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Abstract 
High mobility has been a standard in the modern world for decades. 

This has resulted in high energy consumption, diminishing fossil energy 

reserves and rising levels of greenhouse gases. 

By recovering the energy lost in deceleration of vehicles the total energy 

consumption can be decreased and exhaust emissions reduced. This can 

be done with a kinetic energy recovery system (KERS) that converts 

kinetic energy to electric energy during deceleration, which then can be 

used for acceleration. 

KERS requires an electrical storage device with high power density, due 

to the high power levels generated at heavy braking. Batteries does not 

generally meet these requirements, especially in the cost-effective point 

of view, but different types of capacitors can be used to obtain a cheap 

and effective system. To get such an energy storage device small, light-

weight and inexpensive while the technology is sustainable requires 

avoidance of rare metals and hazardous materials. 

In this master thesis energy and power levels for KERS has been mod-

elled, based on standardized measurements techniques and small pa-

per-based supercapacitors have been built and tested in order to model 

size, weight and price for a full-scale energy storage device to a KERS-

application. 

The models showed that energy consumption in urban traffic could be 

reduced with 18% and with an electrode material for the energy storage 

device with a capacitance of about 1500 F/m2 a reasonable size and 

weight is obtained. To reach these values of capacitance in paper-based 

supercapacitors further testing is required on area and layer dependence 

and for different electrodes.  

 

Keywords: Kinetic energy recovery system (KERS), regenerative brak-

ing, supercapacitor, ultracapacitor, electric double-layer capacitor, 

coated paper, new european driving cycle, fuel-saving, reduced exhaust 

emissions  
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1 Introduction 
In today´s society where high standard of living and mobility is taken 

for granted, both in the West, Latin America and parts of Asia, 

meanwhile fossil fuel depots are being drained, we stand in an 

upcoming energy problem. 

Research has led to many environmental friendly energy solutions, but 

these often require large facilities and are not fit to power vehicles. 

Energy can, however, be stored in electric accumulators and then power 

vehicles by an electric motor. The problem with today´s electric cars is 

the high amount of energy that needs to be stored and the high power 

output necessary in urban and highway driving. Batteries suitable for 

this are very expensive and they still not quite reach the performance 

required. One solution of this energy and power problems are to 

conserve the supplied energy as much as possible, for example by 

recycle braking energy and use Supercapacitors (SC) in parallel with 

batteries to cover the power demand. 

 

1.1 Background and problem motivation 

Supercapacitors are today already used to improve the power of cars, 

for example in the Toyota Prius, but SC´s are today expensive and 

battery requirements are, at least partly, based on power requirement of 

the car rather than on energy requirements (1). Using SC´s also puts less 

stress on the batteries, in systems with both battery and SC, prolonging 

battery life (2). The trend towards more electrically driven vehicles, both 

hybrid and pure, is an opportunity to develop more inventive 

energy/power supply systems.  

Kinetic Energy Recovery System (KERS) is a system that recycles the 

kinetic energy during braking. The power in- and output of such a 

system can reach high levels requiring an energy storing device with 

high power density. At the Mid Sweden University research have done 

small paper based SC´s and they have the potential to become an 

inexpensive alternative to present technology. 
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Is it possible to produce a paper-based SC for use as an energy storage 

device to KERS-application, in light-duty vehicles? How are these in 

comparison to commercial products, in energy storage, size, weight, 

power in- and output, and price? 

1.2 Overall aim 

To determine the amount of recyclable energy in KERS from standard-

ized measuring methods for vehicle exhaust emissions and fuel con-

sumption. To construct paper-based SC´s with different areas for meas-

urement of storage capacity and use the results for modeling size, 

weight and cost of a full size SC for vehicle KERS-application. 

1.3 Concrete and verifiable goals 

The objectives to achieve were: 
 To establish a requirement specification (KERS-model) for the 

KERS-application showing the amount of recyclable braking ener-

gy based on standardized driving cycles. 

 To acquire necessary system component specifications for the 

KERS-application to fit the example vehicle. 

 To design and manufacture suitable SC´s for modeling measure-

ments. 

 To establish a SC-model for modeling size, weight and cost of a 

full size SC for vehicle KERS-application. 

1.4 Outline 

The next chapter (chapter 2) is about energy recovery and measurement 

methods, which provide background knowledge of the area as the work 

involves. Chapter 3 is the methodology followed by implementation 

(chapter 4). Chapter 5 presents the results in logical order, followed by 

discussion an conclusion (chapter 6). 
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2 Energy recovery and measurement 
methods 
To understand the work elements and approaches, there is some 

background theory written below about kinetic energy recovery system, 

supercapacitors and standard driving cycles 

 

2.1 Kinetic Energy Recovery System (KERS)  

When a vehicle decelerates, a large amount of the kinetic energy con-

verts to heat in the vehicle´s friction brakes. In a kinetic energy recovery 

system or regenerative brake system the kinetic energy is stored during 

deceleration and can be used for acceleration. This system normally 

contains a battery and an electric motor that also can be used as a gener-

ator. While braking the generator transforms kinetic energy from the 

vehicle to electrical energy which is stored as electrochemical energy in 

the battery. The energy stored in the battery can then be used to power 

the electric motor and accelerate the vehicle. (3) (4) 

This concept is well known in the automotive industry and was used as 

early as 1894 in the Krieger electric landaulet, which was an electric 

horseless carriage equipped with an electric motor in each front wheel 

with additional bifilar coils for regenerative braking. (5) 

Kinetic energy can be stored in various ways, e.g. mechanically in a 

flywheel, electrochemically in a battery or electrostatically in a capacitor. 

To reach as high efficiency as possible it requires high transformation 

efficiency or that the energy is stored in kinetic form, flywheel. For 

KERS with an electric motor and generator operating at 80 % efficiency 

and a battery with a high power charge and discharge efficiency of 75 %, 

the overall system efficiency from one charge and discharge cycle is only 

36 %, se eq. 2.1. This is very low. (3) (6) 

                                   (          )  (          ) (2.1) 

 

Where ηKERS is the overall system efficiency, ηcharge is the total charging 

efficiency, ηdischarge is the total discharge efficiency, ηgen is the efficiency of 

the generator and ηbat is the battery high power charge and discharge 

efficiency. 
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KERS is currently used in both motorsports and production vehicles 

with considerable success for both performance-enhancing and fuel-

saving purposes. Formula 1 racing use KERS to get 60 kW additional 

power for a limited time on each lap, resulting in reduced lap times and 

advantage at overtaking. In the automotive industry KERS is used or 

intended to be used by most vehicle manufactures, but in varying de-

grees and efficiency.  

The Toyota Prius started using KERS in 1997 and the latest model (2012) 

uses a lithium-ion battery with high power density to store the regener-

ated braking energy and improve electrical driving range. (7) 

Mazda has recently launched a system called i-ELOOP. This system 

stores regenerated braking energy in capacitors which is then used to 

power electrical equipment in the car and the engine start-and-stop 

function. (8) 

2.2 Supercapacitors  

To store regenerated brake energy, it requires an electrical storage 

device with high power density rather than high energy density, since 

the braking occurs during a short time with high power. (3) 

The most common electrical storage device used is the battery, which 

stores energy electrochemically. This means that chemical compounds 

are formed (at the interface between anode and electrolyte and between 

cathode and electrolyte), which releases electrons during discharge. 

When charging the battery, electrons are applied and the chemical 

reaction reverses. There are batteries in a wide range of energy and 

power densities, but generally it has high energy density and poor 

power density. This fact makes them unsuitable for a KERS-application, 

but supercapacitors on the other hand suites much better. (1)  

Supercapacitors and Ultra capacitors are both just alternative names for 

electrical double-layer capacitors (EDLC). The name supercapacitor will 

be used in this text. Supercapacitors are a class of electrochemical energy 

storage devices that can store and release electrical energy by nanoscop-

ic charge separation.  The charge separation is fast and occurs at the 

interface between a porous electrode and an electrolyte. (10) (11) 

A supercapacitor cell consists of two electrodes separated by a porous 

insulator (ion-conductive). Each electrode is connected to a contactor 
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used as a current collector and the whole cell is soaked in electrolyte, see 

figure 1.  

 

Figure 2.1: Schematic sketch of the electric double-layer capacitor with its charge 

separation, where 1 is the porous electrode, 2 the porous insulator, 3 the contactors 

and 4 is the electrolyte. 

The concept of supercapacitors is simple. Unlike regular capacitors 

where charge carriers is moved from a metal plate to another which 

gives rise to a potential between the plates, supercapacitors has much 

shorter and a larger amount of charge separations, due to its porous 

electrodes and use of electrolyte. The porous electrode in supercapaci-

tors has a large surface area to which the electrolyte can access enabling 

a nanoscopic charge separation in the interface between electrolyte and 

the surface of the electrode material. Larger electrode surface area 

allows more charge separation and hence higher capacitance. The po-

rous insulator keeps the electrodes electronically insulated from each 

other while the ions in the electrolyte can pass through. (12) 

Conventional supercapacitors generally have an electrode of highly 

porous activated carbon and an aqueous or organic electrolyte, due to 

the low material price and high performance. Many different electrode 

materials and electrolytes have been tested and used in supercapacitors, 

particularly in research. E.g. attempts have been made with both nano-

tube- and graphene-based electrodes resulting in excellent performance. 

(1) (11) (13) 

Paper-based supercapacitors have the potential of high capacitance, 

high cost-efficiency and to be environmental friendly. Paper is not 

conductive, but has large surface area and can easily be coated with 

conductive materials. A paper coated on both sides with highly porous 

electrode materials might result in a thin and cheap EDLC-cell with high 

capacitance. (14) 
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To achieve a sustainable and cost-effective technology the use of pre-

cious metals and rare earth metals has to be avoided. These metals are 

often only by-products of mining in very small amounts, and their price 

would most likely rise dramatically if the mining only was performed to 

find these rare metals. 

A comparison between two different batteries and one supercapacitor is 

shown in table 2.1. (15) (16) (1) 

Table 2.1: Shows a comparison between two batteries and one supercapacitor. The 

lead-acid battery and the supercapacitor are regarded as the industry standard and 

the lithium-ion battery from A123 Systems is state of the art in the market for 

batteries today. 

Type Technology Manufacturer Energy density Power density 

Battery Lead-acid Panasonic 46 Wh/kg 390 W/kg 

Battery Lithium-ion A123 Systems 71 Wh/kg 2700 W/kg 

Supercapacitor EDLC Maxwell 6 Wh/kg 6900 W/kg 

 

2.3 Standard Driving Cycles 

Standard driving cycles are used to measure, compare and control the 

exhaust emissions and fuel consumptions for vehicles. By the use of 

standardized cycles, all measurements are performed in the same way 

and clear directives can be defined to suit environmental demands. The 

standardized cycles are different for different countries or continents 

and three of the most common are presented below. Vehicles are divid-

ed into two groups, light duty vehicles and heavy duty vehicles. (17) 

Light duty vehicles weights less than 3500kg and measurements on 

exhaust emission and fuel consumption are performed on the whole 

vehicle and per driven kilometre. The standardized driving cycles for 

light duty vehicles are formed by speed points as a function of time, se 

figure 2.1-2.3. (18) 

Heavy duty vehicles weights over 3500kg and the exhaust emissions 

and fuel consumption measurements are performed on the engine only 

per produced kWh. (19) 
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New European Driving Cycle (NEDC) 

NEDC consists of two parts, one urban part and one extra urban part. 

The urban part simulates city traffic and the extra urban part simulates 

highway traffic, see figure 2.1 (20) 

 
Figure 2.1: Shows speed points as a function of time for NEDC, where the first 780 

seconds corresponds to the urban part and the last 400 seconds to the extra urban 

part.  

NEDC is the basis for the calculations in this thesis and a breakdown of 

the cycle can be viewed in Consolidated TEXT, CONSLEG: 1970L0220 - 

31/10/2002. (19) 

Japanese JC08 Cycle (JC08) 

JC08 is the most common standardized driving cycle for light duty 

vehicles in Japan, see figure 2.2. (21) 
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Figure 2.2: Shows the speed points as a function of time for JC08. 
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Federal Test Procedure (FTP-75) 

FTP-75 is the most common standardized driving cycle for light duty 

vehicles in the United States, see figure 2.3. (22) 

 

Figure 2.3: Shows the speed points as a function of time for FTP-75. 
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3 Methodology 
To determine the specifications needed for the SC in this type of KERS-

application, a requirement specification needed to be worked out, based 

on recyclable energy amount, power in- and output and system 

components.  

 

3.1 KERS-model 

To determine which terms the system had to possess a KERS-model 

were carried out based on the new European driving cycle and the 

vehicle specifications. The requested output from this model was; 

amount of consumed energy, amount of regenerated brake energy with 

different engine braking approaches (according to European driving 

cycle directives, applied fuel and clutch engaged) and the regenerated 

brake power level. According to driving preferences and braking 

approaches the regenerated braking energy will vary. Three different 

engine braking approaches were calculated in the KERS-model. The first 

approach was to strictly follow NEDC, the second was to add fuel 

during braking (equivalent to the amount required to keep the engine 

running at a particular speed at no load) to avoid engine braking and 

the third approach was to activate the clutch during braking and let the 

engine run at idle. 

To calculate the amount of added and regenerable energy during one 

cycle, certain vehicle specifications have to be known, they are listed 

below: 

 

Vehicle mass: the vehicle mass is an important parameter to calculate 

the energy required for acceleration and also to calculate the amount of 

energy transformed to heat in the friction brakes during braking. 
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Rolling resistance: The rolling resistance of the vehicle provides a basis 

for the amount of additional energy needed to accelerate the vehicle to a 

certain speed. The rolling resistance is divided into three force 

components: F0, F1 and F2 where F0 is measured in N and corresponds to 

the static resistance which need to be overcome to get the vehicle rolling. 

This resistance comes, in particular, from the friction in the vehicle´s 

bearings and tires. F1 is measured in N/(km/h) and corresponds to the 

additional force from the vehicle´s moving parts, as a result of increased 

rotational speed. F2 is measured in N/(km/h)2 and corresponds to the 

force needed to overcome the vehicle´s air resistance and the inertia of 

the vehicle outer movable parts during acceleration. 

 

Engine Efficiency: With knowledge of the vehicle engine efficiency, fuel 

consumption can be calculated for the driving cycle and compared with 

the vehicle manufacturer’s data, thus a first indication can be obtained 

on whether the model is correct. The efficiency of a modern diesel 

engine at low load is between 20% and 30%. (23) 

 

Idle energy consumption: Idle energy consumption is the energy 

applied to keep the engine at idle speed while the vehicle is stationary. 

This energy consumption is calculated from the fuel energy density, 

engine idle efficiency, a fuel consumption measurement and the idle 

duration. 

 

Engine braking force: The engine braking force is measured in the same 

way as the rolling resistance and are also divided into F0Gn, F1Gn and F2Gn. 

The engine braking force varies for each selected gear, which gives each 

gear individual parameters.   

 

From the NEDC and related driving directives, speed points and gear 

recommendation was listed for each second in the KERS-model.  

 

3.1.1 Energy consumption 

The applied energy amount in the driving cycle consists of two parts, 

acceleration energy (Wacc) and idle energy (Widle). To calculate Wacc, 

Newton’s second law was used added with the total force from the 

vehicle´s rolling resistance (Frr), see Eq. 3.1-3.3. 

 

                            (3.1) 
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                                 (            
 ) (3.2) 

 

                
         

   
 (3.3) 

 

Where Facc is the total acceleration force, v is the speed of the vehicle, m 

is the vehicle mass and   is the vehicle acceleration. v consists of discrete 

values for the vehicle speed at given points in time: t1, t2,…, tn and Δt = 

tn+1-tn, which is constant, due to the time steps of one second. 

 

3.1.2 Regenerable braking energy 

To calculate the amount of regenerable braking energy, the retardation 

force (Fret) required for the vehicle to follow the driving cycle at each 

point was computed and then subtracted with the vehicle´s rolling 

resistance resulting in Fbrake, see eq 3.4 Fbrake is the total retardation force 

applied from friction brakes and engine braking. The friction brake 

component can be regenerated. 

 

                                (  )  (            
 ) (3.4) 

 

The force applied by engine braking must be subtracted from Fbrake to get 

the friction brake component, see eq. 3.5-3.6 

 

                                          (3.5) 

 

                                    (         )  (         
 ) (3.6) 

 

Where F0gn, F1gn and F2gn is the rolling resistance force caused by engine 

braking with the selected gear n. 
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3.1.3 Desired storage capacity 

To know the required storage capacity (Estored SC) and power input  

(Pstore SC) of the SC for this application, the regenerative energy storage 

and acceleration energy output was simulated in the model with 100% 

efficiency (ideal case). While braking, 100% of the friction brake energy 

is stored for each point resulting in a certain amount of stored 

regenerative energy in the SC. While the vehicle accelerates or maintains 

a certain speed, energy from the SC will be used resulting in a total or 

partial discharge. These data was calculated and illustrated in a 

diagram.   

 

3.2 Vehicle tests 

The example car used for measurements and calculations was a 

Mitsubishi L200 (4th generation) provided by STT Emtec AB. The 

Mitsubishi L200 is a four wheel drive light-duty pick-up truck that is 

common in urban traffic. The car has a curb weight of 2040kg, a 2.5l 

diesel engine using common rail technology and has a fuel consumption 

around 8.6 l/100km for mixed driving, depending on driving style. 

3.2.1 Rolling resistance 

To measure vehicle rolling resistance the vehicle is first accelerated to a 

high speed (110 - 120 km/h) on a long, straight and flat road. When the 

desired speed is reached, the gear will be put in neutral and the vehicle 

rolls to a standstill while the vehicle speed is sampled as a function of 

time, with at least 1 Hz sampling frequency. The speed was sampled 

from a calibrated signal from the vehicle control unit. The measurement 

is made several times and from both directions on the straight road, thus 

an average value of the measurements can be created and possible 

effects of inclination be cancelled out. This data is then converted from 

speed as a function of time to retardation force as a function of speed 

and fitted to a second degree polynomial, to find the coefficients F0, F1 

and F2, see eq. 3.7: 

                  ( )              
  (3.7) 
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Where F0 is the static resistance mostly caused by friction in vehicle 

bearings and tires. F1 is speed dependent and is mainly attributable to 

the additional force from the vehicle´s moving parts. F2 depends on the 

speed to the power of two and corresponds mostly to the air resistance 

and weight of the vehicle. 

 

3.2.2 Engine braking force 

The engine braking force is measured in the same way as the rolling 

resistance, but with a certain selected gear during rolling to standstill. 

The data are then subtracted with the rolling resistance to get the com-

ponent of the engine braking force. This measurement is also made 

several times in both directions and on every gear.  

3.2.3 Idle energy consumption 

To know the amount of energy consumed to keep the engine at idle 

speed in the driving cycle, a measurement was performed of the amount 

of diesel fuel injected into the engine per stroke for approximately every 

100rpm of engine speed without load, from 650 to 4650 rpm. The meas-

urement was made with an instrument that calculates the volume of 

injected fuel from the fuel pressure, injector specifications and the 

current injection duration of the fuel injector. The amount of diesel fuel 

was measured in mm3/stroke and since the engine has 4 cylinders and 

the fuel is injected every second stroke, the amount of consumed fuel 

can be calculated as in eq 3.8. 

                    [   ]   
     [  

        ]         

         
 (3.8) 

 

                    [    ]         [   ]        [    ] (3.9) 

 

Where Vfuel [l/h] is the consumed volume of fuel per hour, Vfuel 

[mm3/stroke] is the consumed volume of fuel per stroke, mfuel [kg/h] is 

the consumed mass of fuel per hour, ρfuel [kg/l] is the fuel density and 

rpm stands for revolutions per minute. 

3.3 SC model 

The KERS-model gives information about the amount of storable regen-

erative energy and the maximum charge power. To calculate the size, 

weight and cost for a paper based SC suitable for this system a model 

had to be made based on desired performance, specifications on other 
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KERS components, material parameters and boundary conditions for 

the area. 

3.3.1 Storage capacity and charge power 

From Estored and preferred system voltage (USC), suitable for the electric 

motor and generator, the required capacitance of the SC can be calculat-

ed from eq. 3.10. 

                   
         

   
   (3.10) 

From CSC the cell area (ASC) of the SC can be determined by measuring 

the capacitance per square meter of the electrode material (σC), see eq. 

3.11.  

                   
   

  
  (3.11) 

The maximum charge power that occurs during the driving cycle is 

equal to the maximum regenerative braking power from the KERS-

model subtracted with the efficiency losses in the generator (ηgen) and SC 

(ηSC) while converting the energy. The current generated at maximum 

braking power can be calculated using eq. 3.12.  

                       
           

   
  (        ) (3.12) 

Where ηgen and ηSC are 1 in the ideal case with no efficiency losses.  

3.3.2 Size, weight and material cost 

To obtain a suitable size for the SC, small SC´s with a selected cell area 

(Acell) can be stacked and connected parallel and in series to achieve the 

desired energy storage. Eq. 3.13-3.14 shows the resultant capacitance in 

series and parallel arrangements. 

                        ∑
 

  
   (3.13) 

                          ∑     (3.14) 

To achieve the desired system voltage, multiple cells must be connected 

in series. With an aqueous electrolyte (for example KOH) a cell voltage 

(Ucell) of 1V can be used (to avoid water splitting), which means that the 

desired system voltage is equal to the number of cells that must be 

connected in series. These cells connected in series constitute a cell 
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package whose capacitance can be calculated with eq. 3.13. 3.14 are then 

used to calculate the number of parallel cell packages needed to obtain 

CSC. 

The thickness and weight of the cell package depends on the paper base, 

electrodes and electrolyte used. The critical parameters are; thickness, 

density and porosity. Eq. 3.15 is used to determine the cell package 

thickness and eq. 3.16 to determine cell package weight. Eq. 3.16 consists 

of four elements described in eq. 3.17-3.20.  

                    (
   

     
  )  (     )       (3.15) 

                                 (3.16) 

                        (
   

     
  )  (     )  (3.17) 

                        (
   

     
  )  (     ) (3.18) 

                         (
   

     
  )  (        )  (        )      (3.19) 

                             (3.20) 

Where t is thickness, ρ is density, m is the mass and φ the porosity. In 

the subscripts p means paper, e electrode, el electrolyte and c contactor. 

The +1 in the equations above is due to the construction of a multi-cell 

SC, se figure 3.1. 

 

Figure 3.1: Schematic sketch of a cell package with four cells. To achieve four cells, 

five electrode coated papers are stacked with the last turned in opposite direction. 

Thus, the contactors may be attached to the outermost electrodes.  

From the cell area and cell package thickness the total SC volume can be 

determined by multiplication.  
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To calculate the total material cost of the SC, the paper-, electrode- and 

electrolyte weight will be multiplied with paper-, electrode- and electro-

lyte cost per weight unit.  
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4 Implementation 
To model size, weight and material cost of the SC, measurements had to 

be performed to determine the capacitance per square meter of the 

electrode material (σC) and how this factor changes as function of cell 

area and with cells in series. 

In order to accomplish this it required an electrode material that could 

be coated on paper, an electrolyte and two contactors.    

4.1 Electrode material 

The electrode material was based on graphite that was prepared as 

follows:  

400 g of graphite was disintegrated in 2.5 l of distilled water by vigorous 

stirring and then ultra sonicated for 2 hour with a probe sonicator. 12g 

of polyvinyl alcohol was dissolved in 300 ml water and added to the 

dispersion during stirring. To increase the solids concentration the 

graphite dispersion was allowed to evaporate to a final volume of 

approximately 2 l, in room temperature during stirring. 

The graphite used came from Superior Graphite and had the sample 

grade: “expanded worms” and lab code SO2-20-02. The ultra-sonication 

was made by a probe sonicator named Vibra Cell, High Intensity Ultra-

sonic Processor, Sonics & Materials INC., 750 W, 20 kHz. The polyvinyl 

alcohol came from Aldrich and was 80% hydrolyzed, Mw 10000. 

4.2 Coating 

Two different coating techniques were used to create the coated paper. 

In the first attempt a DT laboratory coater was used, see figure 4.1. The 

paper used had a thickness of 32 µm and the electrode material was 

applied by the DT laboratory coater applicator roll. When the paper was 

coated it continued to three infrared dryers and then to a hot air dryer to 

evaporate the liquid. But although the paper was coated twice the 

electrode layer was too thin and had a high surface resistance. 
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Figure 4.1: Schematic sketch of the DT laboratory coater, where the paper is pulled 

from the paper roll (1) to the application roll (2) and then continues through the 

infrared driers (3) and the hot air dryer (4) to a collector roll (5) for coated paper. 

In attempt two a table sized rod-coater was used, which is a much 

smaller device, see figure 4.2. In this device the electrode material was 

applied in front of a movable rod. The rod tension force against the 

paper could be adjusted to obtain various coating thicknesses, this force 

was minimized to get as thick electrode as possible. When the electrode 

material was applied in front of the rod, the rod was pulled across the 

paper and spread the electrode material to an even layer. The coated 

paper was then dried and then coated one more time to obtain a suffi-

ciently thick layer of electrode material. 
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Figure 4.2: Schematic sketch of the rod-coater, where the paper lays at the plain 

surface and electrode material is spread evenly over the paper surface by the rod. 

The DT laboratory coater and the rod-coater were supplied by SCA 

R&D Centre. 

4.3 Assembly 

The coated paper was then used to assemble four different SC´s, three 

single cell SC´s and one double cell. The three singe cell SC´s had the 

dimensions 1 cm x 1 cm, 3 cm x 3 cm and 6 cm x 10 cm. The double cell 

had the dimensions 3 cm x 3 cm. The single cells were assembled as 

shown in figure 4.3a and the double cell as in figure 4.3b. 

 

Figure 4.3: Schematic sketch of (a) the assembly of a single cell SC and (b) the 

assembly of a double cell SC. Where 1 is the electrical insulating paper, 2 are the 

electrodes and 3 are the current collecting contactors. 

The reason why three SC´s with different areas were mad was to see if 

the capacitance per unit area is the same regardless of the area. If not, 

then this should be corrected in the SC-model. 

7.5 M potassium hydroxide (KOH) in aqueous solution was used as 

electrolyte in all SC´s. 
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4.4 Measurements 

Three different types of measurements was performed on the SC´s; 

coating amount per unit area, electrode resistance and storage capacity. 

4.4.1 Coating amount 

To measure the coating amount, pieces of the electrode coated paper 

was cut out with a total area of 0.100m2. The same area was cut from an 

uncoated paper of the same type. The coated and uncoated paper was 

dried in 110 degrees Celsius for two hours and then weighed separately 

and subtracted with each other to obtain the electrode weight. The 

electrode weight was then divided by the total area of 0.100m2 and the 

electrode amount per unit area was obtained. 

4.4.2 Electrode resistance 

The resistance of the coated electrode was measured with four-point 

probes method. This uses two separate pairs of point probes, two for 

current and two for voltage sensing. The measurement was performed 

five times per sample on eight samples. The measurement values were 

compiled and a mean value was generated. 

4.4.3 Storage capacity 

The storage capacity was measured using a test rig with an adjustable 

constant charge and discharge current. The SC was charged to its 

maximum voltage and then discharged to 0V in repeated cycles while 

the cell voltage was sampled with time. The test rig also had a function 

with delay, which meant that the SC were charged to its maximum 

voltage then the current dropped to 0A for a selected time frame 

followed by a discharge to 0V. The delay feature made it possible to 

detect a potential leakage current. 

Measurements with and without delay was performed on all four SC´s 

and the discharge data together with the known discharge current was 

then used to calculate the capacitance and storage capacity, see eq. 4.1-

4.2. Eq. 4.2 is based on eq. 3.10. 

 

                    
                     

       
 (4.1) 

                        
       

 

 
 (4.2) 
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Where CSC is the cell capacitance, idischarge is the discharge current, tdischarge 

is the discharge time and U0 cell is the initial voltage in the cell before 

discharged to 0V (U0 cell = USC in the ideal case). 
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5 Results 
The results are divided into subheadings to assist the reader. 

5.1 KERS-model 

The KERS-model generated values for the amount of consumed energy 

(Econsumed), amount of regenerated (recyclable) brake energy (Eregen.) with 

different engine braking approaches (as described in methodology 

under 3.1 KERS-model) and regenerated brake power level. The results 

for the entire NEDC are shown in 5.1 and results from the urban part of 

NEDC are shown in table 5.2.  

 
Table 5.1: Shows the generated values for the amount of consumed energy and the 

amount of regenerated brake energy (Eregen.) with different engine braking 

approaches in the entire NEDC. Econsumed is the total energy consumed in NEDC.  

Eregen – Engine braking is the regenerated (recyclable) braking energy when strictly 

following NEDC directives, Eregen – Clutch engaged is the regenerated braking energy with 

the clutch engaged during braking (engine at idle) and Eregen – Applied fuel is the 

regenerated braking energy with added fuel to lower the engine braking force. The 

figures below the energies in the table are the percentage of total applied energy. 

Econsumed 
Eregen. 

Engine braking 

Eregen. 

Clutch engaged 

Eregen. 

Applied fuel 

Unit 

 

2.24 0.23 0.37 0.32 kWh 

100 10.2 16.3 14.5 % 

 

Table 5.2: Shows the generated values for the amount of consumed energy and the 

amount of regenerated brake energy (Eregen.) with different engine braking 

approaches in the urban part of NEDC. 

Econsumed 
Eregen. 

Engine braking 

Eregen. 

Clutch engaged 

Eregen. 

Applied fuel 

Unit 

 

0.71 0.12 0.18 0.14 kWh 

100 17.0 25.0 20.5 % 
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The maximum total braking power generated in the NEDC was 32kW 

and the maximum regenerated braking power (recyclable part) generat-

ed was 28kW. In the urban part of the NEDC the maximum braking 

power reached 12kW and the maximum regenerated braking power 

reached 5kW 

Figure 5.1 shows a diagram of the stored energy in the SC over NEDC 

with engine braking and figure 5.2 shows a diagram of the stored ener-

gy in the SC over NEDC with the clutch engaged during braking. 

 

 

Figure 5.1: Shows a diagram of the stored energy in the SC over NEDC with engine 

braking. The maximum energy storage in the urban part is 18.2 Wh and the overall 

maximum is 87.4 Wh 
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Figur 5.2: Shows a diagram of the stored energy in the SC over NEDC with the 

clutch engaged during braking. The maximum energy storage in the urban part is 

30.6 Wh and the overall maximum is 173.2 Wh 

 

5.2 Vehicle tests 

Results from the vehicle tests are presented in the following figures and 

are mean values of the generated readings. 

0 200 400 600 800 1000 1200
0

20

40

60

80

100

120

140

160

180

Time [s]

S
to

re
d
 e

n
e
rg

y
 [

W
h
]

Stored energy in SC, clutch engaged



Paper based Supercapacitors for 

vehicle KERS-application    

Nicklas Blomquist  

5 Results 

2012-06-29 

 

26 

5.2.1 Rolling resistance 

 

 

Figure 5.3: Shows the vehicle deceleration when rolling freely on a plain straight 

road with the gearbox in neutral. 

 

Figure 5.4: Shows the vehicle deceleration force when rolling freely. Curve fitting 

generated F0=216 N, F1=1.14 N/(km/h) and F2=0.0527 N/(km/h)^2. 

 

0 20 40 60 80 100 120
0

20

40

60

80

100

120

Vehicle rolling resistance

Deceleration when rolling freely

Time [s]

S
p
e
e
d
 [

k
m

/h
]



Paper based Supercapacitors for 

vehicle KERS-application    

Nicklas Blomquist  

5 Results 

2012-06-29 

 

27 

5.2.2 Engine braking force 

 

 

Figure 5.5: Shows the vehicle deceleration while engine braking with a selected 

gear. 

 

Figure 5.6: Shows the engine braking force (EBF) at 5th gear. The engine braking 

force is the vehicle deceleration force during engine braking (with a selected gear) 

subtracted with the vehicle deceleration force at free roll.  Curve fitting generated 

F0=-449 N, F1=14.5 N/(km/h) and F2=0.0886 N/(km/h)^2. 

0 10 20 30 40 50 60
0

20

40

60

80

100

120

Time [s]

S
p
e
e
d
 [

k
m

/h
]

Engine braking

Deceleration with a selected gear

 

 

5th gear

4th gear

3rd gear

2nd gear

2

3
4

5

20 30 40 50 60 70 80 90 100 110
200

400

600

800

1000

1200

1400

Engine braking

Engine braking force at the 5th gear

F
o
rc

e
 [

N
]

Speed [km/h]

 

 

   EBF 5th gear

   Quadratic fitting



Paper based Supercapacitors for 

vehicle KERS-application    

Nicklas Blomquist  

5 Results 

2012-06-29 

 

28 

 

Figure 5.7: Shows the engine braking force (EBF) at 4th gear. Curve fitting generated 

F0=-183 N, F1=11.2 N/(km/h) and F2=-0.0368 N/(km/h)^2.  

 

 

Figure 5.8: Shows the engine braking force (EBF) at 3rd gear. Curve fitting generated 

F0=55.0 N, F1=11.3 N/(km/h) and F2=-0.0504 N/(km/h)^2. 
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Figure 5.9: Shows the engine braking force (EBF) at 2nd gear. Curve fitting generated 

F0=27.2 N, F1=29.8 N/(km/h) and F2=-0.147 N/(km/h)^2. 

 

Table 5.3: Shows a summary of the engine braking force parameters for every gear. 

Gear F0 [N] F1 [N/(km/h)] F2 [N/(km/h)2 

5th -499 14.5 0.0886 

4th -183 11.2 -0.0368 

3rd 55.0 11.3 -0.0504 

2nd 27.2 29.8 -0.147 
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5.2.3 Idle energy consumption 

 

Figure 5.10: Shows the injected amount of fuel to the engine at zero-load as a 

function of engine speed. The amount is measured in mm3/stroke. 

 

Figure 5.11: Shows the injected amount of fuel to the engine at zero load as a 

function of engine speed. The amount is converted to kg/hour. 
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5.3 SC 

The SC-model is dependent on the parameter: capacitance per square 

meter, which implies that the measurements are presented before the 

SC-model. 

5.3.1 Coating amount 

The coating grammage of the SC paper used was 28,1 g/m2, the meas-

ured values are presented in appendix A.  

5.3.2 Electrode resistance 

The mean value of the electrode surface resistance for the SC paper used 

was 8.85 ohm per centimeter, the measured values are presented in 

appendix A. 

5.3.3 Storage capacity 

The measurements on storage capacity are shown in figure 5.12-5.23 

below. There are two diagrams for each SC, one for the entire measure-

ment and one close up of the charging and discharging. The 3x3 single 

and double cell has an additional measurement with delay, which also is 

presented in two diagrams as the regular measurements. 

 

Figure 5.12: shows five full charge and discharge cycles for a single cell SC with an 

area of 1 cm2. 
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Figure 5.13: Shows a close-up on one charge and discharge cycle from figure 5.15. 

The amount of stored energy in this SC was 0.698 µWh and the total capacitance per 

unit area was 6.47 mF/cm2. The shape of the peak indicates that there is a resistive 

contribution in series with the capacitance.   

 
Figure 5.14: Shows five full charge and discharge cycles for a single cell SC with an 

area of 9 cm2. 
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Figure 5.15: Shows a close-up on one charge and discharge cycle from figure 5.17. 

The amount of stored energy in this SC was 17.7 µWh and the total capacitance per 

unit area was 16.8 mF/cm2. 

 
Figure 5.16: Shows five full charge and discharge cycles for a single cell SC with an 

area of 60 cm2. 

 

 

90 95 100 105 110 115 120 125
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Time [s]

S
C

 v
o
lt
a
g
e
 [

V
]

Single cell 3 cm x 3 cm, constant current: 10mA

0 10 20 30 40 50 60 70 80 90
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Time [s]

S
C

 v
o
lt
a
g
e
 [

V
]

Single cell 6 cm x 10 cm, constant current: 25mA



Paper based Supercapacitors for 

vehicle KERS-application    

Nicklas Blomquist  

5 Results 

2012-06-29 

 

34 

 
Figure 5.17: Shows a close-up on one charge and discharge cycle from figure 5.19. 

The amount of stored energy in this SC was 8.52 µWh and the total capacitance per 

unit area was 4.78 mF/cm2. 

 
Figure 18: Shows six full charge and discharge cycles for a double cell SC with an 

area of 9 cm2. 
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Figure 5.19: Shows a close-up on one charge and discharge cycle from figure 5.21. 

The amount of stored energy in this SC was 210 µWh and the total capacitance per 

unit area was 50 mF/cm2 

 

Figure 5.20: Shows four full charge and discharge cycles with 20s delay for a single 

cell SC with an area of 9 cm2. 
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Figure 5.21: Shows a close-up on one charge and discharge cycle from figure 5.23. 

 
Figure 5.22: Shows five full charge and discharge cycles with 60s delay for a double 

cell SC with an area of 9 cm2. 
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Figure 5.23: Shows a close-up on one charge and discharge cycle from figure 5.25. 

5.3.4 Modeling 

From the KERS-model it is given that the maximum regenerable braking 

power is 28kW (5kW in the urban part) an the stored energy in the SC 

has a maximum of 31Wh in the urban part and an overall maximum of 

173Wh. Assuming that the generator and SC used has an efficiency of 

90% each means that it decreases by a factor 0.81. The maximum is then 

25Wh in the urban part and 140Wh in the whole cycle. 

With KOH as electrolyte the cell voltage was set to 1V, which resulted in 

cell packages of 100 cells in series to reach the required system voltage 

at 100V. The maximum area of the SC was set to 60 cm x 30 cm to fit the 

example vehicle.  

The results from the SC-model are shown in Table 5.3. 

Table 5.3: Shows the generated values for the number of parallel cell packages 

(Nparallel), the cellpackage thickness, the total mass (mtotal) and the total cost (Costtotal) 

of one SC with the storage capacity of 25Wh and one SC with 140Wh, based on a 

capacitance per unit area of 168 F/m2.  

Estored Nparallel tcell package mtotal Costtotal 

25 Wh 60 pcs 6.3 mm 87 kg 4000 SEK 

140 Wh 333 pcs 6.3 mm 480 kg 22400 SEK 
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6 Discussion 
The KERS-model seems to give reasonable results while modeling the 

example vehicle in NEDC. The vehicle manufacturer states that the fuel 

consumption is 8.6L/100km in NEDC which is equivalent to 780g diesel 

fuel and an energy amount of 9.5Wh. According to the model, it re-

quires 2.24Wh to move the vehicle in NEDC and the efficiency of a 

modern diesel engine is between 20 and 30% at low loads (23). This 

means that diesel equivalent to 7.5-11Wh is consumed by the engine to 

generate the 2.24Wh needed in NEDC. 

The stored energy in the SC and the regenerable braking power is, 

during urban driving, at reasonable levels for the current paper-based 

SC´s. The amount of regenerable braking energy in the extra urban part 

is about six times higher than in urban driving, but the energy required 

for accelerating and maintaining that speed is still several times higher. 

This gives that a higher proportion of energy can be recovered during 

urban driving and a compromise in size, weight and cost must be made 

when an appropriate storage capacity shall be selected.   

The measurements on the three SC´s with different areas showed that 

the capacitance per unit area was not the same for all SC´s, although 

they are manufactured with the same materials and in the same way. 

The largest SC had high leakage currents and gave a poor result. This 

was probably because the SC, in some, was broken or wrongly assem-

bled instead of an effect of SC size. This measurement needs to be per-

formed again with a new SC. 

The delay measurements yielded exciting results. When the SC were 

charged to its maximum voltage and the current was turned off, the 

voltage dropped slowly in a declining curve. When the SC then were 

fully discharged to 0V and the current was turned off, the voltage start-

ed to increase in a similar (but inverted) pattern as the voltage drop 

(when it was fully charged), see figure 21 and 23 This may be due to 

pseudo-capacitance, which means that the SC is not completely electro-

static but also have some kind of charge transport. 
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The capacitance per unit area seems to increase with increasing area of 

the SC, which could be due to different edge effects since the proportion 

of edge decreases with increasing area. To be sure how the capacitance 

per unit area depends on the SC area and number of layers, several 

more measurements need to be performed on SC´s with many different 

areas and number of layers.  

Britta Andres at Mid Sweden University has experimented with other 

electrode materials for paper-based SC´s and received a value of 

78mF/cm2 for chemical reduced graphene oxide with an addition of gold 

nanoparticles. With this electrode material, a suitable SC for urban 

driving can be built which have a volume of 16dm3 and a weight of 

19kg. But unfortunately, her concept involves a precious metal in form 

of gold nanoparticles which decreases the possibility of a sustainable 

and cost effective SC. 

To build a SC suitable for this type of KERS-application, a capacitance of 

at least 1500F/m2 should be obtained with maintained or reduced cost, to 

keep the size, weight and material cost at competitive levels. 

The electrode resistance also needs to be reduced, due to its limitation of 

the power density and high power efficiency. 
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7 Conclusions 
By the use of KERS, it is possible to lower the fuel consumption with 

18% in urban traffic (with a Mitsubishi L200 and a system efficiency of 

73%) 

To recover the braking energy in NEDC, an energy storage device of 

25Wh is needed for the urban part. The entire cycle needs an energy 

storage device of 140Wh. 

It is not possible to build a paper-based SC for vehicle KERS-application 

with present electrode material. The device will be to large, heavy and 

expensive. The capacitance per unit area must be increased to at least 

1500F/m2 and the electrode resistance needs to be reduced to reach a 

suitable, sustainable and competitive SC for this application.   

Further testing must be made on the area- and layer-dependence for 

different electrode materials. 
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Appendix A: Electrode coating 
amount and electrode resistance 
 

 

Electrode coating

Weigth of coated paper: 6,96 g

Area of coated paper: 0,100 m^2

Grammage of coated paper: 69,6 g/m^2

Weigth of reference paper: 4,15 g

Area of reference paper: 0,100 m^2

Grammage of reference paper: 41,5 g/m^2

Coating grammage: 28,1 g/m^2

Electrode resistance

Sample Value 1 Value 2 Value 3 Value 4 Value 5 Mean Unit

1 11,5507 11,9316 11,6565 15,5856 13,256 12,79608 ohm

2 7,9712 6,9583 7,2401 6,9754 7,2027 7,26954 ohm

3 8,9532 9,6405 10,4026 10,0432 9,6814 9,74418 ohm

4 7,5935 7,7482 8,0817 7,4469 8,3174 7,83754 ohm

5 8,3906 7,526 7,2539 8,6406 8,8892 8,14006 ohm

6 9,1197 7,8749 7,9036 7,8529 7,8866 8,12754 ohm

7 7,3309 7,2653 7,5156 7,8321 7,0653 7,40184 ohm

8 9,789 9,6503 9,4002 9,2265 9,3861 9,49042 ohm

Average: 8,8509 ohm
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Appendix B: SC-model 
 

 

Input Result
General General

Input Unit Output Unit

Regenerated braking power: 28 kW Current: 280 A

Required energy storage: 25 Wh Total capacitance: 18 F

Required energy storage: 90000 J

Required system voltage: 100 V

Cell area: 0,1800 m^2

Length: 0,6 m Cell capacitance: 30,2 F

Width: 0,3 m

Number of cells in series: 100 st

Maximum cell voltage 1 V Number of parallel units: 59,5 st

Amount

Material Paper area: 1071 m^2

Paper Paper volume: 0,0343 m^3

Thickness: 32 µm Electrode volume: 0,0321 m^3

Density: 900 kg/m^3 Electrolyte volume: 0,0298 m^3

Porosity: 40 % Cell package thickness: 0,0063 m

Cost: 90 SEK/kg

Mass
Electrode material Total mass: 86,4 kg

Thickness: 30 µm Paper mass: 30,9 kg

Density: 800 kg/m^3 Electrode mass: 25,7 kg

Capacitance per unit area: 168 F/m^2 Electrolyte mass: 29,8 kg

Porosity: 50 %

Cost: 30 SEK/kg Cost
Total material cost: 3995 SEK

Electrolyte Paper cost: 2777 SEK

Density: 1000 kg/m^3 Electrode cost: 771 SEK

Cost: 15 SEK/kg Electrolyte cost: 447 SEK


