreases from 100% to 80% of the baseline value, the NPV, would be reduced 

by approx. 75%, indicating that the financial loss could be reduced by 75%. In the cases of the 

500Ah ESS and 100Ah ESS addition on Shalesmoor, the baseline NPVs were found to be both 

positive, as shown in Table 4-10 to Table 4-14. Therefore, the change in NPV is interpreted as 

“Change in profit” in Figure 4-17(b) and Figure 4-17(c), and the positive change in the 

NPV/“Change in Profit” indicates a better economic feasibility.  
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Figure 4-17 The spider-plot of the NPV of ESS additions with different battery capacity 

 

As shown in Figure 4-17,  

1) The electricity price and asset life heavily affect the NPV. 

2) The battery price also substantially influences the NPV of the 1,000Ah and 500Ah ESS 

addition but mildly impacts the NPV of the 100Ah ESS since the battery cost accounts for 

less in the CAPEX compared to the former for ESS addition. 

3) The installation cost, OPEX and discount rate only mildly influence the NPV. 

 

As mentioned above, all the tested parameters should impact the IRR and DPP in a similar way 

as they influence the NPV. However, the variation asset life will only affect the NPV and IRR 

similarly but make no impact on DPP.  

 

 Sensitivity study for multiple ESS additions 

As aforementioned, a ±20% variation was applied on one parameter to test in turns and then 

examine the change on NPV, IRR and DPP. Besides, the sensitivity study for multiple ESS 

additions utilized the absolute percentage change on NPV (|±%𝑁𝑃𝑉|), which was calculated 

via Equation 4-6,  to demonstrate the importance of a parameter.  

 |±%𝑁𝑃𝑉| = |
(𝑁𝑃𝑉80% − 𝑁𝑃𝑉120%)

𝑁𝑃𝑉100%
| Equation 4-6 

where 𝑵𝑷𝑽𝟖𝟎% is the NPV calculated when the parameter-to-test equals 80% of the base case 

value, 𝑵𝑷𝑽𝟏𝟐𝟎% is the NPV calculated when the parameter-to-test equals 120% of the base 

case value, and 𝑵𝑷𝑽𝟏𝟎𝟎% is the base case NPV. Using the 1,000 Ah single ESS addition for 

demonstration:  
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• The ±20% variation on battery price resulted in a |±%𝑁𝑃𝑉| of 230% (based on data 

shown in Table 4-10), and  

The ±20% variation on installation cost resulted in a |±%𝑁𝑃𝑉| of 25% (based on data shown in  

• Table 4-12). 

 

The battery price is found influential to the economic appraisal, but the installation cost is not. 

Thus, the higher the |±%𝑁𝑃𝑉|, the more influential the parameter to the economic assessment. 

This study ranked the |±%𝑁𝑃𝑉| obtained from sensitivity study conducted on each of the 

parameters-to-test and ESS additions with different numbers of installations, in descending 

order, as shown in Table 4-15.  

 

Table 4-15 The ranking of the |±%𝑁𝑃𝑉| on each ESS addition with different numbers of installation 

Battery 

Capacity 

No. of 

Installation 

Ranking 

Battery 

Price 
Installation OPEX 

Electricity 

Price 

Battery 

Life 

Discount 

Rate 

1000 Ah 

1 1 6 5 2 3 4 

2 1 6 5 2 3 4 

3 1 6 4 2 3 5 

4 1 6 4 2 3 5 

5 1 6 4 2 3 5 

6 1 5 4 2 3 6 

7 1 5 4 2 3 6 

8 1 5 4 2 3 6 

9 1 5 4 2 3 6 

10 1 5 4 2 3 6 

11 1 5 4 2 3 6 

500 Ah 

1 3 5 6 1 2 4 

2 3 5 6 1 2 4 

3 3 5 6 1 2 4 

4 3 5 6 1 2 4 

5 3 5 6 1 2 4 

6 3 4 6 1 2 5 

7 3 4 6 1 2 5 

8 3 4 6 1 2 5 

9 2 4 6 1 3 5 

10 2 4 6 1 3 5 

11 2 4 6 1 3 5 

100 Ah 

1 4 3 6 1 2 5 

2 4 3 6 1 2 5 

3 4 3 6 1 2 5 

4 4 3 6 1 2 5 

5 4 3 6 1 2 5 

6 4 3 6 1 2 5 

7 4 3 6 1 2 5 

8 4 3 6 1 2 5 

9 4 3 6 1 2 5 

10 4 3 6 1 2 5 

11 4 3 6 1 2 5 
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As can be seen in Table 4-15, similar to the founding of the sensitivity study on the single ESS 

addition,  

• The electricity price and asset life heavily affect the NPV of all the cases regardless of 

battery capacity and the number of installations;  

• The battery price also substantially influences the NPV of the 1,000Ah and 500Ah ESS 

additions but mildly impacts the NPV of the 100Ah ESS; 

• The installation cost, OPEX and discount rate only mildly influence the NPV; 

• The change of number of addition only slight influences the importance of the 

parameter tested on the economic assessment.  

 

The sensitivity study also examined whether the more beneficial conditions as  

• A 20% lower battery price,  

• A 20% higher electricity price, or  

• A 20% longer asset life  

would substantially alter the economics of the multiple ESS additions and lead to different 

decision making on the potential investments. The economics of each multiple ESS addition 

under each preferable condition was investigated and shown in Table 4-16, Table 4-17 and 

Table 4-18.  

 

Table 4-16 The economics of the multiple ESS additions obtained at a 20% lower battery price  

No of 

Installation  

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

1 £2,781N 1.1%N 4.8N £38,736 25.1% 2.6 £29,982 49.0% 1.7 

2 -£4,273N -0.9%N 5.2N £63,928 21.1% 2.8 £59,801 48.9% 1.7 

3 -£17,846N -2.5%N 5.4N £86,480 19.2% 2.9 £86,263 47.2% 1.7 

4 -£32,967N -3.4%N 5.6N £108,356 18.1% 3.0 £111,575 45.9% 1.8 

5 -£56,531N -4.8%N 5.9N £126,369 17.0% 3.1 £134,142 44.4% 1.8 

6 -£84,071N -6.0%N 6.2N £135,745 15.3% 3.2 £153,645 42.6% 1.9 

7 -£124,259N -7.6%N 6.6N £137,493 13.4% 3.4 £167,142 40.0% 1.9 

8 -£164,633N -8.9%N 7.0N £138,598 11.9% 3.5 £180,109 37.9% 2.0 

9 -£222,805N -10.9%N 7.6N £121,897 9.4% 3.8 £187,030 35.3% 2.1 

10 -£286,738N -12.8%N 8.3N £99,712 7.0% 4.0 £192,133 32.9% 2.2 

11 -£351,926N -14.5%N 8.9N £76,346N 4.9%N 4.3N £196,504 30.8% 2.3 

*: Base case, N: uneconomic results 
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Table 4-17 The economics of the multiple ESS additions obtained at a 20% higher electricity price 

No of 

Installation  

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

1 £1,384N 0.5%N 4.9N £46,632 25.3% 2.6 £37,810 55.0% 1.5 

2 -£9,035N -1.5%N 5.3N £77,013 21.2% 2.8 £75,425 54.9% 1.5 

3 -£27,277N -3.1%N 5.6N £104,225 19.3% 2.9 £109,012 53.1% 1.6 

4 -£47,376N -4.1%N 5.8N £130,625 18.2% 3.0 £141,219 51.7% 1.6 

5 -£77,607N -5.4%N 6.1N £152,391 17.1% 3.1 £170,131 50.1% 1.6 

6 -£112,609N -6.6%N 6.3N £163,791 15.4% 3.2 £195,366 48.2% 1.7 

7 -£162,787N -8.2%N 6.8N £166,038 13.5% 3.4 £213,395 45.4% 1.8 

8 -£213,191N -9.5%N 7.1N £167,513 12.0% 3.5 £230,787 43.2% 1.8 

9 -£284,951N -11.5%N 7.8N £147,621 9.5% 3.7 £240,924 40.4% 1.9 

10 -£363,624N -13.3%N 8.5N £121,149 7.1% 4.0 £248,881 37.9% 2.0 

11 -£443,803N -15.0%N 9.2N £93,259N 5.0%N 4.3N £255,957 35.7% 2.1 

*: Base case, N: uneconomic results 

 

Table 4-18 The economics of the multiple ESS additions obtained at a 20% longer 

No of 

Installation  

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

1 -£4,007N -1.2%N 6.3N £42,428 19.9% 3.2 £35,780 44.9% 1.9 

2 -£19,496N -2.9%N 6.8N £69,046 16.5% 3.5 £71,371 44.7% 1.9 

3 -£42,595N -4.3%N 7.2N £92,582 14.9% 3.6 £103,042 43.3% 1.9 

4 -£67,501N -5.1%N 7.5N £115,329 14.0% 3.7 £133,371 42.1% 2.0 

5 -£102,262N -6.2%N 7.9N £133,567 13.0% 3.8 £160,495 40.7% 2.0 

6 -£141,666N -7.3%N 8.3N £141,721 11.6% 4.0 £184,043 39.1% 2.1 

7 -£195,833N -8.7%N 8.9N £140,972 10.0% 4.2 £200,579 36.8% 2.2 

8 -£250,218N -9.8%N 9.4N £139,471 8.7% 4.4 £216,497 35.0% 2.3 

9 -£325,380N -11.5%N 10.4N £117,185 6.6% 4.7 £225,357 32.7% 2.4 

10 -£407,266N -13.2%N 11.5N £88,497N 4.5%N 5.1N £232,096 30.5% 2.5 

11 -£490,617N -14.7%N 12.6N £58,430N 2.8%N 5.4N £237,978 28.7% 2.6 

*: Base case, N: uneconomic results 

 

Under the beneficial condition, the economics of all cases improve, particularly in the case of 

the 500Ah ESS. Under the based case condition, installing 500 Ah ESSs at the top 6 identified 

best centre stops is economically feasible (as shown in Table 4-7). With a 20% lower battery 

price or a 20% higher electricity price, it becomes economically feasible to install 500 Ah ESSs 

at the top 10 identified best centre stops (as shown in Table 4-16 and Table 4-17). Also, with a 

20% longer battery life, it is economically viable to add 500 Ah ESSs at the top 9 identified 

best centre stops (as shown in Table 4-18). Still, adding more ESS degrades economic viability.  
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As shown in Table 4-7 and Table 4-16 to Table 4-18, in most cases either under the base case 

condition or the beneficial conditions, installing the 100Ah ESS would achieve the best NPV, 

IRR, and DPP among the three ESS with different capacities. However, similar to the base case, 

under each beneficial condition, choosing the 500Ah ESS leads to the best NPV if only one 

ESS will be added to the system. Besides, Once the battery price is reduced by 20% and when 

the number of ESSs added equals or is less than three, installing the 500Ah ESS will result in 

the best NPV. Also, Once the electricity price becomes 20% higher and when the number of 

ESSs added equals or is less than two, installing the 500Ah ESS will achieve the best NPV. 

However, installing 100Ah ESSs results in the best IRR and the shortest DPP in all cases. 

 

4.4.5 The potential merit of using EVs for energy storage to the tram network 

The battery purchase price is found to be an influential factor in the economic feasibility of 

ESS deployment. As the battery price is determined by the production technology and the 

market, it cannot be reduced from the customer perspective. However, if EVs can be used as 

part of the installed ESS, the capital investment costs of an ESS can be substantially reduced. 

A further economic feasibility study on a theoretical single ESS installation at Park Grange 

Croft was conducted to illustrate the potential merit of incorporating EVs into the energy 

storage system on the tram network. The EV batteries are expected to deliver the same energy 

storage capacity and the same energy-saving as the corresponding stationary ESS does, albeit 

the time that they are available (when the car is parked and connected to the system) is variable.  

 

Taking this approach, the stationary battery is assumed being replaced by the EV battery but 

other components are remained. Hence, the cost of on battery is waived, thereby lowering the 

CAPEX and the OPEX related to maintenance of the ESS (shown in Table 4-6). Table 4-19 

shows the cost breakdown of the ESS without a stationary battery.  

Table 4-19 The costs per ESS without a stationary battery 

Capacity of battery 
Cost of 

battery 

Cost of other 

components 

Cost of 

installation 
CAPEX 

OPEX per 

Annum 

1000Ah (390kWh) £0 £41,496 £10,000 £51,496 £1,545 

500 Ah (195kWh) £0 £20,748 £10,000 £30,748 £922 

100 Ah (39kWh) £0 £4,150 £10,000 £14,150 £424 

 

However, exploiting an EV battery as the ESS for the tram network is expected to contribute 

additional operating cycles to the EV battery which could potentially degrade the battery life 
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quicker than seen in normal EV use. Therefore, this research assumes that the tram service 

provider would provide the EV owners, who allow their EVs to be used as energy storage for 

the tram network, with incentives (e.g. discounted travel perhaps) to compensate for the use of 

their EV battery. The undiscounted annual cash flow of using EV batteries as the energy storage 

for the tram system (ACFEV) is therefore calculated via Equation 4-7.  

 𝐴𝐶𝐹𝐸𝑉 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝐼𝑛𝑐𝑜𝑚𝑒 − 𝑂𝑃𝐸𝑋𝑀 − 𝑂𝑃𝐸𝑋𝐶 Equation 4-7 

where OPEXM is the annual OPEX related to maintenance, and the OPEXC is the annual OPEX 

related to the compensation provided to the EV owners.  

 

This research estimates the compensation via scaling the energy-saving delivered, which can 

be considered as the braking energy firstly stored in the EV battery and subsequently 

discharged back to the tram network from the EV batteries. This research considered the 

electricity discharge is in unit of kWhED or MWhED, and it subsequently provides a reasonable 

assumption on the degradation cost per unit electricity discharge, which is expressed as an 

aconynom of CD and is in the unit of of £/kWhED or £/MWhED. Zhou, et al. [168] reported that, 

in concept, the CD can be estimated by dividing the cost of the battery with the battery cycle 

life. The battery cycle life could be prolonged if the depth of discharge (DoD) is small, for 

example, Miao, et al. [169] reported that reducing the DoD from 20% to 10% will increase the 

potential life cycles of Li-ion battery from 2,000-9,000 to 6,000-15, 000. Zhou, et al. [168] 

reported a CD of approx. £0.040-0.060/kWhED (£40-60/MWhED) for the Li-ion battery based 

on a battery cost of £128/kWh and a life cycle of 2,200 estimated from a rated DoD of 95%. 

This research therefore assumes:  

• the DoD of the EV battery exploited for energy storage for the tram network could be 

regulated <20% 

• according to Miao, et al. [169] the life cycle of the EV battery for this application is at a 

reasonable value of 6,000 

• the life cycle is directly inversely proportional to the CD 

 

Hence, the estimated CD could be potentially reduced to 2,200/6000=36.6% as £0.015-

0.022/kWhED (£15-22/MWhED). This study thereby exploited a CD of £0.018/kWhED to estimate 

the annual OPEX on compensation (𝑂𝑃𝐸𝑋𝐶) based the reduction of the energy supplied from 

the substation (-Esub in Table 4-3) via Equation 4-8 
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 𝑂𝑃𝐸𝑋𝐶 = (−𝐸𝑠𝑢𝑏) × 365 × 𝐶𝐷 Equation 4-8 

where the −𝑬𝒔𝒖𝒃 is the reduction of the daily energy supplied from the substation shown (as -

Esub) in Table 4-3, 𝟑𝟔𝟓 is the number of days in a year, and 𝑪𝑫 is the degradation cost per unit 

electricity discharge and is taken as £0.018/kWhED. 

 

As shown in Equation 4-7, this study included annual OPEX related to the compensation into 

the economic evaluation of using EV batteries as ESS for the tram network. Besides, a ±20% 

variation is given to the CD for studying the impact of the compensation cost on economics. 

Results are shown in Table 4-20.  

 

Table 4-20 The economic evaluation based on ESS battery gets replaced by the EV battery   

Battery Cost 

(£/kWh)  

and  

CD (£/kWhED)  

ESS Battery Capacity:1000Ah ESS Battery Capacity:500Ah ESS Battery Capacity:100Ah 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

NPV 

(£) 

IRR 

(%) 

DPP 

(year) 

£0, £0 £40,173 24.1% 2.6 £57,432 52.8% 1.6 £33,721 65.6% 1.3 

£0, £0.015 £13,499 8.7% 3.8 £32,418 31.7% 2.3 £20,229 41.6% 1.9 

£0, £0.018 £6,830N 4.5%N 4.3N £26,164 26.1% 2.5 £16,856 35.3% 2.1 

£0, £0.022 £162N 0.1%N 5.0N £19,911 20.3% 2.9 £13,483 28.9% 2.4 

£133, £0* -£18,251N -6.4%N 6.3N £28,219 15.9% 3.2 £27,879 41.9% 1.9 

*: Base case, N: uneconomic results 

 

As can be seen from Table 4-20, using the EV battery for energy storage could improve the 

economics if the CD is equal to or lower than the base case value of £0.018/kWhED, especially 

for the large capacity applications. The CD that relates to the OPEX on compensation to EV 

owners has a bigger influence on economics than the OPEX on maintenance does. Using the 

EV battery for energy storage will reduce the CAPEX and the annual OPEX on maintenance 

by 27-50% (as shown in Table 4-6 and Table 4-19). At the same time, it also introduces 

additional OPEX for compensating the EV owners. Consequently, replacing the stationary ESS 

with EV battery will change the nature of the investment. As illustrated via the application with 

500 Ah capacity and/or a CD=£0.018/kWhED in Figure 4-18,  

1) In the stationary ESS case, the OPEX is only spent on maintenance and contributes 11% of 

the cost throughout the project 

2) In the EV battery case, the total OPEX contributes 94% of the cost throughout the project 

due to the additional OPEX spent on compensation 
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Therefore, the CD is considered an influential factor to the economic feasibility of using EVs 

for energy storage on the tram network.  

 

Figure 4-18 The breakdown of CAPEX and OPEXs of using Stationary ESS and EV battery for energy storage 

for the tram network 

 

The determination of the CD is profound as it requires comprehensive modelling and simulation 

of the state of charge (SoC), DoD, and the related potential degradation of capacity, etc. of the 

battery, that is tailored for different specific energy-storage scenarios. Besides, apart from the 

CD, various factors could also impact the OPEX on compensation, for example, the reward (i.e. 

free or discounted parking or tram travel) to the EV owner, and/or the potential net electricity 

(from the braking energy of tram network) remained in the EV batteries, etc. If such rewards 

to be given by the tram operator to the EV owner could equal or be greater than the fee given 

by the tram operator to the EV owner for compensating the loss due to the degradation of the 

EV battery, then the OPEX on compensation could be eliminated, and finally, the economics 

could be further improved, as shown as the case with a battery cost of £0 and a CD £0 in Table 

4-20. This research considers using the EV battery as energy storage for the tram network, and 

demonstrates a promising option that could lead to better economic feasibility. Still, to provide 

a more reliable and comprehensive feasibility study for this exploitation, it requires further 

research on:  

• investigating the SoC and DoD of the battery,  

• determining the battery degradation,  

• developing an intelligent control method that prevents the range anxiety of the EV drivers 

and minimises the battery degradation [117, 118, 120, 169], and  
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• studying the economic feasibility with careful consideration of all the available incentives 

to the EV owner [170]. 

 

4.5 Chapter summary 

This chapter firstly introduces the design principle for and the structure of ESS system. The 

ESS has a converter module, a control module and an energy storage module that consists of a 

battery. By using the a double-closed loop control strategy, the ESS can be charged from tram 

braking energy, and discharge its energy to the tram system for traction uses according to the 

catenary voltage.  

 

Furthermore, this chapter presents findings obtained from applying the ESS in separate OCS 

and common OCS. Although the systems added with the ESS used different power supply 

methods, the feature of the ESS addition on the energy saving were found to be similar. 

Generally, installing the ESS close to the mid point of the energy supply section likely results 

in the best energy saving performance. Therefore, multiple or a network-wide installation likely 

favours adding the ESS on the centre stops. Moreover, the higher maximum current, which is 

positively related to the discharge limit rate and battery capacity, will lead to a better energy 

saving. However, as the maximum current drawn by the tram is limited, a smaller ESS with an 

optimal discharge limit rate could be more efficient at energy saving than a larger capacity ESS. 

 

Finally, this chapter shows the result of the economic feasibility study of applying an ESS on 

a tram network. It suggests that the economics stay viable when the number of 100 Ah ESS 

installations fully reaches the 11 available locations on the network in consideration, and the 

number of 500 Ah ESS installations reaches 6. However, no 1000 Ah ESS installations were 

found to be economically feasible under the base case assumptions. From the sensitivity study, 

both higher electricity prices and longer battery life are found to have positive impacts on the 

economics of all single ESS installations with various battery capacities. Higher battery 

purchase price, and higher installation costs both negatively impact the economics, the former 

has a greater impact on ESSs with a higher capacity, and the latter has a bigger influence on 

ESSs with a lower capacity. Similarly, the electricity price and asset life heavily and positively 

affect the economics of all the multiple ESSs addition. Meanwhile, the battery price also 

substantially negatively influences the economics of the multiple 1,000Ah and 500Ah ESSs 

additions but mildly impacts the economics of the multiple 100Ah ESSs additions. When the 
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ESS battery was replaced by EV batteries, and the cost of the battery was thereby removed, the 

economic feasibility improved substantially. High battery capacity installation would be able 

to generate a similar or greater profit compared to the low battery capacity ones. Using EVs 

for energy storage to the tram network could be more advantageous on the economic feasibility 

than the stationary ESS.  

 

The following chapter will therefore consider the technical analysis of combining a stationary 

ESS with EV batteries which become available for energy storage on the tram system at various 

times during the day. 
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Chapter 5. Impact of the implementation of EV Energy Storage 

System 

Previously, Chapter 4 investigated the energy-saving and economic feasibility of adding 

stationary ESSs to the tram network, to address the energy lost through braking events. It was 

found that an ESS installation can improve energy efficiency, but the high cost of the battery 

limits the economic feasibility in some cases. Thus, this chapter investigates the exploitation 

of EV batteries within an ESS as a method of reducing the high initial capital cost of the ‘energy 

storage element’ of the ESS, and subsequently examines the efficiency and financial impact on 

the tram system of this approach.  

 

Compared to the conventional approach of stationary trackside ESS, using EVs as ESS is both 

novel and adventurous, since the connection between an EV and the tram system is temporary 

instead of permanent. In addition, both the EV battery and the tram system operate at DC, and 

therefore a dc-dc would be required as the EV charging / discharging interface. Thus, firstly, 

the modelling and simulation of the energy balance should be over a shorter period, hourly in 

the first instance, to accommodate the intermittent connection due to the EV mobility. Secondly, 

the study should investigate both a complete replacement of the stationary ESS with EVs, in 

addition to the integration of stationary ESS and EVs together at a single location. Hence, this 

chapter includes: 

• Section 5.1 - analyses of the operating profile of the tram at different times during a day, 

and presents the hourly energy balance of a typical weekday, a Saturday and a Sunday. 

• Section 5.2 - proposes an EV related ESS that only exploits an EV as the energy storage 

system, and analyses the impact of the EV availability on the energy balance. 

• Section 5.3 - proposes an ESS that exploits both a stationary battery component and a 

number of EVs as mobile energy storage units, and reports a control method that integrates 

the two.  

• Section 5.4 - compares the three types of ESSs (stationary ESS, a purely EV ESS and an 

ESS that consists of a stationary battery and EVs) and explains their different impacts on 

the system energy balance.  

• Section 5.5 - studies the system operational and financial impacts of the proposed network-

wide ESS installations. 
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5.1 Hourly energy balance of tram system 

Since fundamentally, EVs are mobile, both car park operating hours, and the drivers’ needs 

impact the length of time any given EV is available as an energy storage system for the tram 

network. As the availability of any given EV may be only one or two hours, it is important to 

understand the hourly energy balance of the Supertram since the hourly energy balance later 

forms a baseline from which to determine the impact of using EVs as an ESS on the tram 

system. It could be argued that a finer temporal division such as 30 minutes, or 10 minutes 

would allow more accurate determination of the EV availability. However, given that at certain 

times of the day, a tram is only available within a network section every 20 minutes, hourly 

intervals seem the most appropriate temporal split. 

 

5.1.1 Analysis of operational data 

As the energy balance is simulated based on the tram operational profile, this study firstly 

analyzes the tram profile during a day. As mentioned in Chapter 3, observation of the tram 

operation suggests that the tramcar operating profiles for the same journeys, but taken at 

different times, are generally the same if the number of tramcars stops remain similar. However, 

the Supertram operates a “stop by request system”, and hence, the tram car would not stop if 

no one requests a stop to get off or on the tram. During the early morning, late evening, and 

night time when passenger numbers are low, tramcars could therefore omit stops due to no 

passengers embarking or alighting at a given stop. Omitting stops will lead to less regenerative 

braking events, and tram accelerations, which subsequently impacts the energy balance.  

 

This section focuses on the tram journey between Halfway and Gleadless Townend on the Blue 

route for illustration. Figure 5-1(a) and Figure 5-1(b) show the velocity profiles of two tram 

journeys that departed at the same time during the Peak Period but on different days, and they 

indicate the overall profiles are similar with the tramcar stopping at every stop (as the velocity 

becomes zero). Velocity profiles of a tram journey that departed at the same time during off-

peak periods, but on different days, are also similar as shown in Figure 5-1(c) and Figure 5-1(d). 

However, the velocity profiles of peak period and pff-peak period are very different from the 

peak period operating patterns, as shown in Figure 5-1(a) and Figure 5-1(c) that are both from 

one day, and in Figure 5-1(b) and Figure 5-1(d) that are both from a second day.  
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Figure 5-1 The speed profile of tram journey between Halfway and Gleadless Townend 

 

Thus, this study subdivides the daily tram schedule and defines the segments as: 

• Peak period: 07:00 to 20:00 

• Off-peak period: 05:00 to 07:00 and 20:00 to 01:00 (+1) 

 

Another sampling campaign was conducted which collected the tramcar’s operational data, i.e. 

distance, velocity, and acceleration, using GPS data logging of journeys onboard a tram. This 

sampling was carried out during both peak periods and off-peak periods. Each day’s sampling 

event thereby obtained two groups of data, the ‘Peak Period Operational Data’ (PPOD) and the 

‘Off-peak Period Operational Data’ (OPOD). Both the PPOD and OPOD include the tramcar's 

operational data of every route in the whole network. Considering the tram departure timetable 

also varies between weekdays, Saturdays, and Sundays, the data sampling campaign was 

conducted on three different days, a typical weekday, a Saturday and a Sunday.    

 

 

5.1.2 Simulation method 

In order to simulate the hourly energy balance based on the travelling data collected at different 

time periods, this study optimized the simulation approach used in Chapter 3. Figure 5-2 shows 

the schematic of the process. As can be seen, there are three steps, 1) Data calculation, 2) 

Matlab modelling, and 3) Simulink modelling. 
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Figure 5-2 The schematic of simulation method 

 

In the data calculation step, the PPOD and OPOD data, which contains the velocity, 

displacement, and acceleration recorded per second during one whole tram journey, is used to 

obtain the traction force and distance travelled, via a method developed from and similar to the 

method used in Chapter 3.   

 

Those two sets of traction force and distance data were subsequently used in a Matlab model. 

Here, the model assigns the traction force and distance travelled, derived from the PPOD to 

every tram journey that departs between 07:00 and 20:00. Additionally, the traction force and 

distance travelled derived from the OPOD data is assigned to every tram journey that departs 

between 05:00-07:00 and 20:00-01:00(+1). Therefore, the traction force and travelling distance 

profile of every tram journey over a single day’s operation was assembled. 

 

Finally, the daily traction force and distance profile generated previously was used as an input 

to the Simulink model, which is the same as the one used in Chapter 3. 

 

5.1.3 Hourly energy balance 

The hourly energy balance of the whole tram system is obtained from the model and shown in 

Figure 5-3 with Figure 5-3(a) for the weekday, Figure 5-3(b) for the Saturday, and Figure 5-3(c) 

for the Sunday. 
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Figure 5-3 The hourly energy balance of the Supertram 

 

As can be seen in Figure 5-3, 

1) All three balances follow the pattern that the hour with higher energy supplied from the 

substation usually has the highest energy lost in the braking resistors. Typically, the energy 

lost in the resistors equals approximately half of the energy supplied from the substation. 

2) In all three balances, the energy supplied from the substation during the peak period is 

found to be higher than that during the off-peak period. 

3) All the energy consumed, wasted and recovered on Saturday and Sunday was found to be 

substantially lower than on a weekday, which is likely caused by fewer tram departures 

over the weekend compared to weekdays, especially on Sunday. Additionally, on weekdays 
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and Saturdays, the first departure is at around 5:00 AM, but on a Sunday this occurs at 

around 7:00 AM.     

 

This research summed up the three hourly balances to acquire the daily energy balance of 

weekday, Saturday and Sunday and compared them with the mean energy balance result 

(common OCS) presented in Section 3.4.3 in Chapter 3, as shown in Figure 5-4.  

 

 

Figure 5-4 The daily energy balance obtained from different operational data  

 

As aforementioned, the hourly balance presented in this chapter is obtained from a more 

explicit data set that considers the impact of the peak and off-peak period on the tram’s 

operation, and thus, the corresponding daily energy balances obtained by summing up the hour 

balances are also influenced by the difference of tram travelling between the peak and off-peak 

period. As presented in Section 5.1.1, the peak period tram travelling could have more braking 

and acceleration than the off-peak period tram travelling, likely due to the heavy traffic on the 

road or more passengers’ requests to stop. Hence, the more peak period tram travelling, or the 

busier peak period that also elevates the number of braking and acceleration due to heavy traffic, 

would result in a higher Eres associated with the more brakings and a higher Esub associated with 

the more acceleration. In addition, the more frequent braking could also lead to a greater Ereg.  

Typically, the weekday is moderately busier than Saturday and is substantially more active than 

Sunday, and the weekday shares a similar number of departures with Saturday but has a 

substantially more departures than Sunday. Consequently, it has the highest Esub, Eres, and Ereg 

among the three, as shown in Figure 5-4. Since the daily energy balance presented in Chapter 

3 was simulated only based on the peak period data, intrinsically, it would be related to more 
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brakings and acceleration and thereby have higher Esub, Eres and Ereg than the other three 

balances acquired based on both peak and off-peak period data. As can be seen in Figure 5-4, 

the daily energy balance presented in Chapter 3 would normally have a higher Eres,  Esub, and 

Ereg than any other energy balance obtained in this chapter. 

 

Regarding exploited EVs as the energy storage for tram, the expected time during which EVs 

are parked in car parks adjacent to the tram will likely match the period that the Supertram has 

a higher energy supplied from substations and therefore energy lost in the resistors, i.e. during 

peak periods on a weekday. Hence, the utilization of EVs as an ESS could appear a sensible 

approach to potentially recovering braking energy when the energy wastage is high, and also 

flatten the peak time load of the substation as seen by the utility grid. 

 

5.2 Electric vehicle energy storage system 

Conventional trackside ESS’s usually only exploit a stationary battery as an energy store, and 

are termed Stationary Energy Storage Systems (SESS) in this chapter. This study considers 

there are two approaches to using EV batteries as energy storage, one is to solely replace the 

SESS with the mobile EV batteries, and the other is to use the EV batteries to only partially 

replace the capacity originally provided by the SESS. In this chapter, a system that only 

contains the EV batteries is termed an Electric Vehicle Energy Storage System (EVESS), and 

the system that combines the EV batteries together with a stationary battery is termed a 

Combined Energy Storage System (CESS). 

 

5.2.1 Design of model  

A detailed description of a standard SESS was reported in Chapter 4. The EVESS model used 

here is developed from that previously described SESS model, and the schematic of it is 

illustrated in Figure 5-5. Both models consist of two key components, the connection device, 

and the energy storage device.  

 

A DC-DC converter is the main component of the connection device. This is mainly responsible 

for transferring the surplus braking energy produced on the tram system to the battery, and to 

feed the energy stored in the battery back to the tram system when required. The SESS only 

requires one connection device (DC-DC) to link the battery to the track, however the EVESS 
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could require multiple connection devices, as in a system with multiple EV’s, each EV will 

require its own charger / interface. 

 

 

Figure 5-5 The schematic of the configuration of EVESS 

 

The major difference between the SESS and the EVESS arrangement is on the energy storage 

side. The battery in the SESS is stationary, and hence, the SESS model only includes one 

battery unit of a fixed, predetermined, size. However, since EVs are mobile and their 

connection with the tram system is temporary, the EVESS model has multiple battery units in 

the model, each representing an EV. Additionally, the model also includes an Access Control 

unit for controlling the ‘when’ and ‘how’ to connect the battery units, to mimic the different 

parking statuses of the EV(s). 

 

5.2.2 The influence of variables of electric vehicles parking status 

Both the parking period of each EV, and the number of EVs parked at any given time impacts 

the EV availability, and the two also constrain each other. For example, during a 24-hour period, 

if each EV connects to the system for 2 hours, then one connection device can accommodate 

12 EVs in sequence, if the parking duration per vehicle increases to 4 hours, the number of 

different EVs which can be accommodated with a single connection device reduces to 6. To 

accommodate the two variables related to the EV parking status and how this affects the energy 

recovery, different scenarios were considered.  

  

This research initially focuses on the energy supply section between Carbrook and Nunnery 

Square, as an example for illustration. This track section has a typical, moderate length, and 
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passenger flow. Moreover, it also has a shopping park located at its center stop, which currently 

has a car park equipped with an EV charging point. As the example simulation presented in 

this section, and in the later Sections 5.3 and 5.4, are to demonstrate the design concepts and 

the characteristics of the different ESS, they are all conducted based on a tram weekday 

operating profile with the different ESS installed at the mid-point stop of the energy supply 

section.  

 

For the purposes of this research, it is proposed that the EVs are parked in the car park during 

normal daytime working hours, and are therefore available to be plugged into the system to 

charge. Thus, this study initially assumed the parking period ranges between 08:00 and 18:00. 

Since, in this case, the car park is located next to the shopping center, the study assumed the 

minimum parking time is 2 hours, commensurate with a typical stay at a shopping center car 

park [171]. 

 

The characteristic of the EV battery could also impact energy recovery. Based on the typical 

specification of EV batteries (see section 4.3), it is assumed that the EV battery has a capacity 

of 100 Ah (39 kWh at 390V nominal) and has a limited charge and discharge rate of 2C. The 

capacity available to the study, namely the ‘emptiness’ of the EV battery (state of charge), could 

also impact the system energy recovery, and realistically could be at any level between full and 

empty when the car is plugged in. Thus, this study assumes that the State of Charge (SoC) of 

every EV to arrive is set to 50%, and the full state is regulated to a SoC of 95%, to protect the 

battery from overcharge. 

 

This study also examined how variations of individual parking times and the total number of 

EVs parked impacts on the energy-saving for the system. Thus, the EV parking time was 

assumed to vary and be either 2 hours, 5 hours, or 10 hours. With regard to the total number of 

EVs parked, this study assumed two scenarios, 1) only one EV is parked on any given day for 

the allotted period, and 2) there are sufficient EVs parked to share the 10 hours parking period. 

In total, five combinations, which are illustrated in Figure 5-6, were considered and 

investigated.  

 



114 

 

 

Figure 5-6 The scenarios studied for understanding the influence of variables in EV parking status to energy 

balance 

 

Figure 5-7 shows the SoCs of the EV batteries of the five scenarios. Firstly, because the 

frequent traction and braking actions of the tram will take energy from, and export energy to 

the EV battery, the EV battery constantly switches between the discharging and charging mode. 

Therefore, its SoC exhibits a low level ripple. Indeed, the substation is much more capable of 

providing a great amount of energy to the tram system in a short period of time than the EV 

battery can, therefore, the amount of energy fed from the EV battery back to the tram system 

is relatively small. Overall, after every tramcar passes by, the energy flowing into the EV 

battery is larger than that taken from the battery. This leads to the EV battery being charged 

during its time connected to the tram system. 

 

Figure 5-7 (a), (b) and (c) show the SoC of an EV battery of one EV parked for 2 hours, 5 hours, 

and 10 hours between 08:00 to 18:00, and it suggests that the EV battery would become fully 

charged within 2-3 hours. However, the EV battery can still provide some energy storage to the 

tram system even when it is fully charged, since the tram system can take energy from the 

battery when the tram accelerates, thereby creating room for the battery to absorb energy 

produced from the next braking event. However, this may not be an ideal operating scenario. 

 

Figure 5-7 (d) and (e) show the SoC of each individual EV battery of the two EVs parked and 

the five EVs parked sequentially, respectively. As can be seen, if there were two EVs sharing 

the 10 hours parking period, the braking energy from the tram system was able to fully charge 

both. If there were five EVs sharing the 10 hours parking period, the braking energy was not 

able to fully charge every EV battery but could provide a substantial recharge to each of them 
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in turn. In this scenario, the amount of energy delivered to the EV would be dependent on the 

frequency of the tram braking events, which is in-turn dependent on the operating timetable 

which varies throughout the day. 

 

Figure 5-7 The SoC of EVs battery of the EVESSs equipped with on connection device but with different EV 

parking status 
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In principle, the EVESS serves to first collect the braking energy to reduce waste in the dump 

resistors on the tram system. Part of the energy collected will be later reused for tram traction 

and leads to a corresponding reduction in the energy supplied from the substation, in turn 

lowering the utility supply bill. Meanwhile, the rest of the energy collected will be stored in 

the EV battery and then removed from the system when the EV departs. The summary impact 

of the five scenarios of parking status on the daily energy balance of the energy supply section 

between Carbrook and Nunnery Square is therefore shown in Figure 5-8.  

 

Figure 5-8 The energy saving and recovery delivered by the EVESSs equipped with one connection device, but 

with different EV parking status 

 

The results suggest that:  

1) The first three scenarios (from the left in Figure 5-8) demonstrate that when the number of 

EVs connected to the tram remained the same, the increase of parking time of the EV will 

increase the reduction of energy supplied from the substation. Since only one EV was 

connected in all three scenarios, the energy stored in and taken away by the EV in each 

scenario was the same, governed by the EV battery capacity and SoC on arrival.  

2) In the last three scenarios, the total EV connection time was the same, 10 hours. To the tram 

system, no matter whether the EV parked/connected will change or not, there was always 

one EV serving as an ESS to share in the load of the substation. Hence, the reduction of 

energy supplied from the substation of all three scenarios was similar. However, if the 

turnover of parked EVs leads to more frequent refreshing of the energy storage, thus 

increasing the number of EVs parked during the period of interest, more energy would be 

stored in and removed by the EVs. 
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3) Conclusively, the total parking time of the EV, namely the total connection time of the EV 

impacts the reduction of energy supplied from the substation. The number of EVs parked 

affects the amount of energy eventually stored in the EVs when they depart. 

 

5.2.3 The influence of the number of connection devices 

The above study on the parking status suggests that the greatest energy saving was achieved 

via having 5 EVs, each parked for 2 hours, and the worst energy saving was achieved through 

having only one EV parked for 2 hours. In order to understand the impact of the number of 

connection devices on the energy balance, this study applied these two extremes on each of the 

three scenarios with different numbers (one, two, and three) of connection devices. Therefore, 

six sub-scenarios were formed and examined, as shown in Figure 5-9. 

 

Figure 5-9 The energy saving and recovery delivered by the EVESSs with different number of connection 

devices and different EV availabilities 

 

The result of reduction of energy supplied from substations and energy stored in EV batteries 

delivered by each sub-scenario are shown in Figure 5-9, which demonstrates: 

1) The number of connection devices will positively affect the reduction of energy supplied 

from the substation. This is likely attributed to the individual EV battery discharging limit 

rate (2C) becoming scaled by the number of connection devices. 

2) The refresh rate of the EVs parked positively affects the energy that could be removed by 

EVs. However, when the total number of EVs parked reaches a limit, the total energy gained 

by the EV batteries no longer increases, as this reaches the maximum that is available from 

the tram system. i.e. the total available energy capacity of all the EVs exceeds the energy 

available from the tram system braking events. 
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5.3 Combined energy storage system 

The CESS is a further energy storage solution that utilises available parked EV batteries. 

However, it also includes two sub-systems, one is the stationary sub-system, equipped with a 

stationary battery, and the other is an EV sub-system that uses available EV batteries as energy 

storage. This study investigates the configuration of the two sub-systems to determine the 

combination that achieves the best synergy between the them. 

 

5.3.1 Introduction of the design concept  

In principal, the aim of the model design is to define how the sub-systems achieve the required 

energy exchange between each other, and with the tram system. The approach should allow the 

two sub-systems to absorb the braking energy when the tramcar brakes, and provide energy 

back to the network when the tramcar accelerates. Hence, the energy exchange between both 

sub-systems and the tram system should be bi-directional, as before. From the results shown in 

section 5.2, overall, the tram system gradually charges up any attached SESS, as there is more 

braking event energy available than is removed from the store with each acceleration event. 

The SESS, with only a stationary battery, acts as a closed system, and the battery gets fully 

charged quickly, requiring remedial action from the control system to enable it to continue to 

operate. Therefore, once the battery is full, it can’t further store the braking energy, and thus 

surplus braking energy will be wasted, or control will be required to manage this excess 

charging. Thus, the introduction of a mobile EV battery can “open up” the system as the 

departure and arrivals of EVs will provide a convenient route for the removal of stored braking 

energy, and refresh and ‘expand’ the storage capacity, which in turn, should result in a better 

energy-saving performance. Thus, this study is designed to achieve an energy exchange where 

energy can flow from the SESS sub-system to the EVESS sub-system components.  

 

As both sub-systems have to connect to the tram catenary, the connection between the two can 

also be via the tram catenary, and requires no separate independent link. This connection 

method not only keeps the cost of connecting the two sub-systems to a minimum but also 

enables the two sub-systems to be installed at different stops if required. For example, the 

center stop of an energy supply section is the best location for the stationary sub-system, and 

the installation is relatively convenient. However, the center stop might not have a car park, or 

might not be suitable for building a car park, or may have insufficient car flow. Hence, it might 

be better to install the EV sub-system elsewhere, but close by, on the network rather than at the 
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center stop. To achieve the expected energy exchange between the two systems, a smart control 

system that is different from the control approach used in standard SESS and EVESS’s is 

required. 

 

5.3.2 The smart control 

The independent ESS, the SESS and EVESS, all use the catenary voltage as a control variable 

to control the DC-DC converter to charge or discharge the associated ESS. The nominal voltage 

of the tram catenary is 750V. When the tram system has surplus energy and the catenary voltage 

exceeds 760V, the ESS will enter into charging mode, removing energy from the tram system.  

When the tram requires energy (for traction) and the catenary voltage drops below 740V, the 

ESS will enter into discharging mode feeding energy into the tram system. 

 

Therefore, to achieve spontaneous energy transfer from a stationary sub-system to an EV sub-

system via the catenary, the discharging voltage of the stationary sub-system has to be higher 

than the charging voltage of the EV sub-system. Figure 5-10 illustrates the schematic of the 

controls. 

 

Figure 5-10 The schematic of the configuration and control of the CESS 

  

When no EV is parked and attached to the system, and the CESS only has the stationary sub-

system active, the stationary sub-system will not only collect the surplus braking energy but 

will also provide energy for tram traction when required. The charging and discharging voltage 

of limits are set at 760V and 740V respectively, as previously. 
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When there is an EV parked in the system, this study considered two scenarios: 

1) When EV battery SoC is lower than 90% and the stationary battery SoC is greater than 

10%, the system encourages the EV to charge from the energy stored in the stationary sub-

system. Hence, the charging and discharging voltage of the EV sub-system is set at 760V 

and 740V as before. Concurrently, the voltage limits for the stationary sub-system are 

changed to 780V and 770V, respectively. This enables energy flow from the stationary sub-

system to the EV sub-system, via the catenary.  

2) When the EV battery SoC is greater than 90% or the stationary battery SoC is lower than 

10%, the system no longer needs to provide energy from the SESS sub-system to the EV 

sub-system. The charging and discharging voltage of both sub-systems are returned to 760V 

and 740V respectively, and they function as before.  

 

5.3.3 Scenario simulation 

To verify the correct operation of the system, a CESS system, which is installed at the mid-

point stop of the energy supply section between Carbrook and Nunnery Square, was simulated. 

The stationary sub-system has a stationary battery, which has a 100Ah capacity, a 2C limit 

discharge rate, and is initially set as full (SoC=95%, to protect the battery). For the EV sub-

system, this study assumed five EVs were parked, and that each was parked for 2 hours, the 

EV batteries initially set as half full (SoC=50%), as before. The simulation results are shown 

in Figure 5-11. In detail, Figure 5-11(a) shows the SoC of each EV parked and connected to 

the EV sub-system, and Figure 5-11(b) shows the SoC of the stationary sub-system. 

 

Figure 5-11 The SoC of the batteries in the CESS with a 100Ah stationary battery 
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As shown in Figure 5-11, during the first three hours of the simulation, no EVs were parked, 

and hence, only the stationary sub-system was active and responsible for providing energy 

storage to the tram system. From 08:00 to 10:00, the first EV parked and connected, the 

stationary sub-system discharged and the EV sub-system charged. Energy flowed from the 

stationary sub-system to the EV sub-system as required. After the EV was fully charged (with 

the 19-kWh of energy), the SoC of the EV remains around 95%. Meanwhile, the braking energy 

once again accumulates in the stationary sub-system until the next EV arrives. When the second 

EV arrives at 10:00, the stationary sub-system starts to charge the second EV until the SoC of 

the stationary subsystem falls below 10%. The SoC of the stationary battery then fluctuates 

slightly with normal operation of the energy buffering system, but mainly remains at 10%. In 

the meantime, the braking energy produced from the tram system gets accumulated in the EV 

battery until the second EV leaves and the third EV arrived at 12:00. The energy stored in the 

stationary sub-system is still approx. SoC=10%. As long as an EV was connected, the braking 

energy produced from the tram system would firstly accumulate in the EV. After the last EV 

leaves at 18:00, the braking energy then starts to accumulate in the stationary sub-system. It is 

worth noting that the charge rate of the 5th EV is faster than EV’s 3 and 4, as the EV is parked 

during ‘rush hour’ when more trams pass through the section. 

 

The result shown in this section demonstrates both sub-systems of the CESS can effectively 

exchange energy with the tram system. The stationary sub-system ensures full-time energy 

storage availability to the tram system, and the EV sub-system can successfully transfer the 

energy stored in the stationary sub-system to the connected EVs and therefore refresh the 

storage capacity for the stationary system.  

 

5.4 Comparison of the three systems 

The models of the EVESS and CESS have been demonstrated in Section 5.2 and Section 5.3. 

This chapter now compares the two, alongside the SESS, and aims to understand their impact 

on the daily energy balance. The previously used tram section between Carbrook and Nunnery 

Square was also used for this simulation. 

5.4.1  Energy saving features of the three systems 

To compare the energy-saving features of the three approaches, this chapter considers the 

operation of a SESS that has the same stationary battery as the CESS, and an EVESS, and 

exhibits the same EV parking pattern as before: 
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• The EVESS has five EVs parked in turn, and each 100Ah and parked for two hours, 

sequentially, 

• The SESS has a stationary battery 100Ah, 

• The CESS has the stationary sub-system with 100Ah battery, and EV sub-system with five 

EVs parked in turns, and each parking for two hours, sequentially. 

 

The use of an ESS aims to recover the braking energy originally dissipated in the braking / 

dump resistors, and the energy recovered could be used to reduce the energy supplied from 

substations, or be stored inside the ESS. No matter how the recovered energy is used ultimately, 

it originates from the braking energy lost in the dump resistors. Hence, the energy-saving 

performance of an ESS can be assessed by how much less braking energy will be lost in the 

resistors. This section simulates the profile of braking energy lost in the resistors, when the 

three ESS systems are deployed, and compares them with the original system without any ESS, 

the results being shown in Figure 5-12. It is worth noting that the different ESSs added to the 

system were virtually installed at the mid-point stop of the energy supply section between 

Carbrook and Nunnery Square. 

 

Figure 5-12 The profile of energy lost in dump resistor with different ESS scenarios 

 

As can be seen in Figure 5-12: 

1) Compared to the ‘No ESS’ case, any addition of an ESS will reduce the braking energy lost 

in the dump resistors, and therefore lead to greater recovery and reuse of the braking energy  

2) The curves of ‘EVESS’ and ‘No ESS’ overlap between 05:00 to 08:00 and remain parallel 

after 18:00. This demonstrates the energy balance of the two cases are the same during 
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these periods, as the ‘EVESS’ has no EV connected to the system between 05:00 to 08:00 

or after 18:00. Since both SESS and CESS have a stationary system that is constantly 

connected to the tram network, they have better performance on recovering the braking 

energy than is seen with the EVESS.    

3) Compared to SESS, CESS had an additional EV sub-system. Thus, between 08:00 to 18:00, 

when there were EVs parked and connected, CESS recovered more braking energy than 

the SESS.  

 

In summary of the energy-saving, the SESS can provide a full-time service to the tram system. 

However, it is a closed system, and it can only recover a limited amount of braking energy, 

without employing some means to regulate the SoC of the SESS, such as an auxiliary load. In 

contrast, the EVESS is an open system, and hence, its storage capacity can be constantly 

refreshed along with the come-and-go of the EVs. Nevertheless, due to the mobility of the EV, 

the time over which the EV is connected to the tram system is limited, and it thereby affects 

the recovery of braking energy. CESS, which combines the SESS and EVESS, keeps the strong 

points of both approaches, and compensates for their shortfalls. Thus, CESS can recover more 

braking energy than the other two approaches alone. 

 

5.4.2 The effect of the three systems in application 

Although this chapter has compared the energy-saving features of each ESS in turn, the merits 

and drawbacks of each ESS have to be demonstrated based on their energy-saving performance 

in a real-world application. In the previous simulation, the sub-systems in the CESS have the 

same capacity as the SESS and EVESS. But in reality, all three ESS could have different 

configurations and capacities. In order to compare the three ESSs under closer to real-world 

conditions, the following section details more simulations based on various configurations of 

each type of ESS. 

   

For the stationary battery of the SESS, and of the stationary sub-system in the CESS, this 

section assumes the capacity varies from 100Ah to 500Ah and is initially fully charged. It also 

considered the number of EVs available to such schemes will generally continue to grow, and 

EVs will contribute a substantial proportion of the total car population in the coming years. 

Thus, for the EV-related scenario, this study assumes there are sufficient EVs to fully occupy 
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the 10 hours parking period and refresh after a period of two hours; and the EVs battery is 50% 

charged initially. In total, 11 configurations of three ESSs were studied, and these are: 

• 1×EVESS scenario that has one EV charging point, and connects to five EVs sequentially, 

each connection lasting for 2 hours, 

• 5×SESS scenarios, each has a stationary battery which varies from 100-500Ah in steps of 

100Ah, 

• 5×CESS scenarios, each has a stationary battery that varies from 100-500Ah in steps of 

100Ah, and one EV charging point that connects to five EVs, each connection lasting for 2 

hours, sequentially, 

• all ESS were added to the mid-point stop of the energy supply section between Carbrook 

and Nunnery Square. 

 

The energy that could be originally lost in the dump resistors but recovered by the ESSs will 

be used for the reduction of energy supplied from substations and stored into the EV batteries 

and into the stationary battery. This chapter therefore considers the energy re-used as the sum 

of the former two parameters. Table 5-1 shows the result of the comparison.  

 

Table 5-1 The daily energy saving by different EVESS, SESSs and CESSs 

System 

Capacity of 

stationary 

battery 

(Ah) 

Reduction of 

energy supplied 

from 

substations 

(kWh) 

Net energy 

stored in EV 

battery 

(kWh) 

Net energy 

stored in 

stationary 

battery 

(kWh) 

The energy 

re-used 

(kWh) 

EVESS 0 141 76 0 217 

 100 258 0 0 258 

 200 341 0 0 341 

SESS 300 352 0 0 352 

 400 355 0 0 355 

 500 358 0 0 358 

 100 366 72 0 438 

 200 441 76 -22 517 

CESS 300 467 83 -62 550 

 400 485 93 -99 578 

 500 502 94 -124 597 

 

Table 5-1 shows that: 

1) EVESS had the least braking energy recovered. This was because only the EV battery was 

available for energy recovery, and the connection time of the vehicles to the tram system 
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was only during a 10-hour period. Hence, this duration meant the energy exchange with the 

substation was very limited. The energy taken away by the EV was 76 kWh/d.  

2) The braking energy recovered by the SESS, with any size of the stationary battery, is larger 

than by EVESS alone. This is because throughout the approx. 20 hours’ operation, the 

stationary battery is continuously connected to the tram system and provides energy storage 

and bi-directional energy exchange. Since the battery was full at the beginning of the day 

and was full at the end of the day, the net energy flowed into the stationary battery is 0 

kWh/d.  

3) CESS has the best performance in terms of braking energy recovery. Since the CESS 

combines the strong points of the SESS and the EVESS, at any configuration, it has the 

best performance on the re-used energy than the other two ESS scenarios.  

4) Amongst the different CESSs, a bigger stationary battery capacity leads to a greater braking 

energy recovery. However, as mentioned in Section 4.3.2, the available and accessible 

braking energy is limited. Likely, the CESS with a 100Ah stationary battery is able to 

recover a substantial proportion of the available braking energy. Hence, the increment of 

braking energy recovery (caused by the bigger stationary battery capacity) may be more 

gradual than the increment of the stationary battery capacity. In this case, when the 

stationary storage increased fivefold from 100Ah to 500Ah, the total energy re-used only 

increases by 37.2%. 

 

In addition, this research found that the net energy stored in the stationary battery of the CESSs 

with larger stationary batteries is negative. Taking the CESS with a 500Ah stationary battery 

as an example for illustration. Figure 5-13(a) shows the SoC of each EV parked and connected 

to the EV sub-system, and Figure 5-13(b) shows the SoC of the stationary sub-system. As can 

be seen, all five connected EVs got fully charged, the CESS with a big stationary battery tends 

to overly provide its own energy to the tram network and the EVs. So that when there is no EV 

parked, the braking energy generated by the tram system cannot be used to recover this part of 

the energy that has been given out. Ultimately, the total braking energy that went into the 

stationary battery was smaller than the total energy that came out, leading to negative net 

energy stored in the stationary battery. Therefore extra energy can be supplied by the 

substations to charge the stationary battery when the tram section is not supplying a tram, and 

be used to fully charge the vehicles. This increases the energy drawn from the substations, but 

could be used to charge vehicles without the installation of charging infrastructure, although 

this is beyond the initial scope of this thesis. 
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Figure 5-13  The SoC of the EV’s and the battery in the CESS with a 500Ah stationary battery 

 

No matter what the size of the stationary battery of a CESS, after a full day of operation, the 

remaining energy reserve in the stationary battery could differ from that at the start. This is 

because the parking status of the EVs influences the energy reserve in the stationary battery, 

and the parking status in real life could vary day to day. However, control of the stationary 

battery SoC can be carried out during periods of no tram movement, or overnight as required 

to maintain a fixed set point for the start of the next day’s operations. The simulation conducted 

in this chapter assumed that there were enough EVs parked and connected to the system over 

a certain period of time during a day. In the cases of the CESSs with a bigger stationary battery, 

a negative net energy stored in a stationary battery was found after a day of operation, which 

suggests the energy re-used came from both the energy originally stored in the stationary 

battery and the braking energy collected from the tram system, rather than just the latter. The 

appraisal of energy saving performance only focuses on the braking energy collected from the 

tram system after a day of operation. Hence, this energy should be smaller than the energy re-

used stated in Table 5-1. Consequently, the braking energy collected from the tram system by 

the CESSs with a 200-500Ah stationary battery only ranges from 473-495 kWh, which is only 

8-13% larger than by the CESS with a 100Ah stationary battery.   

 

In summary, for any configuration, the CESS shows better performance on energy saving than 

the SESS and EVESS. However, the steep growth of stationary battery capacity only results in 

the gradual growth of total braking energy recovery. As mentioned in Section 4.4.4, The capital 
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cost of the battery is influenced by the stationary battery capacity and is found to substantially 

negatively impact the economic feasibility of the application of the ESS system on tram. Thus, 

a CESS with a smaller stationary battery would be more economically acceptable. 

 

5.5 Applying the energy storage system on the whole tram network 

As presented in Section 5.2 to Section 5.4, EVs could be exploited as energy storage units for 

the tram network. Integrating the EVs and a stationary battery for energy storage is found to 

provide a better energy saving than when compared to using a SESS that has no EV element, 

and is a significant improvement on the EVESS that only utilizes EVs. To further study the 

merit of involving the EVs in the ESS, here we investigate the CESS and SESS, of similar 

capacities, added to each energy supply section, respectively. Subsequently, the energy saving 

delivered by and the economics of the addition of the ESSs were examined.  

 

5.5.1 The energy-saving and energy recovery delivered by ESSs 

To compare the CESS with the SESS, this investigation examines a 100 Ah SESS and a CESS 

with a 100Ah stationary battery and five EVs parked with a one-day period. Both of SESSs 

and the CESSs were installed in the mid-point stop of energy supply sections. The energy 

saving delivered by both the SESS and CESS to the corresponding energy supply section was 

therefore evaluated.  

 

Regarding the modelling and simulation,  

• The related battery in SESS and the battery of the stationary sub-system in the CESS were 

assumed to have a 100% SoC initially,  

• The five EVs related to the CESS were assumed to be parked in turns between 08:00 to 

18:00, each stay lasting for two hours, and each EV having a 100Ah battery, with an initial 

SoC=50%.  

 

Here, the simulation is based on travelling data that includes the PPOD and OPOD of a 

weekday, a Saturday and a Sunday and was collected in the sampling campaign mentioned in 

Section 5.1.Since the simulated energy saving and recovery that includes the reduction of 

energy supplied from substation and the energy stored in EV battery varies between weekdays, 

Saturdays and Sundays, this study examined the energy saving and recovery on an annual basis. 
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In the UK, there are eight days of public holidays spread across the year. Among these eight 

days, the Supertram usually provides Saturday service on three days, Sunday service on four 

days, and no service on one day [125]. The yearly energy saving and recovery was calculated 

via Equation 5-1.  

𝐸 𝑦𝑒𝑎𝑟 = 𝐸 𝑊𝑒𝑒𝑘𝑑𝑎𝑦 × (5 × 52 + 1 − 8) + 𝐸𝑆𝑎𝑡 × (52 + 3) + 𝐸𝑆𝑢𝑛 × (52 + 4) Equation 5-1 

where 𝑬 𝑾𝒆𝒆𝒌𝒅𝒂𝒚, 𝑬 𝑺𝒂𝒕 and 𝑬 𝑺𝒖𝒏 are the daily energy saving and recovery simulated based 

on the weekday travelling data, the Saturday travelling data, and the Sunday travelling data, 

respectively. 

 

The simulation results are summarized in Table 5-2 for each tram section in the network. As 

shown in Table 5-2, because of the different departure schedule and tram operational profiles, 

the SESS and CESS installed in different energy supply sections delivered different energy 

savings and recoveries. The reduction of energy supplied from the substation varied from 27 

MWh/yr to 143 MWh/yr in the SESS cases, and 47 MWh/yr to 205 MWh/yr in the CESS cases. 

Generally, the SESS or CESS installed on an energy supply section that is shared by two lines 

will achieve a greater energy saving than the one installed on the energy supply section with 

only one line passing through. Compared to the SESS, each CESS can deliver a greater 

reduction on the energy supplied from substations. For a potential network-wide installation, 

the CESSs could provide 55% more energy saving to the tram than the SESSs alone could. 

Besides, since the CESS utilises the EV for energy storage, part of the energy recovered can be 

stored in and used by the EVs. Therefore, the total energy-saving and recovery delivered by all 

11 CESSs is 92% more than by the 11 SESSs.  

 

In the SESS case, the whole system installation has the reduction of energy supplied from 

substations (-Esub) averaging at 2,356 kWh/d. It is substantially smaller than the 5,068 kWh/d, 

which is -Esub of the whole system installation simulated and presented in Figure 4-16 in 

Chapter 4. Such a difference is expected, and the reasons are:  

• The base case energy balance obtained in this chapter considered the difference between 

peak period and off-peak period and between weekday, Saturday and Sunday. Meanwhile, 

the energy balance shown in Section 3.4.3 was used as the base case energy balance for the 

SESS study presented in Chapter 4. As discussed in Section 5.1.3, the latter was obtained 

purely based on the weekday’s peak period tram travelling data that involves more braking 
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and thereby has higher energy lost in resistor than the former. The SESS aims to recover 

and re-use the energy lost in resistor. With lower energy lost in resistor in the base case, the 

SESSs explored in this chapter likely didn’t access the same amount of energy originally 

lost in the resistor as the SESS studied in Chapter 4 did, and it thereby achieved a smaller 

-Esub.   

• The SESS explored in Chapter 4 assumed its battery has an initial SoC=50%. The rationale 

was to allow the SESS to have a fair amount of headroom to absorb the braking energy to 

encourage recovery and re-use. With more experimental work was conducted, this research 

further discovered that the tram system could charge up the stationary battery with the 

braking energy if the battery is not full. This phenomenon results in the ending SoC being 

higher than the starting SoC. As the research conduct the energy-saving study and the 

subsequent economic appraisal on an annual basis, it would be beneficial to have the SoC 

staying at the same level before and after the everyday operation. Therefore, the SESS 

explored in this chapter was given a battery with an initial SoC=100%. Consequently, 

compared to the SESS investigated in Chapter 4, it has less headroom to potentially absorb 

and store the braking energy and thereby achieve a smaller -Esub.   

 

Table 5-2 the energy saving and recovery delivered by the SESS and CESS 

Energy supply sections Centre stops 

SESS  CESS 

Reduction 

of energy 

supplied 

from 

substations 

(MWh/yr) 

 Reduction 

of energy 

supplied 

from 

substations 

(MWh/yr) 

Energy 

supplied 

to EV 

batteries 

(MWh/yr) 

Halfway-Crystal Peak Waterthorpe 57  90 35 

Crystal Peak-Birley Lane Hackenthorpe 88  126 30 

Birley Lane-Gleadless Townend White Lane 27  47 32 

Meadowhall-Carbrook Tinsley 39  61 34 

Carbrook-Nunnery Square Attercliffe 89  129 28 

Nunnery Square-Fitzalan Square Hyde Park 33  57 34 

Gleadless Townend-Arbourthorne Road Manor Top 117  168 12 

Arbourthorne Road-Fitzalan Square Park Grange Croft 143  205 10 

Fitzalan Square-The University of Sheffield City Hall 82  147 34 

The University of Sheffield-Langsett Shalesmoor 88  141 34 

Langsett-Middlewood Hillsborough 98  161 34 

Whole system  860  1332 317 
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5.5.2 The economic feasibility of the addition of ESSs  

The economic evaluation of each ESS installation (at one location) was based on simulation 

results shown in Table 5-2, and covers Discounted Payback Period (DPP), Net Present Value 

(NPV), and Internal Return Rate (IRR) following the method mentioned in Chapter 4. 

 

Based on reported literature [152, 153, 155, 157], this study assumed the capital expenditure 

(CAPEX) includes the cost of the stationary battery, of components such as the converter and 

controls, and installation cost. According to reported materials that are related to economic 

analysis of energy storage systems [150, 158-161], this paper assumes: 

• For the SESS and the stationary sub-system of the CESS, the cost of the stationary battery 

is estimated at £133 per kWh, and the cost of its other components is assumed to be 

equivalent to 80% of the cost of the battery. 

• For the EV sub-system of the CESS, there is no cost for the battery, and the cost of its other 

components is assumed to be equivalent to the SESS’s. 

• The installation cost of the SESS and the CESS is estimated as £10,000 per unit. 

• The operational expenditure (OPEX) for maintenance equals to 3% of the CAPEX. 

 

Each SESS has a CAPEX of £19,337 and an OPEX of £580 per annum. Each CESS has a 

CAPEX of £23,486 and an OPEX of £705 per annum. 

 

The reduction of energy supplied from the substation delivered by the SESS and the CESS 

could bring financial benefit to the tram network via reducing the cost of purchasing electricity 

from the grid. This study thereby considers the income (generated by installing SESS and CESS) 

to the tram system from the cost reduction on purchasing electricity from the grid at a price of 

£53 per MWh that the tram operator pays to the grid [165]. 

 

Apart from reducing energy supplied from the substation, the CESS can also recover and 

supply energy to EVs. Therefore, tram operators could potentially generate revenue through 

selling the electricity to EV users. However, it is possible that the EV batteries could get 

degraded due to the V2X application, although this is the subject of other research [172, 173].  

Therefore, the economic feasibility study on the CESS considers two scenarios: 

1) the electricity stored in the EV is assumed to be complementary to the EV users in order to 

encourage them to connect their EVs to the CESS, 
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2) the electricity stored in the EV is assumed to be sold to the EV users at £53 per MWh 

(£0.053 per kWh). Although the electricity is no longer free to EV users, it is still approx. 

£0.140 per kWh cheaper than the reported domestic electricity price of £0.193 per kWh 

[174]. the saving of £0.140 per kWh is considered reasonable compensation for the possible 

degradation (due to V2G use) cost per unit electricity discharge at £0.015–0.060 per kWh 

[168]. 

 

Hence, this study used a typical discount rate of 6% and assumed a moderate asset life of 5 

years to firstly assess the economic feasibility of:  

• each individual SESS installation location,  

• each individual CESS location if the electricity stored in the EV is assumed to be 

complementary to the EV users, 

• each individual CESS location if the electricity stored in the EV is assumed to be sold to 

the EV users at £ 0.053 per kWh. 

 

It is worth noting that the economic feasibility is considered with a DPP<5 years, a positive 

NPV, and an IRR>6%. The economics and the related ranking of each individual installation 

are listed in Table 5-3.  
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Table 5-3 The economics of each individual SESS and CESS installations 

Energy supply sections 

SESS  CESS (free electricity to EV)  CESS (electricity to EV charged) 

Rank NPV IRR 
DPP 

(yr) 
 Rank NPV IRR 

DPP 

(yr) 
 Rank NPV IRR 

DPP 

(yr) 

Halfway-Crystal Peak 8 -£9,064N -18.5%N 11.1N  8 -£6,419N -10.1%N 7.3N  8 £1,283N 1.9%N 4.7N 

Crystal Peak-Birley Lane 6 -£2,222N -4.1%N 5.8N  7 £1,705N 2.5%N 4.6N  7 £8,378 11.6% 3.5 

Birley Lane-Gleadless Townend 11 -£15,834N -39.7%N N/AN  11 -£16,020N -29.8%N 27.2N  11 -£8,811N -14.3%N 8.9N 

Meadowhall-Carbrook 9 -£13,055N -29.4%N 25.8N  9 -£12,813N -22.2%N 13.9N  9 -£5,248N -8.2%N 6.8N 

Carbrook-Nunnery Square 4 -£2,003N -3.7%N 5.7N  6 £2,250N 3.3%N 4.5N  6 £8,515 11.8% 3.5 

Nunnery Square-Fitzalan Square 10 -£14,380N -33.9%N 73.3N  10 -£13,620N -24.0%N 15.8N  10 -£5,922N -9.3%N 7.1N 

Gleadless Townend-Arbourthorne 

Road 
2 £4,430 7.6% 4.0  2 £10,962 15.0% 3.2  4 £13,684 18.4% 3.0 

Arbourthorne Road-Fitzalan Square 1 £10,084 16.6% 3.1  1 £19,424 25.4% 2.6  1 £21,623 28.0% 2.4 

Fitzalan Square-The University of 

Sheffield 
7 -£3,414N -6.4%N 6.3N  4 £6,370 9.0% 3.8  3 £14,008 18.8% 3.0 

The University of Sheffield-

Langsett 
5 -£2,099N -3.9%N 5.7N  5 £4,986 7.1% 4.0  5 £12,484 16.9% 3.1 

Langsett-Middlewood 3 £23N 0.0%N 5.0N  3 £9,575 13.2% 3.4  2 £17,220 22.7% 2.7 

N: uneconomic results 
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It is worth noting that the SESS explored in this chapter does not have the economics as good 

as the SESS studied in Chapter 4 does due to the former achieving less energy saving, and the 

potential cause of this incident has been explained in Section 5.5.1. As can be seen in Table 5-3, 

only two out of eleven SESSs were economically feasible as they had a DPP<5 years and a 

positive NPV plus IRR>6%. However, the number of economically feasible CESSs is five, if 

the electricity stored in the EVs is free to EV users; and seven if that electricity is charged to 

EV users. Compared to SESS, CESS has a higher CAPEX and OPEX, but CESS can recover 

enough profitable energy, which then generates a higher income to cover that extra CAPEX 

and OPEX. Consequently, CESS performs better on energy saving and also has more 

favourable economics than the SESS. It is worth noting that most of the CESS installations 

share the similar ranking in the two different scenarios, whether electricity to EVs is free or 

charged. Still, the CESS installation at the mid-point stops of energy supply sections: Gleadless 

Townend-Arbourthorne Road, Fitzalan Square-The University of Sheffield, Langsett-

Middlewood rank differently, which is because the ranking regarding the amount of profitable 

energy varies in the two scenarios. In detail, the CESS installed in Gleadless Townend-

Arbourthorne Road was simulated to deliver the second greatest energy-saving and thereby has 

the second-best economics. However, it only supplied 12 MWh to the EV on an annual basis, 

which is only approx. a third of that from the CESS installed in Fitzalan Square-The University 

of Sheffield or Langsett-Middlewood energy supply sections. Thus, when the electricity 

supplied to the EV could be used to generate profit, the CESS installed in Gleadless Townend-

Arbourthorne Road section therefore generates less profit than the other two CESSs installed 

elsewhere, and thus its ranking dropped from second to fourth. 

 

On both energy saving and economics, CESS is more advantageous than the SESS. Therefore, 

the study about the network wide ESS installation only focuses on the CESS. Although some 

of the CESS installations are found to have poor returns, the network-wide installation could 

still be economically feasible since the income generated from economically viable ones could 

cover the deficit brought by the non-economically viable ones. This research thereby studied 

the optimal solution of a network-wide installation and aimed to maximise the energy-saving 

by installing as many CESS as possible if the economic feasibility is still proven. The logic of 

the study is to include the CESS with the best economics (listed in Table 5-3) first, and to 

examine which installation could change the economics of the whole installation to unfeasible 

and should thereby be excluded. For example, if only three CESSs would be added to the 

system,  
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• for a scenario that offers electricity to EVs free of charge, the CESSs should be added to 

the mid-point stops of Arbourthorne Road-Fitzalan Square, Gleadless Townend-

Arbourthorne Road and Langsett-Middlewood, which have the top three best economics in 

the category, 

• for a scenario that charges for the electricity supplied to EVs, the CESSs should be added 

to the mid-point stops of Arbourthorne Road-Fitzalan Square, Langsett-Middlewood and 

Fitzalan Square-The University of Sheffield, which have the top three best economics in 

the category. 

Table 5-4 shows the economic feasibility of different numbers of CESS installations.  

Table 5-4 Economic of CESSs excluded the selling of electricity to EV users 

No. of CESS 

installations 

CESS (free electricity to EV)  CESS (electricity to EV charged) 

NPV IRR DPP (yr)  NPV IRR DPP (yr) 

1 £19,424 25.4% 2.6  £21,623 28.0% 2.4 

2 £30,386 20.3% 2.9  £38,843 25.4% 2.6 

3 £39,960 17.9% 3.0  £52,851 23.2% 2.7 

4 £46,330 15.8% 3.2  £66,536 22.0% 2.7 

5 £51,316 14.1% 3.3  £79,020 21.0% 2.8 

6 £53,566 12.3% 3.5  £87,535 19.5% 2.9 

7 £55,271 11.0% 3.6  £95,913 18.4% 3.0 

8 £48,852 8.6% 3.8  £97,196 16.5% 3.1 

9 £36,038N 5.7%N 4.2N  £91,949 14.0% 3.3 

10 £22,418N 3.2%N 4.5N  £86,026 11.9% 3.5 

11 £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

N: uneconomic results 

 

As shown in columns under “CESS (free electricity to EV)” in Table 5-4, if the electricity 

stored in EVs is free to EV users, a full network-wide installation (No. of CESS installation=11) 

is not economically viable as it has an IRR that is smaller than the 6% discount rate. However, 

the plan (No. of CESS installation=8) that excludes the mid-point stops installations on energy 

supply sections of Meadowhall-Carbrook, Nunnery Square-Fitzalan Square and Birley Lane-

Gleadless Townend which have the poorest economics (as shown Table 5-2), was found 

economically viable. It is worth noting that the CESSs installed on the Meadowhall-Carbrook, 

Nunnery Square-Fitzalan Square and Birley Lane-Gleadless Townend sections, together only 

contribute to 12% of the total reduction of energy supplied from substations (as shown Table 

5-2). Hence, if the electricity given to the EV users is free of charge, a partial network-wide 

installation that excluded Meadowhall-Carbrook, Nunnery Square-Fitzalan Square and Birley 

Lane-Gleadless Townend is an optimal solution as it leads to a satisfactory energy saving and 

still maintains a fair return on investment.  
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If the electricity given to the EV users is no longer free and generates revenue for the tram 

operator (even at a low level, as discussed), then it provides extra income and improves the 

economics of the CESS. Even though including the selling of electricity to EV users does not 

help to make any individual CESS installations economically viable (Table 5-3), it enables a 

full network-wide installation (No. of CESS installation=11, columns under “CESS  

(electricity to EV charged)” in Table 5-4), which can successfully pay back the initial 

investment in less than four years, generate a profit during the asset life, and give out an IRR 

greater than the 6% discount rate.   

 

The addition of CESS for braking energy recovery not only brings economic benefits to the 

tram service provider but also results in a carbon emission saving. As reported, generating one 

kWh of electricity results in a direct emission of 0.231 kg CO2 [150]. If the electricity given to 

the EV users is complementary, the economically viable partial network wide CESS installation 

could provide:  

• the tram with an electricity saving of 1,167 MWh per annum, which results in reducing the 

CO2 emission by 270 metric tonnes.  

• the EV users with an electricity saving of 217 MWh per annum since the EV’s electricity 

demand can be fulfilled by the recovered braking energy, corresponding to a 50 metric 

tonnes reduction on the CO2 emission. 

 

If the electricity given to the EV users is charged, the economically viable full network-wide 

CESS installation could provide:  

• the tram with an electricity saving of 1,332 MWh per annum, which results in reducing the 

CO2 emission by 308 metric tonnes.  

• the EV users with an electricity saving of 317 MWh per annum to the grid, which results 

in reducing the CO2 emission by 73 metric tonnes.  

 

5.5.3 Sensitivity study of the economic evaluation of the CESSs’ addition  

As discussed in the sensitivity study of the economic evaluation of the SESSs’ addition (shown 

in Section 4.4.4), each variable considered has a different impact on the economics. Therefore, 

a similar sensitivity study was also conducted to gain insight into how each variable influences 

the economics of the CESSs’ addition, and the variables considered include: 

• The battery price, which influences the CAPEX of the stationary battery  
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• The cost of the EV sub-system, which was assumed to be 80% of the stationary battery 

used in the stationary sub-system 

• The installation cost 

• The OPEX ratio to the total CAPEX, which was assumed to be 3%  

• The electricity price, which the tram service operator pay to the grid 

• The asset life 

• The discount rate 

• The electricity price, which the EV used to pay to the tram service operator 

 

The sensitivity study examines economic evaluations with the electricity stored and taken away 

by the EVs free or charged for. Additionally, since the electricity stored in the EV could be 

different which thereby impacts the potential income from the sale of electricity to the EV, the 

sensitivity study used the full network-wide installation for illustration. Similar to the 

sensitivity study conducted in Section 4.4.4, the approach was to apply a ±20% change to one 

variable in turn and subsequently reviews the impact on the NPV, IRR and DPP.  

 

Impact of the cost relating variables 

The economic evaluations obtained for different battery prices, cost of the other components 

of the EV sub-system, installation cost, and OPEX ratios to the total CAPEX are shown in 

Table 5-5.  

Table 5-5 The economic evaluation based on different cost relating variables 

Variables Value 
CESS (free electricity to EV)  CESS (electricity to EV charged) 

NPV IRR DPP (yr)  NPV IRR DPP (yr) 

Battery Price  

(per kWh) 

£106 £39,817N 5.8%N 4.2N  £110,634 15.5% 3.2 

£133 £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

£160 -£27,021N -3.3%N 5.6N  £43,796 5.1% 4.3 

EV sub-system: 

Battery 

64% £16,681N 2.3%N 4.6N  £87,498 11.4% 3.6 

80% £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

96% -£3,885N -0.5%N 5.1N  £66,932 8.3% 3.9 

Installation Cost 

(per installation) 

£8,000 £31,178N 4.5%N 4.3N  £101,995 13.9% 3.3 

£10,000 £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

£12,000 -£18,382N -2.3%N 5.4N  £52,435 6.3% 4.1 

OPEX: CAPEX 

2.4% £12,927N 1.7%N 4.7N  £83,745 10.6% 3.6 

3.0% £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

3.6% -£132N 0.0%N 5.0N  £70,686 9.0% 3.8 

N: uneconomic results 
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As can be seen, both battery price and the installation cost can substantially impact the 

economics, no matter whether the electricity supplied to the EV is charged for or not. A ±20% 

variation of the battery price could result in a ±0.5-0.7 year change in the DPP, and an approx. 

±£34,000 change in the NPV, and ±4-6% numerical change in the IRR, respectively. When the 

±20% variation was applied to the installation cost,a ±0.4-0.6 year change in the DPP, an 

approx. ±£25,000 change in the NPV, and ±3-5% numerical change in the IRR would occur. 

However, the ratio of the EV sub-system to the stationary battery and the OPEX to the total 

CAPEX influence the economics less. The ±20% change of either of them alters the DPP less 

than ±£0.3 years, the NPV less than ±£10,000, and the IRR less than ±1.6%.  

 

Different costings influence the economics differently as different costings form different 

proportions of the total expenditure, which is the sum of the OPEX and CAPEX. Since the 

OPEX is assumed to be 3% of the total CAPEX, the total expenditure is dominated by the 

CAPEX, and hence, the OPEX has a small influence on the total expenditure and the economics. 

The CAPEX consists of the battery cost, the cost of the other component in the stationary sub-

system, the EV sub-system, and the installation cost. In the base case, the installation cost 

contributed 43% of the CAPEX, thereby substantially impacting the CAPEX. Although the 

battery cost only contributes 22% of the CAPEX in the base case, it was used to estimate the 

cost of the other component in the stationary sub-system and of the EV sub-system. Therefore, 

the battery cost influences 57% of the CAPEX. Consequently, both the battery and installation 

costs, which dominate the CAPEX, can heavily affect the economic evaluation with a ratio of 

CAPEX to total expenditure.  

 

Impact of the variables relating to income / cost streams 

The economic evaluations obtained for different electricity prices paid to the grid and charged 

to the EV users are shown in Table 5-6.  

 

The elevation of the electricity price on the one paid to the grid and charged to the EV users 

would deliver a higher cost-saving on the electricity bill and generate more income from the 

sale of electricity. Although both electricity prices used in the base case were the same, the ±20% 

change of them would create a different impact on the economic feasibility. As shown in Table 

5-2, the energy-saving delivered by the site wide CESS installation is >300% more than the 

electricity export to the EVs, and therefore the potential income from the energy-saving 

dominates the total income, and has a greater impact on the economic evaluation. As a result, 
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the ±20% change of the electricity price paid to the grid could lead to a ±0.6-1.7 year change 

in DPP, a ±£60,000 change in NPV, and an approx. ±8% numerical change in IRR. Meanwhile, 

the ±20% change of the electricity price does not impact the scenario offering the free 

electricity to the EVs users and only results in a ±0.2 year change in DPP, a ±£14,000 change 

in NPV, and an approx. ±1.7% numerical change in IRR on the scenario charging for the 

electricity to the EVs. 

Table 5-6 The economic evaluation based on income relating variables 

Variables Value 
CESS (free electricity to EV)  CESS (electricity to EV charged) 

NPV IRR DPP (yr)  NPV IRR DPP (yr) 

Electricity Price 

(paid to the grid, per 

kWh) 

£0.042 -£53,081N -7.5%N 6.6N  £17,736N 2.3%N 4.6N 

£0.053 £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

£0.064 £65,877N 8.4%N 3.9N  £136,694 16.8% 3.1 

Electricity Price 

(charged to EVs, 

per kWh) 

£0.042 £6,398N 0.9%N 4.9N  £63,052 8.1% 3.9 

£0.053 £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

£0.064 £6,398N 0.9%N 4.9N  £91,379 11.5% 3.5 

N: uneconomic results 

 

Impact of the other variables 

The economic evaluations obtained for different asset life and discount rates shown in Table 

5-7. 

Table 5-7 The economic evaluation based on income relating variables 

Variables Value 
CESS (free electricity to EV)  CESS (electricity to EV charged) 

NPV IRR DPP (yr)  NPV IRR DPP (yr) 

Asset Life (yr) 

4 -£40,567N -6.7%N 4.9N  £17,687N 2.8%N 3.7N 

5 £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

6 £50,704N 5.7%N 4.9N  £133,373 14.2% 3.7 

Discount Rate 

4.8% £15,269N 2.0%N 4.7N  £88,460 11.1% 3.6 

6.0% £6,398N 0.9%N 4.9N  £77,215 9.8% 3.7 

7.2% -£2,026N -0.3%N 5.0N  £66,538 8.6% 3.8 

N: uneconomic results 

 

As can be seen, longer asset life and a smaller discount rate improves the economics. The asset 

life affects the total amount but not the rate of income generated throughout the project. 

Therefore, it only impacts the NPV and IRR but not the DPP, and extending it will produce 

more income. In this study, the asset life has a strong impact on the economics as its ±20% 

change result in a ±£45,000-65,000 change in NPV, and an approx. ±5-8% numerical change 

in IRR. The discount rate impacts the depreciation of the future cash flow. Therefore, lower the 

discount rate, the better the economics. However, the impact of the discount rate is not 
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substantial as its ±20% change only lead to a ±0.2-0.3 year change in DPP, a ±£8,000-11,000 

change in NPV, and an approx. ±1.2% numerical change in IRR.  

 

In summary, among the eight tested variables, the battery price, the installation cost, electricity 

price paid to the grid, and the asset life were found to substantially influence the economics.  

 

5.6 Chapter summary 

This chapter successfully describes the hourly energy balance of the Supertram system on a 

weekday, a Saturday and a Sunday. Generally, the energy consumed, wasted and recovered on 

a weekend are less than those on the weekdays. Still, all the energy balances suggest that there 

is a large amount of braking energy lost in the onboard dump resistor, especially during the 

peak period which has a higher passenger flow. Such a finding strengthens the potential for 

using EVs as energy storage for light rail systems, due to EVs being expected to be parked at 

tram stops during the peak period.  

 

This chapter then presented an EVESS model. It subsequently identifies that EV parking time 

and the number of EVs parked will both impact the EVESS’s performance on energy saving. 

The EV parking time is found to be positively related to the reduction of energy supplied from 

the substation, and the number of EVs parked positively influences the energy that could be 

finally stored in the EV batteries. 

 

The chapter also presents a CESS model, which includes a stationary sub-system that is similar 

to the SESS and an EV sub-system that is similar to the EVESS. A smart control system is 

proposed, which uses the tram catenary to connect the sub-systems and prioritises EV charging. 

In the comparison of CESS, SESS, and EVESS, the CESS has the greatest total energy reused 

within the system, which combines a reduction of energy supplied from the substation and the 

net energy stored in, or delivered to, EVs.  

 

Finally, this chapter compares the energy and economic performance of installing a SESS or a 

CESS onto each energy supply section of an urban tram network. The addition of the CESS 

delivered a substantial reduction of energy supplied from the substation of each energy supply 

section, and the CESS performs better than the SESS on both the energy saving and economic 

feasibility. The economic evaluation was carried out to determine a practical solution for the 
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CESS installation, and it also appraised the impact of whether to charge the EV user for the 

electricity recovered and stored in the EV. If the braking energy delivered to the EVs is free of 

charge, although only five out of 11 individual CESS installations are individually 

economically viable, a partial network-wide installation that excludes the three CESSs with the 

lowest energy saving and poorest return was found to be economically feasible. Such a solution 

manages to maintain a reasonable energy saving and provides a good carbon emission saving. 

If the braking energy delivered to the EVs is charged to the EV users and generates income for 

the tram operator, seven out of eleven individual CESS installations were found individually 

economically viable and the economics of a full network-wide installation was then proven; 

thus achieving even better energy savings and carbon emission savings. From the sensitivity 

study, this chapter also finds that the battery price, the installation cost, electricity price paid to 

the grid, and the asset life are substantially influential to the economics of the network-wide 

CESS installation. 

  



141 

 

Chapter 6. Conclusions and future work 

This chapter firstly summarizes the work conducted and reviews the outcome and contribution 

of this research, chapter by chapter, in Section 6.1. At the end, Section 6.2 discusses the work 

that could be done to further develop this research topic in the future. 

6.1 Conclusion 

This research aims to use the EV battery as the energy storage system to recover the braking 

energy from the tram system to achieve the bidirectional energy exchange between light rail 

and road and promote the overall energy efficiency of the electrified transportation system. As 

the literature reviews suggested that  

• The energy balance for different urban light rail systems are case-specific, and the 

modelling and simulation of it seldomly focuses on a whole network study;  

• The stationary battery ESS, which can be considered a static battery EV, is commonly 

used for braking energy recovery for urban light-rail, and its capacity, installation 

location and number of installations are found impacting the energy-saving 

performance and thereby are worthwhile to be optimized 

• EVs have been applied as energy storage for different electric facilities and markets, 

and recent research has been proposed a concept of exploiting EVs for the urban light-

rail. Still, such a concept has been proven on an existing system, via modelling and 

simulation.  

Thus, this research proposes three objectives as  

• Objective 1 - To investigate the energy balance of the tram network, especially the 

energy demand for traction and the distribution of the braking energy, via an adequate 

methodology. 

• Objective 2 - To add ESS into the system and examine its impact on energy balance and 

to determine the optimal configuration of stationary ESS with regards size and location 

and consideration of economic feasibility. 

• Objective 3 - To explore the technical feasibility and the optimal solution for including 

EVs into the rail network via a full or partial replacement of the stationary ESS, and to 

assess its merit on the energy balance and the economic feasibility. 
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Through the modelling and simulation study conducted based on the Sheffield Supertram 

system, this research has fulfilled all the objectives proposed and made five key contributions 

to knowledge, as being presented below.  

 

A new modelling and simulation method to model the tram system 

As presented in Chapter 3, this research constructed a model that has a number of modules 

mimicking the operation of the Supetram’s crucial components, such as the substations, the 

power supply catenary, the tram, and so on, in Simulink. Moreover, due to the constraints on 

limited access to the operational data and the facilities of the Supertram, this research 

developed a new method that uses the tram operational data, which included the speed, distance 

and acceleration and was collected via a dedicated GPS device, as the fundamental variable for 

the Simulink simulation.  

 

This new modelling and simulation method successfully estimated the daily energy balance, 

which indicated the energy supplied from the substation, the energy lost on the resistor, and the 

energy recovered via regenerative braking energy, as shown in Section 3.4. Furthermore, the 

method has been validated as the simulated current and voltage trend matches the designed 

range. With a further explicit GPS data sampling campaign, this modelling and simulation 

method is able to estimate the hourly energy balance, as shown in Section 5.1. Such a function 

enables the modelling and simulation of a system that involves EVs, which is mobile and might 

only connect to the system for hours instead of all day long.   

 

Furthermore, this modelling and simulation method is easy to use for the ESS study. The 

number, the capacity, the installation location of ESS to add to the system can be easily adjusted 

and modified. Such merit allows this research to conduct comprehensive investigations to gain 

insight into the different ESS additions.  

 

In summary, this modelling and simulation method associated with GPS data sampling is 

convenient to exploit as it requires no physical system modification and has good extensibility 

for the subsequent ESS study. Therefore, this new approach would suit studying systems that 

are difficult to modify.   

 

The insight into the difference between the “Common system” and “Separate System” 

energy supply methods 
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The urban light rail systems could be operated in a separate OCS arrangement (“Separate 

System")or a common OCS arrangement (“Common system”). The difference between the two 

is that the separate OCS prohibits energy exchange between the uplink and downlink within 

the energy supply section, but the common OCS allows that. Although these two energy supply 

method have been widely applied on the urban light-rail system around the globe, they have 

not been compared for the energy performance based on the same system. In Chapter 3, this 

research simulated the daily energy balance of the Supertram with these two different OCS’s.  

Generally, the sum of energy lost on the resistor and energy recovered via regenerative braking 

accounts for most braking energy.  

 

The result suggested that the sum of the energy lost on the braking resistors and energy 

recovered via regenerative braking were found similar in both cases. It thereby indicates the 

amount of braking energy in the two systems were similar. However, the common OCS allows 

the energy exchange between the uplink and downlink, and consequently provides more 

opportunities for the tramcars to access and utilize the braking energy produced from both the 

uplink and downlink than the separate OCS does. Thus, the common OCS only dissipated 64% 

of its braking energy in the dump resistors but the separate OCS dissipated more than 90%. 

The energy recovered through re-use of the common OCS is approx. 300% more than of the 

separate OCS. With more braking energy being re-used, the common OCS required approx. 

14% less energy supplied from the substation than the separate OCS. Thus, this research 

discovered that the “Common System” is more energy-efficient than the “Separate System” 

under the Supertram set-up.  

 

In summary, this research successfully compared the two energy supply method on one existing 

system and discovered the “Common System” is more advantageous for energy efficiency. 

Such a finding could be referential to future modification and construction of the tram energy 

supply system.  

 

The insight into the impact of ESS specification and installation on energy saving  

This research successfully designed a SESS system consisting of a converter module, a control 

module, and an energy storage module that includes a battery for modelling and simulation. A 

double-closed loop control strategy was applied to control the energy exchange between SESS 

and the tram, and the catenary voltage served as the key signal that triggers the charging and 

discharging of the SESS.  
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This research then explored the optimal ESS addition strategy, and it firstly focused on the 

stationary ESS and later on the EV related ESS. As presented in Section 4.4 and Section 5.5, 

the approach was to add the ESS with different capacities in the same location and the ESSs 

with the same capacity in different locations and then test and compare the energy-saving 

performance. All the ESSs additions could successfully reduce the energy supplied from the 

substation, reduce energy lost in resistors, and increase the amount of regenerated energy re-

used.  

 

Regarding the location, even though the ESS installed at the substation stops could cover two 

adjacent energy supply sections, the ESS installed at the stops that are close to the mid-point 

of the energy supply section is instead likely to deliver the best energy-saving performance. 

Furthermore, adding the ESS on the centre stops would have better energy savings in multiple 

or network-wide installations.  

 

Regarding the capacity, a bigger battery capacity will lead to a higher maximum current and 

discharge limit rate, and hence, a better energy saving. Nevertheless, the maximum current 

drawn from/by the tram is limited. Besides, although the battery capacity is positively related 

to energy saving, the increase of battery capacity may not result in the same extent of increase 

in energy-saving since the accessible braking energy is limited. Compared to a large ESS, a 

smaller ESS with an optimal discharge limit could be more efficient at energy-saving.  

 

In summary, this research discusses how installation location and capacity of the ESS could 

influence energy-saving performance, and the finding would hint the future design and addition 

of ESS.  

 

The technically feasible EV related ESS  

This research designed two ESSs involving the EV, the EVESS that solely uses the EVs for 

energy storage, and the CESS that combines the EV sub-system and a sub-system equipped 

with a stationary battery.  

 

This research proved the technical feasibility of the EVESS via modelling and simulation. It 

then studied the feature of the EVESS and discovered that a longer EV connection (to the tram 



145 

 

system) time would lead to better energy saving and a greater number of EVs parked would 

result in a greater braking energy recovery as the energy get taken away by the EVs.  

 

This research proposed an innovative connection method for the CESS by using the catenary 

to link the EVs and stationary sub-systems, and it allows the EVs and the stationary sub-system 

to be installed in different locations. Moreover, this research developed a smart control for the 

CESS, prioritizing EV charging to allow more energy to flow from the tram and the stationary 

sub-system to the EV, refreshing the stationary sub-system's capacity and promoting energy-

saving. 

 

In comparing the CESS, SESS, and EVESS, the CESS was found to achieve the greatest total 

energy re-used as it combines the merit of the SESS, providing consistent connection to the 

tram system, and of the EVESS, being able to take away the braking energy to refresh the 

storage capacity.   

 

In summary, this research proved the technical feasibility of the EV related ESS, the EVESS 

and CESS. Besides, it designed the smart control for the CESS that improved the energy 

recovery and reuse for the tram and simultaneously benefited EV users with battery charging. 

This outcome proved the viability of energy exchange between rail and road and could 

potentially stimulate future research on Vehicle-to-Rail.   

 

 

The ESS addition strategy with consideration of economic feasibility  

As aforementioned, the bigger the ESS capacity and/or a greater number of ESS addition can 

better the energy saving. However, such measures will also increase the initial investment.  

 

This research conducted the economic appraisals, which focus on NPV, IRR and DPP and 

involves sensitivity study, on the addition of SESS firstly. The results suggest that even though 

the bigger capacity ESSs and a greater number of ESS addition can recover more energy, the 

energy recovered can not generate enough income to cover the greater investment. Exploiting 

smaller capacity SESS and potentially conducting a partial network wide-addition would help 

achieve economic viability or lead to better investment returns. The sensitivity study considers 

both electricity prices and the battery life positively and substantially influence all the SESS 

installations with different capacities. Meanwhile, the battery price was found to negatively 
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and strongly impact the economics of SESS installation with a higher capacity. The installation 

cost, OPEX, and the discount rates used are all found to negatively but mildly affect the 

economics.  

 

This research conducted another economic appraisal on  SESS and CESS, both with 100Ah 

stationary battery, via the same approach but based on different simulated energy-saving 

performances. Unlike the SESSs study, although the CESS requires a higher investment than 

the SESS, it recovers much more energy that generates enough income to offset the additional 

investment. It is worth noting that this research also projected how the potential income 

generated from the energy given to EV influences the economics. If the energy given to the 

EVs is charged, the economics will improve. Still, similar to the SESS study mentioned in the 

last paragraph, a full network-wide addition could be economically feasible, but a partial 

network-wide addition would yield the best investment returns. The related sensitivity study 

advised the battery price, installation cost, the electricity price paid to the grid, and the battery 

life can substantially impact the economics of the CESS addition.  

 

In summary, this research examined how various factors, such as specification, number of 

installations, potential cost and income, affect the economic feasibility of different ESS 

additions. The method used could help understand the sweet spots and hurdles of the 

commercialization of innovative technology. It thereby could support the decision-making that 

aims to balance satisfying technical performance and acceptable economics.  

  

 

6.2 Future work 

This finding and the outcomes of this project demonstrate the potential technical feasibility and 

the merit of the energy exchange between rail and road. This research topic could be further 

developed, and areas to investigate may include the following: 

 

1) Although this research proved the technical feasibility of using EVs as the energy storage 

for the tram via simulation, it would be beneficial to validate the method, control, and 

design via experiments with the actual electrical devices. 
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2) This research combined the EV sub-system with a stationary battery sub-system to create 

a CESS. The CESS was designed as a whole but its two key sub-systems could be installed 

in different locations of the tram system since the two are connected via the catenary. 

Therefore, in reality, the physical or geographical condition would require the two sub-

systems to be installed in different locations. In this sense, it would be beneficial to 

understand how installing the two sub-systems in different locations could affect the 

energy-saving performance. 

 

3) This study investigated the technical and economic feasibility of the CESS with a stationary 

sub-system possessing a 100Ah battery. As discussed in 4.4 and 5.5, a smaller battery unit 

could recover less braking energy, but on the other hand, it could have better economic 

feasibility due to the lower initial investment required. Therefore, it would be useful to 

conduct further technical and economic feasibility on CESS with a stationary sub-system 

that holds a battery with different capacities in order to gain insight into the optimal battery 

capacity for the stationary subsystem.   

 

4) The degradation of EV batteries due to the V2G application has been studied previously 

[117-121]. Exploiting the EV and its battery for the energy exchange between rail and road 

is a new topic, and the impact of such an application on the battery life has yet to be 

investigated but is worthwhile to be explored. 

 

5) This research proposed to offer free energy to the EV user to encourage their participation 

in the scheme, and the financial benefit to the EV owners was discussed. The willingness 

of the EV owner could impact the available number of EVs that could be connected for the 

energy storage for rail, whether a higher or a lower amount of incentive could be given for 

the encouragement, etc., and eventually affect the technical and economic feasibility of the 

integration of EV and rail. It could be diverse but has not been examined here. Thus, it 

would be meaningful to conduct further study to understand the attitude, concerns and 

willingness of the EV owner. 
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Appendix A Tram travelling profile  

The travelling profile of the tram journeys from Halfway to malin Bridge (Blue Line), from 

Middlewook to Meadowhall (Yellow Line) and from Cathedral to Herding Park (Purple Line) 

are shown in Figure A-1, Figure A-2 and Figure A-3, respectively.  
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Figure A-1 The speed and distance profile of the tram journey from Halfway to Malin Bridge (Blue Line) 
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Figure A-2 The speed and distance profile of the tram journey from Middlewook to Meadowhall (Yellow Line) 
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Figure A-3 The speed and distance profile of the tram journey from Cathedral to Herding Park (Purple Line) 

 


