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Abstract 
An investigation of the global energy consumption debate confirms the complexity of the glob-

al environmental issues, the severity of the impact in developing countries and the major efforts 

that is required to discourse this development. Electricity production is the largest growing 

source of CO2- emissions, mainly due to the expansion of coal power plants in China and India. 

Therefore one can easily argue for the importance of develop more environmentally friendly 

use of coal. However, the cheapest measure to reduce CO2-emissions is not to develop new 

technologies but to use the produced energy more effective, regardless of energy source.  In 

this final thesis in mechanical engineering investigates the possibilities of modifying two hy-

draulic systems in an energy efficiency perspective. The investigations will show if there is 

potential for implementing energy-saving investments in hydraulic systems.  

Two hydraulic units that are representative for the hydraulics at Sandvik Materials Technology 

were chosen. One unit controls a hydraulic system that moves steel bars through an oven, and 

the other unit drives machines that straighten crooked tubes. Pressure-measurements and calcu-

lated flow demands showed that both systems had potential for energy efficiency work. By the 

use of accumulators four different concepts have been developed. With an investment analysis 

as a basis, one concept per system has been considered profitable.   

For the system referred to as the tube-straightener a concept that uses two pumps and motors of 

two different sizes has been considered profitable. The thought is to let the smaller pump and 

motor take the base-load of 2 kW that is used when the motor is idle-running. A timer shuts the 

machine after 25 seconds, which is where the profitability of the concept is found. Hence, large 

energy consumption savings can be achieved just by changing the time set on the timer. With 

the modifications that are represented in this thesis, the energy consumption is decreased by 45 

%.The potential for energy efficiency work is thereby confirmed. However, the analyzed sys-

tems are too small to generate a short pay-back time. If similar modifications are performed on 

larger units, the pay-back time will drop dramatically.   

In the most economic viable concept for the hydraulic system referred to as the oven, one of the 

existing three pumps is removed. The two remaining pumps control two different flow different 

demands. One pump manages the flow demand of one cylinder with a high demand. The other 

pump manages the remaining flow demand with the help of installed accumulators. The motors 

are replaced since the current motors are oversized. This investment has a payback period of 

2.7 years and will reduce the energy consumption by 25% which corresponds to approximately 

SEK 25 000. 

Furthermore, the eyes are lifted from the specific systems that have been subjected to this anal-

ysis and underlying factors of over dimensioned hydraulic systems in today´s industries are 

brought up. Incentives that affect the constructor’s decisions play an important part in the un-

derlying factors that is presented. As long as the constructor is punished to a greater extent for 

undersized systems than he or she is rewarded for designing smaller, more energy efficient sys-

tems, this problem will remain. Another aspect that is brought up is the time limit, when the 

time limit is set very short the risk of losing precision in estimation of needed system capacity 

increases. 
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Sammanfattning 
En undersökning av den globala energidebatten bekräftar den komplexitet som kännetecknar de 

globala miljöproblem och den ansträngning en förändring av dagens energianvändning skulle 

kräva. Elproduktion är den störst växande källan till koldioxidutsläpp, i huvudsak som en följd 

av expansion av kolkraftverk i Kina och Indien. Därav är det enkelt att argumentera för vikten 

av att utveckla nya tekniker för att på ett mer miljövänligt sätt kunna använda kol, då det är 

ytterst otroligt att Kina och Indien kommer att låta bli att använda dessa resurser med hänsyn 

till annalkande miljöhot. Det billigaste medlet för att minska all typ av koldioxidutsläpp är dock 

inte att utveckla nya tekniker för att kunna öka elproduktionen utan att använda redan 

producerad el på ett smartare sätt, oavsett vilken typ av energikälla som avses användas. I detta 

examensarbete i maskinteknik undersöks möjligheterna för att modifiera två hydraulsystem ur 

ett energieffektivt perspektiv. Dessa undersökningar ska visa om det finns besparingspotential i 

energieffektivisering av de undersökta hydraulsystemen.  

Två system som är representativa för hydralsystemen på Sandvik Material and Technology 

valdes. Ett system driver en maskin som riktar krokiga rör och det andra systemet förflyttar 

stålämnen genom en ugn. Tryckmätningar och beräknade flödesbehov visade att båda systemen 

kunde energieffektiviseras. Genom att använda ackumulatorer utvecklades två olika koncept 

per system. En investeringsanalys avgjorde vilket av koncepten som är mest lönsamt. 

För rikten fås ett koncept med två motorer och pumpar av två olika storlekar som den mest 

lönsamma lösningen. Grundidén är att låta den mindre pumpen och motorn ta baslasten på 2 

kW som behövs då maskinen körs på tomgång. Idag sitter det en timer inställd på femton 

minuter på dessa maskiner, i konceptet har denna tid kortats till 25 sekunder. Det är också här 

som lönsamheten i detta koncept kan hittas. Därmed skulle besparingar i elkonsumtion kunna 

göras genom att bara ändra tiden som timern är inställd på. Med de förändringar som har 

presenterats här så minskas energiförbrukningen med 45 %, att besparingspotential finns har 

därmed bekräftats. Det undersökta systemet är dock för litet för att visa en kort pay-back tid, 

men om modifikationerna appliceras på större system så kommer återbetalningstiden att kortas 

drastiskt.  

I det mest lönsamma konceptet för stegbalksugnen tas en av de nuvarande tre pumparna bort. 

För att jämna ut flödesbehovet används en pump endast till en cylinder med högt flödesbehov. 

Den kvarvarande pump klara av det resterade flödesbehovet med hjälp av ackumulatorer. Även 

motorerna ersätts då de nuvarande är överdimensionerade för pumparna. Denna investering har 

en pay-back tid på 2,7 år. Denna investering minskar energiförbrukningen med 25 % vilket 

motsvarar ca 25 000 kr. 

Vidare höjs blicken från de specifika system som är föremål för denna analys och frågan om 

bakomliggande faktorer till de överdimensionerade system som finns att hitta inom industrin 

idag tas upp. De incitament som påverkar konstruktörens beslut spelar en viktig roll i de 

bakomliggande faktorer som läggs fram i den här rapporten. Så länge som konstruktören 

straffas mycket hårdare för att underdimensionera än att överdimensionera system så kommer 

problemen att bestå. En annan aspekt som tas upp är tidsaspekten, när tiden för projektering 
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sätts tajt finns risk att noggrannhet i uppskattning av vilken kapacitet som krävs av aggregatet 

försvinner.  
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Nomenclature 

A = Area [m
2
] 

D = Displacement [cm
3
/revolution] 

E= Energy [J] 

F = Force [N] 

f = Frequency [Hz] 

I = Current [A] 

M = Torque [Nm] 

n = revolutions per minute [rpm]  

η = Efficiency [-]  

p = Pressure [bar] 

P = Power [W]  

Q = Flow [l/min] 

U = Voltage [V] 

V = Volume [liter] 

Abbreviations  

CO2 = Carbon Dioxide 

EU- European Union 

PFE – Program for Energy Efficiency  
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1 Introduction 

This final thesis in mechanical engineering, orientation development assistance, was designed 

at Sandvik Materials Technology (SMT) in Sandviken, Sweden. SMT suspects potential for 

economic and environmental savings in their hydraulic systems. In order to find out if invest-

ments in hydraulics are feasible, this project was carried out as a pilot project. The analysis 

concentrated on the hydraulic power unit that drives hydraulic systems. Two units that are rep-

resentative for the hydraulics at SMT were chosen. One unit controls a hydraulic system that 

moves steel bars through an oven, and the other unit drives machines that straighten crooked 

tubes.  

 Corporate Information 1.1

Sandvik AB is a worldwide engineering group in the steel industry that produces a range of 

products from seamless tubes for nuclear power plants to small medical devices. In 2010 the 

group had about 47 000 employees in 130 countries and had an annual turnover of SEK 83 bil-

lion. Sandvik AB has a leading position in specific selected niches. To dominate in these spe-

cific niches is the base for the business idea of Sandvik (Sandvik, 2011).   

Sandvik Materials Technology (SMT) is one of Sandvik AB’s three core areas, the other two 

areas being Sandvik Tooling and Sandvik Mining and Construction. With its almost 4000 em-

ployees SMT is the largest employer in Sandviken and specializes in Tube, Strip, Wire and 

Heating Technology, Process Systems and Med Tech (Sandvik, 2011). 

1.1.1 Energy consumption of Sandvik Materials Technology  

Sandvik AB in Sandviken has the second largest industrial park in Sweden and uses approxi-

mately 1 TWh of energy during one year. At Sandvik, electricity is mainly used to melt steel 

and produce steam for the boiler room (Sandvik, 2010), see Diagram 1. 

 

Diagram 1: Sankey-diagram of energy flow at SMT 2010 

SMT is involved in a Program for Energy Efficiency in Energy-Intensive Industry (PFE) which 

gives tax credits in exchange for a continuous work with energy efficiency during a period of 

five years. According to the Swedish Energy Agency 98 companies participated in PFE during 

2009, this resulted in annual savings of approximately 9 MSEK for all of the participating 
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companies in total. The majority of the savings was a result of implemented measures and not a 

consequence of tax credits (Swedish Energy Agency, 2010). SMT managed to reduce their en-

ergy consumption by 35.8 GWh during the first period of PFE (2004-2009) (SMT, 2011). Since 

then there are new estimations of possibilities for additional energy efficiency projects (SMT 

2010).  
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2 Objective 

This project investigates possibilities to modify existing hydraulic systems in order to find a 

more energy efficient design for the analyzed systems. The hypothesis is that there is great po-

tential for executing energy-saving projects in hydraulic systems. The analysis will show 

whether or not implementation of energy-saving measures are profitable for the chosen system.  

The goal with the project is also to try to generate some general guidelines for energy efficien-

cy work for several types of hydraulic units. In order to broaden the perspective, a discussion of 

global energy consumption and the effects in developing countries is also presented. It contains 

predicted environmental consequences due to excessive energy consumption and an evaluation 

of measures to reduce energy consumption.  

The increase in energy consumption in comparison to increased production volume in indus-

tries is also brought up. The purpose with this discussion is to investigate the consequences 

energy saving projects has had in industries and how to successfully incorporate increased pro-

duction volume with low carbon footprint. Therefore, some underlying factors of high energy-

consumption in industrial drive-systems are highlighted.  

 Method 2.1

The analysis is based on pressure measurements and calculated flow demands for the two dif-

ferent hydraulic systems. The pressure-levels on the main consumers in respective system have 

been measured manually using certain equipment that log values and instantly creates a Dia-

gram of pressure-variations.  The motion of the actuators (i.e. the speed) and the relations be-

tween the motions of all actuators during one cycle have been estimated from film-sequences 

recorded by a camera.  Flow demand was calculated using motion of actuators and geometries 

of cylinders. The flow-demand of hydraulic motors was calculated using shaft speed and dis-

placement (liter/revolution).  

The analysis is presented by showing diagrams over pressure variations and flow demands in 

the systems. Based on the analysis, two different concepts per system were developed which 

also are presented in diagrams. The modifications were made utilizing Sandvik AB’s technical 

specification for hydraulic installations. The concepts were economically evaluated with an 

investment analysis. 

 Delimitations 2.2

Since the analysis emphasizes electric motors and pumps, the possibilities for reducing energy 

consumption by looking into modifications of valves or tank size are not addressed, and desira-

ble qualities of the hydraulic fluid is also neglected. Only improvements of the entire system 

will be considered i.e. no modifications of the equipment that is driven by the systems will be 

included.  

The discussion regarding global energy consumption is based on published reports, i.e. the 

numbers that are presented is not calculated and nothing has been measured. There is an abun-

dance of extensive literature regarding climate changes and energy consumption, and for this 

reason the discussion has been kept rather short in this report. The section on global climate 
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changes concentrates on the effects that excessive energy consumption have in developing 

countries. The reader is guided to the works of reference for further information. 
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3 Basic Hydraulic Theory  

The pressure is the most important factor to consider in hydraulics and is defined as force per 

unit area (Equation 1) (Zander & Ingeström, 1981).  

A

F
=p   (1) 

The basic laws of hydraulics were formulated by Blaise Pascal in the mid-17th century. Pas-

cal’s law states that a change in pressure in one part of a fluid that is at rest in a closed contain-

er is transmitted without losses to every portion of the fluid and to the walls of the container" 

(Encyclopedia Britannica 2011). Figure 1 shows the principle of the device Pascal used to de-

velop the first laws of hydraulics.  

 

Figure 1: Hydraulic force (Cengel et al., 2008) 

Pascal discovered that if two cylinders with different areas are connected with a confined fluid, 

the smaller piston (A1) can balance the weight of a larger piston (A2), see Figure 1. Equilibrium 

will occur if the areas of the pistons are in proportion to the weights (Equation 2).  

 

2

2

1

1

A

F
=

A

F
 (2) 

Fluids are, compared to gas, in principle incompressible, which means that practically all of the 

applied force will be transmitted by the fluid (i.e. p1 = p2 in Equation 1 leads to Equation 2) 

(Zander & Ingeström, 1981). Note that Equation 2 does not consider small height differences 

and the friction that acts in the walls of a container (Cengel et al., 2008). 

 Hydraulic System 3.1

The use of different hydraulic components will enable raising and lowering of loads, control of 

velocity and the maximum pressure in a hydraulic system. To be able to incorporate different 

hydraulics components is the required basic skill of every constructor in order to successfully 

construct a well-functioning hydraulic system. Depending on the task at hand for the system, 

different types of components are chosen. 

This section gives a brief overview of a simple type of hydraulic system in order to introduce 

the basic function. Figure 2 a) is an illustration of a basic hydraulic system, however, that is not 

how the constructor draws hydraulic system. In order to simplify drawing of hydraulics, stand-

ardized symbols are used. A circuit of a simple hydraulic system is seen in Figure 2 b).  
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Figure 2 a): Basic hydraulic system   2 b): Hydraulic circuit (Zander & Ingeström, 1981)  

The pump (1) is driven by a motor (electric or combustion motor). The pump transports fluid 

from the tank (2) through the pipelines and the directional control valve (5) to the actuator (4) 

(the actuator in this case is a cylinder). As long as there are no forms of resistance the fluid will 

flow undisturbed until it reaches the cylinder. The pressure then rises until the resistance which 

is represented by the load applied on the cylinder and the weight of the cylinder has been over-

come, see Figure 2a). When this occurs, the cylinder will move. In order to protect the system 

from attaining too high pressure, a pressure control valve (3) is installed (Zander & Ingeström 

1981).  

In Figure 2 a) and b), the fluid flows through the directional control valve, from the P-port to 

the B-port, to the chamber on the left-hand side, 4.2 in Figure 2 a). By shifting the spool (6) in 

the directional control valve to the left, the P-port is connected to the A-port and the fluid will 

flow into the chamber on the right-hand side, 4.1 in Figure 2 a). This causes the piston to move 

in the opposite direction (Zander & Ingeström 1981).  

Symbols are often used to illustrate a hydraulic system, see Figure 2 b). The symbols are stand-

ardized according to the German DIN-norms 24 300 (Zander & Ingeström 1981). The follow-

ing section will treat the different components that are seen in Figure 2.   
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4 Hydraulic Components 

There are an abundance of hydraulic components in a hydraulic system. All parts of a hydraulic 

systems are included in the expression “component”, however the different components has 

different tasks, and the impact of energy consumption varies. In this thesis, a division is made 

between components that perform useful work, henceforth referred to as actuators, the power 

unit that supplies the system with fluid, valves which control pressure or flow, and accumula-

tors which is a type of energy-storage component.  

An issue with this division is that many hydraulic components can function as both pumps and 

motors, i.e. both actuators and as a vital component in the power unit. The division in this the-

sis is based on how the components in the two analyzed systems function, for further infor-

mation on basic hydraulic components and their application-possibilities the reader is guided to 

the work of reference.  

 Power Unit 4.1

A hydraulic power unit basically consists of a motor that is connected to a pump. Two common 

types of motors are the electric motor and the combustion motor. Since electric motors are 

overrepresented in industrial context (Ingvast 1987), combustion motors have been neglected in 

this thesis. The constructor has a greater freedom of choice for type of pump. The pump ap-

pears with both fixed and variable displacement and which type to use is one of the important 

decisions that the constructor has to make. The pump-type that is used in the analyzed systems 

is brought up in this section.  

4.1.1 Electric Motor  

The electric motor is used to transform electric energy into mechanical energy and is illustrated 

as a circle with a capital M according to the standard, see Figure 3.  

 

Figure 3: Hydraulic symbol electric motor 

Electric motors have high efficiency (>90%) during optimal operating conditions regarding 

speed, used power and temperature. The peak efficiency occurs when the motor is running at 

approximately 75% of the rated load. When the motor is running below 50 % of the rated load, 

the efficiency drops significantly. If an electric motor is running below 50% of the rated load 

for long periods of time some modifications should be considered, according to the U.S. De-

partment of Energy (2009). The rated load is the optimal load that the motor is designed to gen-

erate and the used load is the load that actually is generated. The load is defined by the ratio of 

the used power and the rated power: 

 (3) 

If the electric motor is overloaded, it can overheat and lose some efficiency. However, it is 

common for motors to be designed with a service factor. This factor enables the motor to occa-

rated

used

P

P
Load
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sionally be overloaded by 10-15% without sustaining any major damage. A constant overload-

ing of the motor will still reduce the efficiency and the longevity of the motor (U.S. Department 

of Energy 2009). 

4.1.2 Pump 

Hydraulic pumps are hydrostatic machines which control fluids that are at mechanical rest 

through forcing liquid forward within a sealed area. This phenomenon is called “forced stream-

ing”. Hydraulic pumps convert mechanical torque into a motion according to equation 4 (Zan-

der & Ingeström 1981). In Equation 4 M denotes the torque, Δp denotes the differential in pres-

sure from inlet to outlet side and D denotes the displacement of fluid. 

π

DΔp
=M





20  
(4) 

In hydraulic circuits, pumps are represented by a symbol that has an arrow pointing outwards, 

see Figure 4.   

 

Figure 4: Hydraulic symbol pump 

In a hydraulic circuit, the electric motor and the hydraulic pump are connected according to 

example in Figure 2 b). Pumps occur with both fixed and variable displacement (Olsson Ry-

dberg 1993). Since the analyzed systems both use axial piston pumps, this subordinated type of 

pump is further investigated.  

4.1.2.1 Axial Piston Pump 

Axial piston units are energy converters in which the pistons are located in a cylindrical drum. 

An example of a variable axial piston pump with a fixed cylinder block, see Figure 5, has an 

axis (2) with roll bearings, (3 and 4 in Figure 5). The end of the axis (2a) is connected to a 

power source. Attached to the axis is a cylindrical drum with a number of drilled holes for cyl-

inders (6). The pistons (7a and 7b) (usually 5-7 pc) can move back and forth and are provided 

with shoe plates (8) that enable the pistons to move against the none-rotating swash plate (9) 

(Olsson & Rydberg 1993). 
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Figure 5: Axial piston pump, “in-line” type (Olsson & Rydberg, 1993)  

The outer rotor (1a and 1b) is assembled in a fixed position between the house-parts (5). The 

inner rotor (2), which is not aligned with the outer rotor, is connected to the drive shaft (3) via a 

shaft extension (4). 7 channels (6) leads to the outer wheel’s tooth gaps. The drive shaft has 12 

radial slots; every other connected to the inlet (7) or the outlet (8) (Olsson & Rydberg 1993). 

 Actuators 4.2

As stated earlier in this section, an actuator is the component that performs useful work by con-

verting hydraulic energy into motion. This section threats two different types of actuators, cyl-

inders and hydraulic motors.  

4.2.1 Hydraulic Motors 

A hydraulic motor utilizes pressurized fluid to cause the shaft to rotate and the created torque 

can in turn be utilized by other actuators or machinery (Zander & Ingeström 1981). One of the 

analyzed systems uses hydraulic motors to drive rolls in the machine. The flow rate a hydraulic 

motor utilizes, depends on the shaft speed, n, and the displacement, D, of the motor according 

to Equation 5 (University of Dalarna 2007).  

DnQ     (5) 

In hydraulic circuits, these motors are represented by a symbol that has arrows pointing in-

wards, see Figure 6. 

 

Figure 6: Symbol hydraulic motor  

The analyzed system that uses hydraulic motors uses a design that is called orbit unit. This type 

is therefore further investigated. Figure 7 a) and b) show two section views of an orbit unit. 

When the orbit unit is used as a motor, the pressurized fluid will flow from the inlet (7), 

through the inner wheel (2), through a channel which is created between two gears (6) and out 

through the outlet channel (8). 
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                 Figure 7 a): Orbit unit           Figure 7 b): Orbit unit, side view (Olsson & Rydberg 1993) 

The motion of the fluid forces the inner wheel to turn counterclockwise. As the shaft (3) starts 

to rotate, the other channels in between the gears will be pressurized, and, consequently, the 

rotation of the shaft is maintained (Olsson & Rydberg 1993). An advantage of the orbit unit is 

that it has are a large displacement in relation to its weight (Ingvast 1987) and that the wheel 

centers are closed to one another which make the installation of the equipment compact (Olsson 

& Rydberg 1993).  

4.2.2 Hydraulic Cylinder  

The hydraulic cylinder (4 in Figure 2) transforms hydraulic energy into a linear mechanical 

force (linear energy converters) (Olsson & Rydberg, 1993). A common type of cylinder con-

figuration is the double acting, which is available with both a single-rod end, Figure 8 and a 

double-rod end, Figure 9.  

 

Figure 8: Cylinder with single-rod end 

Inside the single-rod end cylinder there is a piston connected to a piston rod. In order to eject 

the piston rod, fluid is pumped into the piston chamber (A1). The ejection of the piston is often 

referred to as the plus stroke of the cylinder. Similarly, fluid is pumped in the piston rod cham-

ber (A2) to retract it (the minus stroke) (Olsson & Rydberg, 1993). 

The double-rod end cylinder can be used to move two loads simultaneously or when it is pref-

erable to have the same stroke speed at a given flow rate regardless of direction (Hydraulics & 

Pneumatics 2011). 
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Figure 9: Cylinder with double-rod end 

The force that is generated by the piston depends on the pressure in the system and the cross-

section area of the piston. The force is proportional to the different pressures inside the two 

chambers, according to equation 6. D is the diameter of the piston and d the diameter of the 

piston rod.  

2211 ApAp=Fcylinder   (6) 
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Equation 6 does not take energy losses into account. In fact, two friction forces will occur that 

restrict the motion of the piston were different surfaces meet. One force occurs between the 

piston and cylinder body and one between the piston rod and the seal. Leakages in a cylinder 

can be considered to have negligible effect on the generated force (Olsson & Rydberg 1993). 

 Accumulator  4.3

Generally, accumulators can be described as containers that are filled with a pressurized liquid. 

A vital component for an accumulator is an elastic element which can be compressed as fluid is 

added into the chamber under pressure. When the pressure drops, the elastic element will ex-

pand and liquid will be released from the chamber. Accumulators are based on different con-

struction principles which differ in how an accumulator stores energy (Olsson & Rydberg 

1993). This thesis mainly deals with bladder-accumulators since they are the most common 

type of accumulators used at SMT (according to John Eriksson -Wiik, Hydraulic Technician at 

SMT). However, some features of the piston accumulator are brought up for a comparative 

purpose, see Figure 10. 
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Figure 10: Two types of gas accumulators (Olsson & Rydberg 1993) 

The bladder accumulator uses a rubber bladder to separate the fluid that enters the chamber 

from the gas that is used to pre-charge the bladder. A gas valve is used to pre-charge the blad-

der with gas to a certain pressure that is based on the actuators working pressure. In order to 

maintain the pressure inside the bladder-accumulator a small volume of fluid must always re-

main inside the accumulator. If all fluid is relived, e.g. in the case of a breakdown, a safety 

valve (a plate valve in Figure 10) protects the rubber bladder from leaving the accumulator.  

A piston accumulator uses a piston to separate the fluid from the gas. An advantage of the pis-

ton accumulator, compared to the bladder accumulator, is that the piston accumulator can use 

its entire displacement without risk of damages. On the other hand, a piston accumulator is 

more sensitive to dust since the seal between piston and cylinder easily can be damaged by pol-

lutions (Olsson & Rydberg 1993). 

4.3.1 Applications 

Accumulators are used in hydraulic context first and foremost due to their ability to store ener-

gy, and since they affect the energy consumption of a system. The energy that is stored in an 

accumulator can be used instantly during high demand phases in hydraulic systems that have a 

fluctuating power demand. When the system demands, the accumulator relieves pressurized 

fluid which manages peak levels together with the fluid that is delivered from the pump (Ols-

son & Rydberg 1993).  

A hydraulic system that uses accumulators can be dimensioned so that the pump capacity rep-

resents the average demand of fluid. When the flow that is delivered from the pump exceeds 

the flow that is needed by the actuators (i.e. when full pump capacity is not needed to perform 

the motion of the cylinder) excess-fluid will be re-directed to the accumulators until the accu-

mulators are full (Zander & Ingeström 1981). 

4.3.2 Calculation Methods 

The gas pressure and thus the pressure inside an accumulator follow the ideal gas law (equation 

16). The exponent n depends on the rate of transformations in the process. In adiabatic process-

es (processes with a cycle time under one minute) a value of 1.4 is assumed for the exponent n. 
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Slow processes are called isothermal, and for isothermal processes a value of 1 is assumed for 

the exponent n (Zander & Ingeström 1981).  

Constant, thus:    (9) 

The ideal gas law can be used to calculate the required size of the accumulator, V0 (Equation 

10), and pre-charge pressure p0, provided that the maximum (p2) and the minimum (p1) pres-

sures that the accumulator requires are known (Zander & Ingeström 1981). The required vol-

ume, V0, of an accumulator during an adiabatic process can be calculated as (Olsson & Ryberg 

1993):                                                                                                      
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Pre-charge pressure, p0, should be between 0.7- 0.9 times the minimum pressure, p1, thereby 

preventing the bladder from being expanded too much, which can cause the bladder to break. 

The pressure difference between p1 and p2 has a decisive impact on the size of an accumulator. 

A small pressure difference will result in a large accumulator for a certain extractable volume 

(Zander & Ingeström 1981) due to the relationship between pre-charge pressure and required 

volume of an accumulator (Equation 10).  

 Hydraulic Valves 4.4

Valves are used in a hydraulic system for several reasons, first and foremost to control hydrau-

lic energy and power. In order to affect the hydraulic power a valve needs to control either vol-

umetric flow or pressure or both of them (Olsson & Rydberg 1993).  

4.4.1 Directional Control Valve 

Directional control valves occur in different designs and their task is to guide the fluid to a se-

lected actuator. A basic type of directional control valve is the check valve, see Figure 11. The 

check valve allows fluid to flow in one direction, and blocks fluid flow in the opposite direction 

(Zander & Ingeström 1981).  

 

Figure 11: Check valve 

A check valve normally uses a bulb or a cone as a closing-element in order to prevent fluid 

flow in one direction. When fluid flows in the direction of the arrow (from left to right), the 

bulb will block the passage and stop any fluid form passing through the valve. When fluid 

flows in the opposite direction, the bulb is lifted by the force that is caused by the pressurized 

fluid, which allows fluid to pass through the valve (Zander & Ingeström 1981). The check 

valve illustrated in Figure 11 uses a spring as pressure sensor. 

 nVp
nn

vpvp 2211 
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Another common directional control valve is the 4-port 3-position valve, see Figure 12. De-

pending on how the ports of the valve are connected, fluid will be guided in different direc-

tions. In Figure 12, A and B are connection ports that transport the fluid from the pump to the 

actuator. The p-port is the connection to the pump, and the T-port is the connection to the tank, 

see also Figure 2. 

 

Figure 12: 4-port 3-position directional control valve  

The middle position of the 4-port 3-position valve blocks all fluid from entering through the 

valve, Figure 12. If the valve position is moved to the right the actuator port, A-port, will be 

connected to the p-port and the second actuator port, B-port, will be connected to the T-port. 

The reverse connection (A-port to T-port and B-port to p-port) will occur when the position of 

the valve is moved from the middle position to the left. This causes the actuator (e.g. cylinder) 

to operate in the opposite direction (Zander & Ingeström 1981).     

4.4.2 Flow Control Valve 

The flow control valve is used to regulate the operating speed of the actuators by reducing the 

flow area in the throttle point, see Figure 13. A valve with a fixed throttle point area is called a 

fixed valve, and a valve with a changeable throttle point area (that is changed either manually 

or automatically) is called a variable valve (Hydraulics and Pneumatics 2011). 

 

Figure 13: Variable flow control valve  

As the flow area in the flow control valve gets narrower, the pressure in the system will start to 

rise, and this causes a difference in pressure over the throttle point. The pressure difference 

depends on the flow rate, consequently, a high flow rate will cause a large pressure difference 

over the throttle point (Zander & Ingeström 1981). 
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4.4.3 Pressure Control Valve 

A pressure control valve affects the pressure in a hydraulic system. This section treats a subor-

dinate pressure control valve that is called pressure relief valve, Figure 14. 

 

Figure 14: Pressure relief valve and its hydraulic symbol (Zander & Ingeström 1981) 

A cone (1) is pressed against a spring (2). The compressed spring applies a force on the seat 

(3), which causes the cone to block all fluid flow through the valve. As long as the spring force 

is larger than the force that is created by the fluid pressure, the cone will remain in the seat. 

However, when the force that is created by the fluid pressure exceeds the spring force, the cone 

is released from the seat. This causes the connection between the P- and T ports to open. When 

this connection is opened, fluid is lead back to the tank, in order to avoid a too high pressure in 

the system (Zander & Ingeström 1981). 
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5 Global Energy Consumption 

In order to maintain our lifestyle we consume food, fresh water, wood, minerals and energy as 

we go about our daily life. These actions all affect the future climate, especially consumption of 

limited natural resources since it adds to the CO2-emissions in the atmosphere. The distribution 

of CO2-emissions in the world is as unequal as the distribution of food etc. Industrial countries, 

such as Sweden, are large-scale consumers of energy and emit approximately three times as 

much CO2 as developing countries, see Diagram 2.      

 

Diagram 2: Emissions per capita for high-, middle- and low-income countries 2005(World Bank 2010) 

World Wide Fund for Nature (WWF) estimates in Ekologiska Fotavtryck that if all humans had 

the possibility to live as Swedes it would require approximately three earths, whereas if all hu-

mans had the possibility to live as Americans it would require five earths. However, we do not 

have more than one earth at our disposal, which means that consumption in current quantities 

will affect the climate and inhabitants of the Earth.  

A growing concern according to WWF is that many of the countries that have been considered 

developing countries during history (mainly in Asia) are growing, and therefore add to the 

strains set on the earth. Fighting poverty is without a doubt a task of great importance, but the 

environmental affects that growing economies have on our climate complicates the issue.  

The Swedish magazine Camino (2010) estimates that that living standards for all human beings 

like what prevailed in Sweden in the 50’s would require 200 times more energy than what is 

used today. This indicates that there has been an increase regarding energy consumption fol-

lowing the technological development in industrialized countries. Therefore improvements in 

existing systems and technology are required measures in order to allow poor countries to de-

velop and, in the long run, reduce poverty. 

In order to achieve effective changes in emissions it is important to understand how the emis-

sions are distributed in different sections. Diagram 3 shows the estimation that is made by the 

international energy agency of sources for emissions caused by humans. 
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Diagram 3: Global emissions year 2007 from IEA (Åhlström 2008)   

The fastest growing source of emission is production of electricity, see Diagram 3, which ac-

cording to Åhlström (2008) is a consequence of expansion of carbon-based production of elec-

tricity in China and India. The carbon-based electricity production causes the global emissions 

to increase by approximately 4 % per year. A scenario where China and India do not use their 

natural resource (coal) is most unlikely since they also have more tangible issues to deal with 

according to Åhlström. Global efforts should therefore be directed towards improving tech-

niques for environmental adaption of coal power plants, so that these countries can use their 

natural resources with lower carbon-footprints. Nevertheless, it does not mean that other sectors 

are innocent. The industrial sector for example is the second largest CO2-emitter, therefore po-

tential for improvements in energy use exist.  

 How Climate Changes affect People around the world 5.1

Nicholas Stern predicts in The Stern review that “a warmer world with more intense water cy-

cle …. will [due to raised average temperature] influence many key determinants of wealth and 

wellbeing, including water supply, food production, human health, availability of land, and the 

environment”. Stern lists a variety of possible effects due to an increased average temperature 

and the severity in relation to number of increased degrees (Appendix 1). The stern review was 

released in 2007, and since then the debate regarding climate has intensified. Nowadays there 

are many reports available on how climate changes affect human life, for the one who is inter-

ested.  

Climate-changes, by far mostly caused by industrial countries, mainly affect developing coun-

tries. Figure 15 shows the predicted development in yields across the world from present to 

year 2050. Yields in large regions of Africa and Latin America will decrease while the yields in 

Europa actually increase. Another aspect of this issue is developing countries ability to handle 

dry-season, which is strongly weakened in countries were corruption is common and the rights 

of its inhabitants are not looked after. It is likely that people in these countries are worst affect-

ed by the climate changes.  
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In conclusion; an already stigmatized population will be further tested and a new dimension of 

class distinction will arise.    

 

Figure 15: Change in yields between present and 2050   

De Vylder (2007) properly expresses this as a global class issue where the world’s upper class 

continues to feathering their nests at the expense of others. De Vylder states that despite scarce 

natural resources (e.g. oil) which results in increased prices “rich people will continue to have 

the ability of consuming [given current economic system]. And if the local environment be-

comes unbearable, [they can afford to] move”.    

There are no simple answers to the question “how do we reduce the CO2-emissions and stop 

global warming?” since there are many different aspects to consider. Understandably, develop-

ing countries have more urgent issues (food, water, infrastructure etc.) to tackle than global 

warming. Furthermore, local pollution and dumping of hazardous waste as well as the lack of 

environmental protection complicates the issue even further. In order to successfully improve 

the environment in developing countries, measures must be applied on both local and global 

scale. 

 Energy Consumption and Politics in the Industrial Sector    5.2

The industry accounts for approximately 40 % of the total energy consumption in Sweden. 

During the 90’s the production volume increased with almost 40 % while the increase of ener-

gy consumption accounted to approximately 8 %. This is a consequence of a solid work with 

energy efficiency (Åhlström 2008). The development in Sweden proofs that increased produc-

tion not necessarily implies equivalent increase of energy use. 

With continued high energy prices, an effective use of energy becomes an even more signifi-

cant need in industries. Åhlström (2008) argues that a joint European market for energy-prices 

have weakened the competitiveness of Swedish industries and refers to examples from Swedish 
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forest industry. According to Åhlström, several smaller plants are closing down and new in-

vestments are rare.  

5.2.1 Taxation or Fines 

De Vylder (2007) lists pros and cons for dealing with climate changes implementing taxes and 

fees, and concludes that a combination of the two is preferable in order to reduce climate 

changes. Regulations, fees and subsides for research and development of more environmental 

friendly techniques are examples of measures that could be implemented. Or as in the PFE (see 

section 2.1.1) were subsides is used to boost energy efficiency work.   

De Vylder also point out an important issue with implementing taxation or fines in developing 

countries, according to De Vylder, these kinds of countries lack in environmental protection 

and there are few environmental organizations that tackles the problem. As a consequence, lo-

cal air and water pollution and dumping of hazardous waste is more common in developing 

countries. Misguided subsides facilitate the use of fossil fuel, (e.g. cheap electricity from coal 

power-plants) especially in developing countries were the cheapest energy source will be used.  

Per Åhlström (2008) argue  that national taxation and fines do not attack the core issue of de-

creasing the amount of CO2- emissions to the atmosphere, since companies that can be consid-

ered environmental villains then will move their production to countries were environmental 

work is not addressed at all. 

Perhaps the answer is not one or the other, but a combination of high national goals combined 

with effective cooperation between boarders. Without cooperation it is difficult to see any suc-

cessful work to ensure a stable future climate since we all share the same atmosphere. A true 

international agreement of emissions allowances should direct the environmental efforts to 

where it is most needed without threatening comparativeness of industries due to taxations. In 

addition to a stable future climate, international agreements of emission allowances will con-

tribute to the work against poverty since developing countries then will be able to sell emission 

allowances to industrialized countries and thereby get an advantage. However, this requires a 

true international cooperation that does not exist today. Until this becomes a reality, a more 

effective use of energy can be argued from both an economical and an environmental point of 

view, which can be accomplished by energy efficiency work.   

5.2.2 Energy Efficiency  

The earlier described increase of production combined with an almost stationary amount of 

energy usage (Section 5.2) in would not have been possible without major energy efficiency 

work in Swedish industries. Energy efficiency work is also the undoubtedly cheapest way of 

decreasing the effect on the future climate, according to World Bank (2010).  

In an article by  Amory Lovins (1995) regarding energy efficiency, Lovins estimated that if the 

techniques for reducing energy consumption that were available at that time were used to their 

full extent, the United States would have managed its energy needs by using only one fourth of 

the electricity that actually was used. The fact that the energy consumption in the United States 

still accounts for a large amount of the world's total energy use age shows that there is a contin-

ued large potential for energy efficiency work in the United States. 
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5.2.2.1 Definition 

The definition of more efficient energy usage is that a certain utility (e.g. lighting, air condition 

or motor operation) is achieved by a smaller input of energy (Sandberg, 1995).  An efficient use 

of energy means low losses in energy transformations and by lowering these losses the amount 

of used energy per utility will decrease.   

If one should consider only the technical conditions for the potential for how far energy effi-

ciency can be taken almost all energy use age can be made more effective. This would be ex-

tremely expensive and therefore the economical aspect needs to be considered. The technical 

and economical feasible efficiency potential has also its limitations. Actual feasible measures 

also take into account the acceptance of the measures amongst users and purchasers. Therefore 

energy efficiency can be defined as the potential multiplied by the acceptance (Sandberg, 

1995).  

Note that both actual techniques and the acceptance for new techniques affect the success of 

energy efficiency programs. Also the ability to spread knowledge of available techniques for 

energy efficiency (i.e. the success of advertisements, campaigns etc.) contributes to the impact 

of new energy efficiency measures (Sandberg, 1995).   

5.2.2.2 Energy Efficiency in Hydraulics 

This thesis investigates possibilities for optimizing hydraulic systems from an energy efficiency 

point of view. In order to achieve energy efficient solutions, the specific systems need to be 

carefully examined. However there are some general guidelines that can be utilized when trying 

to find energy efficient solutions for hydraulic systems. This section presents some thoughts 

regarding energy optimization of hydraulic systems.   

In Study on improving the energy efficiency of pumps (2001) the European Commission (2001) 

states that energy efficiency is not a priority amongst purchasers of pumps. Another issue that 

is pointed out is that “uncertainty over system characteristics and allowances for future expan-

sion frequently meant that pumps are considerably oversized for its duty”. Jernkontoret, the 

Swedish Steel Producers’ Association, estimates that approximately 30 % of the pumps that are 

used in industrial context in Sweden are significantly oversized (Jernkontoret 2010).  

Oversized pumps and motors have been proved to be an issue within the area of hydraulics as 

well, according to experts within the field. Lennart Strandberg and Pär Mats-Ers (2011), Sales 

Engineers at PMC Hydraulics, point out that oversized electric motors is a major factor to ex-

cessive energy consumption in hydraulic systems. According to Niklas Ljung (2011), Chief of 

Engineering at SMT, an optimization of the size of motors, pumps and actuators always affect 

energy consumption in a hydraulic system.  

A course of actions towards a more energy efficient system is to adjust pump capacity to the 

current condition, shut down unnecessary pumps, install flow regulation and, if possible, avoid 

throttling in order to achieve the flow that is demanded by the system (Jernkontoret 2007).  

Amory Lovins (1995) describes circumstances that could explain the reason to why oversized 

machineries exist in different industries. Lovins find incentivizes that systematically reward 
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inefficient design and punishes efficient design. As an example of this phenomena Lovins de-

scribes projects in USA and Germany were engineers’ and architects’ fees were based on the 

costs for realizing their buildings or machines. This system thereby support large and complex 

units rather that small smart solutions.  

Other aspects that have been highlighted by personal contacts are the time-factor which is usu-

ally set very tight, the uncertainty that occur when personnel with limited education is asked to 

construct hydraulic system and the habit of using old construction techniques which do not take 

energy-efficiency into account. 
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6  System Description 

In order to realize useful energy efficiency measures in existing hydraulic systems, it is im-

portant to understand the specific system characteristics. Therefore this section will give a brief 

overview of the system type that is used in the analyzed systems. The systems both have pumps 

with variable displacement that aim to keep a constant pressure in the systems, see Figure 16. A 

regulator (R1 in Figure 16) senses the pressure in the system and controls the displacement of 

the pump. The pump is set to a pre-set pressure; if the pressure in the system differs from the 

pre-set pressure the regulator changes the displacement of the pump in order to reach the pre-

set pressure (p1). The pump will keep a constant pressure in the system as long as the demanded 

flow does not exceed the maximum flow capacity of the pump. 

 

 Figure 16: General hydraulic circuit Diagram 4: Power losses in a constant pressure system  

(Mats-Ers & Strandberg 2011)  (Mats-Ers & Strandberg 2011) 

The pressure relief valve is used as a safety valve in case something in the system breaks and 

the pressure rises uncontrollably. The valve will open if the predetermined (set by the designer) 

pressure is reached and guide the excess oil back to the tank (Olsson & Rydberg, 1993). 

With an actuator operating near the pre-set pressure the losses will be minimal. However, as 

illustrated in Diagram 4, the losses will be significant if the operating pressure is far from the 

pre-set pressure of the pump. If the actuator requires a high flow at a low pressure, which oc-

curs if a cylinder moves a small load at a high speed, energy losses will increase (Olsson & 

Rydberg, 1993). Significant energy losses will also occur if several actuators are operating 

simultaneously with different operating pressure, see Diagram 5. 



Tobias Emnerud and Katarina Svensson 23  

 

Diagram 5: Power losses in a constant pressure system with two actuators (Olsson &Rydberg 1993, modified) 

Energy losses appear when input energy is transformed into an energy form that cannot be 

transferred into useful work by the actuator. In hydraulic contexts, the unwanted form of energy 

is heat which will cause an increased temperature of the hydraulic fluid (Mäkinen, 1980). In 

order to calculate the power losses, the generated hydraulic power needs to be calculated first. 

This is done by using the definition “Power = force times velocity”: 

 vFP   (11) 

The velocity of a piston can be calculated as (Ingvast, 1987): 

A

Q
v   (12) 

By inserting equation 1 and 12 in equation 11 the hydraulic power can be calculated as pressure 

times flow rate: 

A

ApQ
P


 pQ    (13) 

The connection between power, pressure and flow that is found in equation 13 is frequently 

used in hydraulic systems (Ingvast, 1987). By inserting a conversion factor the power can be 

calculated by using the more common units, kW, bar and l/min (Equation 14).  

tot

pQ
P






600
  (14) 

Equation 16 takes the efficiency rate into account, usually a factor of approximately 0.7-0.9, 

depending on leakage and friction losses in the pump and electric motor (Olsson &Rydberg 

1993). The equation can be used to calculate the required power from an electric motor. The 

used energy from an electric motor can be calculated by using equation 15: 

  = P   t  (15) 

The power losses (Equation 16) in the systems can be calculated by subtracting the used power 

by the actuators (Equation 13) from the generated power by the pump: 
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In Equation 16, n is the number of actuators working simultaneously. The systems that are ana-

lyzed both use several actuators working simultaneously.  

 Tube Straightener: Hydraulic Unit 6.1

Wall (2011), Hydraulic Mechanic at SMT, describes the hydraulic systems that drive three tube 

straightening machines, he also gives a brief overview of the work the machines preform. The 

hydraulic system has been divided into two sections; the hydraulic unit (pumps and motors), 

see Figure 17 and the hydraulic actuators (cylinders and hydraulic motors). The hydraulic unit 

consists of three constant pressure piston pumps with variable displacement (see section 4.1.2) 

driven by three electric motors with a capacity of 11 kW each. The system pressure is set to 

100 bar. 

 

 

Figure 17: Hydraulic unit for Tube Straighteners (Sandvik 2011) 

There are three machines (963-1, 963-3 and 963-2) working with the tube straightening produc-

tion step. During this step, crooked tubes, that have different dimensions, are straightened. The 

pumps drive one machine each (i.e. each pump generates flow through three independent pipe-

line-systems) and can produce a maximum flow of 55 l/min. 
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 Tube Straightener: Hydraulic Actuators 6.2

The differences in the hydraulic systems for machine 963-1, 963-2 and 963-3 are minimal since 

the three machines are basically the same type of machines. The only difference between the 

different hydraulic systems is the number of cylinders (2, 8 and 14) that are used to generate the 

different motions. At most, 14 cylinders and two motors are controlled by hydraulics in 963-3, 

see Figure 18. Therefore the circuit for the hydraulic system of 963-3 is used to describe how 

the systems work. 

 

Figure 18: Hydraulic circuit Tube Straightener 963-3(Sandvik 2011) 

The production step that is controlled by hydraulics starts with the feeding process, see Figure 

19 and 20. The two hydraulic motors drive two rolls which move a tube into the straightening 

machine. Two cylinders, one upper and one lower, are used to press the rolls against the tube, 

thereby forcing the tube to enter the straightener machine. On the outlet sides of the 963-2 and 

963-3 machines, hydraulic cylinders are used to place the straightened tubes in racks, but the 

963-1 machine uses pneumatics on the outlet side. 
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Figure 19: Upper cylinder and roll of the feeding unit         Figure 20: Illustration of lower cylinder and roll 

In order to prevent the tubes from bouncing off there are several semicircle shaped frames en-

closing the outlet channel. When the entire tube is straightened, the frames open and the tubes 

roll against four stops. These stops are folded down to let the tube into a rack. The purpose of 

the stops may be to reduce the speed of the tubes before entering the rack. 

 Oven: Hydraulic Unit 6.3

The hydraulic unit that is used for the oven is presented in Figure 21. The unit consists of three 

constant pressure piston pumps which can generate a total power of 111 kW (37 kW per mo-

tor). The three pumps are all assembled to the same pipe which provides the entire system with 

a pressure of 110 bar and a maximum flow of 360 l/min (Ljung, 2011). 
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Figure 21: Hydraulic unit for the oven (Sandvik 2011) 

The circulation pump with an electric motor at a power of 3 kW, see number 11 in Figure 21, 

has a low impact on the energy consumption. Therefore it has been neglected in the analysis.  

 Oven: Hydraulic Actuators 6.4

The hydraulic system that is used for the oven is used to move steel bars through the oven. The 

largest cylinders in the system are called beam lifters, see Figure 22, number C20-C23, and 

they are used to move steel bars forward within the oven. Two of the beam lifters (e.g. C20 and 

C22) work simultaneously to lift up the bar and a third cylinder (C18 or C19) pushes the mate-

rial forward.  
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Figure 22: Hydraulic actuators oven  

The beam-lifters, see Figure 23, are placed on two sides of the oven and takes turns being ac-

tively working (one side at a time). According to the personnel that are running the oven, one 

side moves faster than the other. The speed of the fastest side is used in the calculations that are 

carried out during the analysis.   

 

Figure 23: Cylinder controlling the rear beam-lifter 

Additional cylinders with high flow demands are the cylinders that control the input bridges 

(Eriksson-Wiik, 2011). These cylinders support the bridges as they are loaded with a batch of 

approximately 50 steel bars in an angled position, see Figure 24. When the last steel bar of a 

batch leaves one of the input bridges, a large cylinder is retracted (i.e. minus stroke) and lets the 

bridge down. As the first input bridge is let down, a second input bridge is placed in start posi-
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tion through that the cylinder that controls the second input bridge is extracted (i.e. plus-

stroke). 

 

Figure 24: Input bridge viewed from two sides 

Further, according to Eriksson-Wiik, the rear beam lifters move in the way that the minus-

stroke of the beam lifters is divided into two strokes. During the calculations of flow demand 

the motions of these cylinders has therefore been separated into three strokes, i.e. one plus 

stroke and two minus strokes (Appendix 2, Table B). 
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7 Analysis 

In order to test the hypothesis and investigate the possibilities for modifying the hydraulic 

units, a number of questions arose during the formulation of the analysis. These questions have 

formed the basis for both the analysis and the development of concepts.  

i. How much capacity is needed for the system? 

a. What are the required maximum pressure and flow for supporting the speed and 

loads of the actuators? 

b. Which actuators may work simultaneously?  

ii. Which movements in the machines are important for the process?  

Is it possible for some of the actuators to work with a slower pace without changing 

the cycle time? 

In order to get a clear picture of energy consumption of the two hydraulic systems, measure-

ments of pressure and electricity use were carried out. The flow demand of each system during 

one cycle was calculated and the result was used to calculate the required hydraulic power.  

The pressure levels were measured with a manometer at the p, A and B port on the main con-

sumers, see Figure 18 and 22. In Diagrams 6-8, 10-12, 14-16 and 21-22 the green line show 

variation in system pressure during a period of time (from 60 – 300 seconds) and the red and 

blue lines illustrates variations in pressure in A respectively B-port. In order to be able to draw 

conclusions based on the pressure measurements some equations and the links between them 

were used (see section 6).  

The flow demand was calculated by using cycle times, speed of cylinder strokes and hydraulic 

motors and cylinder dimensions. The flow rate is the amount of fluid delivered by a pump dur-

ing a certain time, in hydraulics the most common unit is l/min (Equation 17). 

t

V
Q


   (17) 

The flow rate, Q, in a hydraulic cylinder is calculated by dividing the cylinder volume, V, by 

time, Δt, of the cylinder stroke. Interviews with responsible personnel were also conducted to 

investigate whether or not it was possible to reduce the speed of some actuators 
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 Analysis of Tube Straighteners 7.1

The analysis for the tube straighteners is presented in three sections, in which flow and pressure 

requirements for each of the three machines are discussed. Due to the fact that the three ma-

chines are very similar, some repetitions are to expect in these sections. However, in order to 

avoid neglecting important features for the different machines, they have been treated separate-

ly.  An overview of the energy consumption for the entire hydraulic system is also brought up. 

The crucial application in the hydraulic system that is used for the tube straightener machines is 

the hydraulic motors, which demand high flow and pressure. Also the upper cylinder (in which 

the piston points downwards) requires a constant high pressure to be kept in place whenever 

there is no tube transported though the machine. 

7.1.1 Possibilities of Error  

Diagram 3-5 covering pressure levels for 963-1 do not show the system pressure since that it 

was not possible to measure, however one can image that the system-pressure will fluctuate 

similar to the other two systems. In Diagram 10-12 and 14-16 a great drop of the system pres-

sure just when the actuators start operating can be seen (green line). This is a consequence of a 

higher demand of flow than the pump can deliver. The system then fails to maintain the veloci-

ty of the actuators and the hydraulic power will decrease according to equation 11 which will 

cause a drop of system pressure according to equation 13.  

The calculations of flow demand for the Tube Straighteners are based on film-sequences, from 

which the cycle times have been estimated. By using equation 15 the differences in flow de-

mand during one cycle have been calculated (see result in Appendix 2 Table A). The start and 

stop times for the different actuators have been estimated with the speed of a human eye, there-

fore some uncertainties regarding the accuracy of the speed of actuators can be argued. Howev-

er, the impact of this variable has been considered insignificant since the impact of these small 

errors do not affect the flow demand of the entire system enough.  

The speed of the rolls on the inlet side is 82 rpm. Based on the fact that the hydraulic motors 

must keep up with the rolls a speed of 90 rpm has been estimated for the hydraulic motors. The 

estimation will aggravate to the result (see Appendix 2 Table A), however, since the estimated 

speed for the motors is faster than the speed of the rolls, important peaks in demand will be 

covered (but perhaps exaggerated). 

The possibility that all three tube straighteners are working simultaneously, is most unlikely 

(i.e. all three machines staring at exactly the same time). Due to the fact that the three machines 

have slightly different cycle-times, this peak will occur one time; the next cycle will not have 

the same flow demand. This leaves room for tight calculations regarding flow demand. De-

pending on type of solution, different scenarios have been considered crucial (see section 8.1). 
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7.1.2 Analysis of 963-1 

The highest peak in working pressure in the main actuator can be found in the hydraulic system 

for machine 963-1. According to the pressure measurements the peak demand in pressure 

reaches 120 bar after the minus stroke for the upper cylinder, see blue line in Diagram 6. This 

pressure is needed in order to keep the cylinder in position and not to complete the movement 

of the cylinder. The fluctuations in pressure (the serrated parts of the curves) that are observed 

in the diagrams (e.g. at 2-6 seconds) indicate that a tube is running through the machine.   

 

 

Diagram 6: Pressure in upper cylinder in 963-1. Red curve: A-port. Blue curve: B-port. 

The minus-stroke can be seen in Diagram 6 as an increase of pressure in the B-port (blue line) 

at 6, 20 and 28 seconds. The plus-stroke causes an increase of pressure in the A-port (e.g. at 19-

20 seconds) of approximately 5 bar. The high pressure difference between the two strokes can 

have several explanations. 

First, the force for the minus-stroke is applied on a smaller area than the plus-stroke which ac-

cording to equation 1 increases the needed pressure to accomplish the movement. Second, the 

placement of the cylinder with the piston rod pointed downwards, see Figure 18, causes the 

minus-stroke to counteract with the force of gravity, adding further to increased pressure. The 

low pressure for the plus-stroke is due to a pressure-reduction valve that is used to protect the 

thin-walled tubes from high pressure.   

In the lower cylinder, the piston rod is pointing up-wards (pushing the rolls up against the tube, 

see Figure 18). Diagram 7 shows that the plus-stroke of the lower cylinder causes an increase in 

pressure in the A-port at 4, 36 and 57 seconds (red line). A flow control valve on the b-port side 

(blue line) creates a counter-pressure of approximately 30 bar (e.g. at 38-48 seconds) when 

tubes are running through the machine.  
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Diagram 7: Pressure in lower cylinder in 963-1. Red curve: A-port. Blue curve: B-port 

The lower cylinder reaches a maximum pressure of approximately 65 bar after the minus-stroke 

(e.g. at 25-36 seconds) in order to keep the piston in position when there are no tubes running 

through the machine.  

The diagram covering pressure-levels of the hydraulic motors, Diagram 8, have to be interpret-

ed in a different way than the diagrams that cover pressure demands in the hydraulic cylinders.  

 

Diagram 8: Pressure in hydraulic motor in 963-1. Red curve: A-port. Blue curve: B-port 

The motor do not have any plus or minus-strokes. Therefore, the red and blue lines in Diagram 

8 illustrate the pressure in the inlet resp. outlet side of the motors, see Figure 18. Running of the 

hydraulic motors causes an increase of pressure in the A-port (red line e.g. at 18 and 37 se-

conds) and the B-port (blue line e.g. at 18 and 37 seconds). The pressure difference (the pres-

sure in the inlet side minus the pressure in the outlet side) which in this case equals 15 bar is 

due to used energy, i.e. 15 bar is used to drive the hydraulic motors.  

The hydraulic motors are not only determinants of min and maximum working pressure in the 

system but also increase the peak in flow demands for the hydraulic system that is used to run 

963-1. Values from Table A in Appendix 2 have been used to create a chart that covers flow-

demand in the system during one cycle, see Diagram 9. The maximum flow demand in the sys-

tem is 79 l/min during the first 4 seconds, i.e. during the plus strokes for the upper and lower 

cylinders while the motors run.  
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Diagram 9: Flow demand for machine 963-1 

963-1 does not use hydraulics for the outlet side; therefore there is no flow demand after the 

first 20 seconds of the cycle.  

7.1.3 Analysis of 963-2 

The characteristics of the pressure levels in the upper cylinder for 963-2 and 963-1 are much 

alike and reach a peak of working pressure in the A-port after the cylinder accomplish a minus-

stroke, at 14 seconds in Diagram 10. A maximum-pressure of 75 bar is reached when the cylin-

der is kept in position after the minus stroke, at 18-48 seconds in Diagram 10.   

 

Diagram 10: Pressure in upper cylinder in 963-2. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

In Diagram 10, tubes are driven through the machine at 4-14 seconds and at 48-56 seconds, and 

the fluctuations (serrations in the curves) in pressure are again due to the motion of the tubes.  

The lower cylinder of 963-2 has (unlike 963-1) its minus-stroke in the B-port and its plus-

stroke in the A-port. When the piston rod is pushed out, the pressure in the A-port increases 

from approximately 10 to 25 bar, red line in Diagram 11 after 3 and 46 seconds. This causes a 

pressure-drop in both the B-port and in the entire system (p-port, green line).  
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Diagram 11: Pressure in lower cylinder in 963-2. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

The pressure-measurement  on the lower cylinder also show successive lowering of pressure in 

both the A- and the B-ports (at 16-46 seconds) which is a consequence of the directional con-

trol valve which is not entire closed (Eriksson-Wiik, 2011), see Figure 18. 

The highest peak in working pressure does not occur in the upper cylinder, despite the fact that 

the cylinders in 963-1 and 963-2 are mounted in the same way and has identical geometries. 

The difference in were the peak of pressure appears could be an effect of different loads on the 

cylinders (the pressure depends on either forces or areas according to equation 1) or a conse-

quence of mix-up of cable connections during the measurements.  

The pressure-levels in the hydraulic motors of 963-2 have an easily interpreted appearance, see 

Diagram 12. The working pressure accounts to approximately 75 and 25 bar in inlet resp. outlet 

side (depending on which of the motors that is considered, the peak pressures occur in either 

the inlet side or the outlet side). 
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Diagram 12: Pressure in hydraulic motor in 963-2. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

In Diagram 13 the maximum flow of 79 l/min is reached during the first three seconds of a cy-

cle. During this time the lower and upper cylinders are actuated at the same time as the hydrau-

lic motors are running. 

 

Diagram 13: Flow demand for machine 963-2 

When the motors stop running the pump can manage the flow demand for the remaining time 

of the cycle. There are eight cylinders on the outlet side which requires a low flow at the end of 

the cycle.  
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7.1.4 Analysis of 963-3 

963-3 reaches a peak of 90 bar in the B-port after the minus-stroke of the upper cylinder, see 

blue line in Diagram 14 at 18-44 seconds. The required pressure to accomplish the plus-stroke 

is approximately 5 bar, see red line in Diagram 14 at 12 seconds.   

 

Diagram 14: Pressure in upper cylinder in 963-3. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

The large differences in the pressure-levels between plus and minus-stroke of the upper cylin-

der can be explained in accordance with the previous discussion (see section 8.1.2) on the grav-

itational effect. The pressure drop in the b-port (e.g. 13-40 seconds) is due to the directional 

control valve (see previous discussion for 963-2).  

The lower cylinder reaches a maximum working pressure of 45 bar. The pressure decreases in 

the B-port and increases in the A-port when tubes are running through the machine, at 16-22 

seconds in Diagram 15. This depends on the placing of the cylinder, see lower cylinder in Fig-

ure 18.  

 

Diagram 15: Pressure in lower cylinder in 963-3. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

The pressure in the B-port of the lower cylinder does not reach any high values after the minus-

stroke (compared to the other two machines in which the pressure in the B-port was 70 bar), but 

a maximum pressure of approximately 45 bar was attained. This can be explained by low loads 

(the geometry of the lower cylinder is identical in all three machines) with reference to equa-

tion 1.  
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The hydraulic motors for machine 963-3 do not require a particularly high pressure. A maxi-

mum pressure of approximately 60 bar was achieved. The pressure difference in the inlet and 

outlet side of the motors is roughly 50 bar, see Diagram 16. 

 

Diagram 16: Pressure in hydraulic motor in 963-3. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

Large pressure variations occurred during the time that tubes were running through the ma-

chine, see red line in Diagram 16 at 48-58 seconds. These pressure variations can be explained 

by external forces, but the exact cause to the pressure variations was not investigated in this 

thesis.  

The similarities of flow demand for 963-3 and 963-2 are striking, which can be observed by 

comparing Diagram 16 with Diagram 12. The major (or only) difference between the machines 

is the runtime for the hydraulic motors. The runtime for the motors in 963-3 is longer than the 

runtime for the motors in 963-2, which prolongs the peak of flow demand, see 0 – 11 seconds 

in Diagram 13 and 0-16 seconds in Diagram 17. 

 

Diagram 17: Flow demand for machine 963-3 
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The eight hydraulic cylinders that are used for the motions that occur on the outlet side require 

a maximum flow of approximately 10 l/min, and this flow demand can easily be managed by 

the pump. 

7.1.5 Measurements of Electricity 

In order to get a clear picture of the energy consumption of the tube straightening machines, 

measurements of electricity consumption on two electric motors were carried out, Diagram 18-

20. Due to the fact that machine 963-1was not activated during the time for the measurements, 

these measurements were only carried out on the electric motor for machine 963-2 and 963-3. 

However, the similarity in the electricity consumption of the motor of the two machines shows 

that the electric motors are used in a similar manner. For this reason it was assumed that a 

measurement on the electric motor of 963-1 would show similar results. 

The measurements for 963-2 shows a cycle time of 15 seconds, compare Diagram 20 with Dia-

gram 13, both film-sequences and responsible personnel denies a cycle time of 15 seconds, this 

would indicate some faults with the logging of values. A cycle time of 30 seconds has been 

used in the calculations of energy consumption.     

 

Diagram 18: Area- chart of measured electricity of electric motor for machine 963-2 

The electric motor for 963-2 uses an average of 5 kW during the movements of the machines. 

Thereby, the electric motor’s output power is 45 % of the rated power. Also worth mention is 

that the diagrams show that the motor uses approximately 2 kW during idle running, see 801 

seconds and forward in Diagram 18. During idle-running the motor uses remarkable low 18% 

of the rated power. Diagram 19 shows the characteristics of the electric motor for 963-3.  
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Diagram 19: Area- chart of measured electricity of electric motor for machine 963-3 

In average, the electric motor for 963-3 produces 3.5 kW of power in order to support the 

movements of 963-3 (average taken from 250-650 seconds in Diagram 19)  which is 32 % of 

the rated power. Similar to the motor for 963-2, the motor requires 2 kW during idle-running.  

 

Diagram 20: Close-up of measured electricity of electric motor for machine 963-2 
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Diagram 20 confirms the calculated peaks in demand required to enable the motions of the tube 

straightener. However, compared to the calculated flow demand, the peaks are a lot shorter 

which indicates that the estimations for the hydraulic motors are too generous (regarding both 

speed and run-time).   

7.1.6 Energy Consumption 

The most energy consuming motions in the current systems occur during the first 15 seconds of 

a cycle, an almost non-existing flow demand occurs during the last 15 seconds of a cycle. In 

order to calculate the energy consumption that occurred in the current systems the average en-

ergy consumption during the two different periods of a cycle was calculated from the meas-

urements of electricity. The result is presented in Table 1 and the average was used in order to 

get somewhat representative values of energy consumption.  

Table 1: Current energy consumption 

Current system 

  963-1,963-2 & 963-3 

  Three 11 kW motors 

  Energy [kWh] Costs [SEK] 

First part of cycle 0.065   

Second part of cycle 0.03   

Average per tube 0.032   

Average per batch 1.94   

Idle running  1.56   

Average 45 minutes running 3,50   

1 Shift (3 machines) 31.5 16 kr 

One day (3 shifts) 94.5 47 kr 

1 year (350 production days) 33075 16 538 kr 

15 years 496125 248 063 kr 

 

 

The values in Table 1 was based on estimations on the number of tubes per batch and the num-

ber of batches per shift etc. however, since it is the change in energy consumption (with how 

many percentages will the modifications decrease the system’s energy consumption?) that are 

interesting; the uncertainties in these estimations should not affect the final conclusions.  

7.1.6.1 Energy Losses  

The differences that were highlighted in section 6 in working pressure and system pressure in-

dicates energy losses. Equation 16 can be used to calculate the amount of heat-energy that is 

produced in a specific system, and this equation was used in order to calculate the energy losses 

that are presented in Table 2. These losses can be reduced (if possible) by lowering the system 

pressure or adjusting/avoiding use of vales. The flow-demand exceeds the ability of the pump 

during the plus-stroke, thereby causing a lower system pressure (see discussion in the analysis 

for the tube straightener). Due to difficulties to estimate the actual system pressure during the 

plus-stroke the calculations for energy losses are based on the minus stroke. 
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Table 2: Energy losses in tube straighteners 

Energy Losses during minus stroke Tube Straightener  

  Upper Cylinder [kWh] Lower Cylinder [kWh] Motor [kWh] 

963-1 0.0039 0.0048 0.013 

963-2 0.0038 0.0038 0.010 

963-3 0.0041 0.0046 0.011 

  
  

  

Total (per cycle):  0.059493639 

Costs [kWh] [SEK]   

1 Batch (20 cycles) 1.2 0.6 kr   

20 Batches (1 day) 23.8 12 kr   

1 Year 350 (production days) 8329.1 4 165 kr   

5 Years 41645.5 20 823 kr   

 

These numbers are based on the three main consumers (upper and lower cylinder and hydraulic 

motors) of flow working simultaneously (Appendix 2 table A) and the working pressure for 

these movements. Equation 15 has been used to transform the hydraulic power losses to energy 

(kWh) and thereby an estimation of energy costs in losses has been calculated, with an estimat-

ed sales price of 0.5 SEK.  

 Oven  7.2

The hydraulics in the oven control a number of cylinders in different sizes, however many of 

these cylinders are rather small and some of them are controlled manually. Therefore the calcu-

lations mainly treat the main consumers of flow and pressure, i.e. the largest cylinders. The 

cylinders that control the input-bridge and the lifting beams were deduced to have the major 

flow and pressure demands in the oven due to the sizes of the cylinders.  

7.2.1  Possibilities of Error 

A synchronized movement of the beam lifters and the input bridge has been considered during 

the calculations of flow demand, which is an unlikely but possible scenario. However, the hy-

draulic unit must be able to manage this large peak of flow demand if it occurs. The cycle times 

(Appendix 2 Table B) have been estimated from film-sequences. Due to the fact that the cylin-

ders are placed on two floors, the movements relative to each other have been estimated by 

audio indications and two synchronized video cameras. Hence the accuracy may be questioned. 

However, it should not affect the peaks in flow demand and these inaccuracies have therefore 

been neglected. 

7.2.2 Pressure Levels  

The pressure measurements for the oven were carried out on the two cylinders that control the 

lifting beams, i.e. one pair of the lifting beams were measured in the analysis since equal pres-

sure levels were assumed for the second pair of lifting beams. 

The maximum pressure that is needed for the front lifting beam is 100 bar, see Diagram 21 blue 

line, and occurs when the cylinder reaches the end of its plus stroke. In order to move the cyl-

inder the required pressure for the plus-stroke is approximately 70 bar, blue line 100-110 se-

conds in Diagram 21. 
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Diagram 21: Pressure in front beam-lifter. Red curve: A-port. Blue curve: B-port. Green curve: p-port 

During the minus stroke, when there is no material on the beam lifter, the pressure rarely ex-

ceeds 20 bar. This causes a large pressure difference between the plus and minus-strokes of the 

cylinder (approximately 50 bar). 

 

Diagram 22: Pressure in rear beam-lifter. Red curve: A-port. Blue curve: B-port. Green curve: p-port  

The cylinder for the rear lifting beam has a higher working pressure than the cylinder for the 

front lifting beam due to that the rear cylinder is smaller. The maximum pressure is 130 bar and 

occurs when the cylinder reaches the end of its plus stroke, see blue line in Diagram 22. During 

the minus stroke the pressure reaches 90 bar (red line). 
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7.2.3 Flow Demand 

The peak in flow demand occurs during a cycle when the input bridges moves simultaneously 

with the beam lifters. Diagram 23 shows two cycles with the purpose of showing the influence 

that the input bridges have on the flow demand of the entire system. The input-bridges move 

approximately once during a period of 50 cycles, the second cycle (33 -66 seconds) therefore 

gives a picture of the flow demand in the system during the majority of the cycles.  

Depending on the dimensions of the bars, the cycle time varies. Diagram 23 shows two cycles 

with the average cycle time of 33 seconds, nevertheless, the cycle time may vary between 27 

and 45 seconds. 

 
Diagram 23: Flow demand for the oven 

Since one pump produces a maximum flow of 120 liters per minute, three of these pumps man-

age the flow demand easily during the majority of the cycles. Only the theoretical possibility 

that the input-bridge moves synchronized with the two other main-consumers (the beam-lifters) 

causes a flow demand that the pumps do not manage, see Diagram 23 at 10 seconds. 

7.2.4 Measurements of Electricity 

Since there only were two available devices to measure the used electricity of the motors, the 

electricity consumption of all of the three motors could not be measured simultaneously. Motor 

1 and 2 were measured simultaneously while motor 3 was measured afterwards. Diagram 24 

shows the measurements of all three motors during 200 seconds. Since motor 3 was measured 

at another time the peaks in power relative to motor 1 and 2 are therefore not fully synchro-

nized. 

0 l/min

50 l/min

100 l/min

150 l/min

200 l/min

250 l/min

300 l/min

350 l/min

400 l/min

450 l/min

1 7 13 19 25 31 37 43 49 55 61

F
lo

w
 

Time [s] 



Tobias Emnerud and Katarina Svensson 45  

 

Diagram 24: Measured electricity of the electric motors for the oven. 

The measurements clearly show that the installed capacity of 37 kW in each motor is never 

used. Motor 2 (dashed red line) peaks at approximately 27 kW while motor 1 (dotted blue line) 

only reaches a power of 23 kW. Motor 3 (green line) runs at a low stand by power of only 4 

kW for most of the time. When the systems demand a very high flow motor 3 generates rough-

ly 25 kW. 

7.2.5 Energy Consumption 

The used energy of an average cycle (33 seconds) was calculated by using the electricity meas-

urements, see Table 3. By multiplying the used energy for one cycle with number of bars per 

hour the total energy usage for one shift is obtained to 210 kWh every shift. 

Table 3: Current energy consumption 

Today 
Used Energy 

[kWh] 
Costs  
[SEK] 

1 Shift 210 105 

1 Week (152 h) 3 985 1 992 

1 Year (50 weeks) 199 247 99 623 

15 Years 2 988 700 1 494 350 

 

The energy usage for one year is for the oven approximately 200 000 kWh which costs about 

100 000 SEK with a price of electricity of 0.5 SEK/kWh. 
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7.2.5.1 Energy Losses  

Due to the fact that the pressure measurements were performed only on the beam lifters, the 

energy consumption and losses of other main consumers (e.g. input-bridge) could not be calcu-

lated. However, the beam lifters ought to account for considerably more losses since these cyl-

inders are actuated far more frequently than the cylinders that control the input bridges. Equa-

tion 16 was used to calculate the energy losses during the plus and minus-strokes of the beam 

lifters, see Table 4 and 5. The working pressures were estimated from Diagram 21 and 22, and 

the electricity price that was used for the calculations was 0.5 SEK/kWh. 

Table 4: Energy losses during minus-stroke of beam-lifting  

Oven (minus stroke) Used Energy/cycle [kWh]  Energy Losses/cycle [kWh] 

Front Beam Lifter (small step)  0.0004 0.0069 

Front Beam Lifters (large step) 0.0010 0.0184 

Rear Beam Lifter (small step)  0.0042 0.0030 

Rear Beam Lifters (large step) 0.0113 0.0081 

Total Energy Losses/cycle:  0.0364 

  Energy Losses [kWh] Costs [SEK] 

1 Batch (110 cycles) 4 2 kr 

8 Batches (1 shift) 32 16 kr 

One Week 608 304 kr 

One Year (350 production days)  30 425 15 212 kr 

 

Table 4 shows that the total energy loss caused by throttling (by the flow control valve) during 

the minus-stroke is approximately 19 000 kWh/year. The major losses occur when the cylinder 

for the front beam lifter moves during the minus stroke of the cylinder. 

Table 5: Energy losses during plus-stroke of beam-lifting 

Oven (plus-stroke) Used Energy/cycle [kWh]  Energy Losses/cycle [kWh] 

Front Beam Lifter 0.0243 0.0184 

Rear Beam Lifters 0.0130 0.0355 

Total Energy Losses/cycle:  0.0539 

  Energy Losses [kWh] Costs [SEK] 

1 Batch (110 cycles) 6 3 kr 

8 batches (1 shift) 47 24 kr 

One week 902 451 kr 

one year (350 production days)  45 092 22 546 kr 

The rear beam lifter accounts for most of the energy losses during the plus-stroke, see Table 5, 

due to a low working pressure, Diagram 22. The total energy losses for the beam lifters are 

almost 50 000 kWh/year, and the energy losses cost approximately 23 700 SEK/year. 
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8 Investigated Concepts 

During the development of the concepts, the idea was to keep the current system type with var-

iable pumps (constant pressure system). Speed control of electric motors is most efficient for 

fixed pumps (constant flow system). Therefore solutions that focus on speed control were re-

jected in favor of solutions that focus on different types of pump control. This section investi-

gates two different concepts that cover flow and pressure-demands in a more energy efficient 

way for each hydraulic unit. 

Early on it became obvious that accumulators would be part of the modifications since the dia-

grams over flow demand showed short peaks in flow demand and long periods during which 

idle running of pumps and motors occurred. The effect that some of these concepts had on the 

pressure-levels were also investigated. The pressure levels have had an impact on the concepts, 

first and foremost on the required size of accumulators. The four concepts that are evaluated in 

this thesis were developed in consultation with responsible personnel at Sandvik Materials 

Technology. 

The focus of the investment-analysis was on the energy-costs for each design. Maintenance 

costs for pumps and motors were neglected since the maintenance costs at SMT mainly consist 

of replacement of filters (Eriksson-Wiik 2011), which will not be affected by the changes that 

were suggested. The concepts with the shortest payback time were considered to be the most 

profitable and therefore chosen as final recommendations. 

 Concepts for Tube Straighteners 8.1

The thought was to construct two hydraulic units that manage all three tube straightener ma-

chines instead of having three hydraulic units that use separate pipelines (one unit per hydraulic 

system). Due to the fact that the motors then run closer to rated power and the pumps run closer 

to maximum capacity, the efficiency of both motors and pumps were improved. This section 

threats the two concepts that were developed for the tube straighteners. The modifications that 

were made to the hydraulic units are described and an economic evaluation of each concept is 

presented.  

8.1.1 Concept 1: Pump Control  

Since the electricity measurements showed that the pumps used approximately 2 kW of power 

during idle running concept 1 is based on using two pumps, a smaller one for the base-load of 2 

kW and a larger one for the peak of flow demand when all main actuators are operating. A con-

trol that switches off the larger pump after 25 seconds when the demand is low is used in order 

to decrease the amount of idle-running. 

By calculating the required hydraulic power according to equation 13 the required size of mo-

tors were estimated. The pump-sizes were based on collected flow-demand for all three ma-

chines. From the pump sizes available at Sandvik Materials Technology, two pumps were cho-

sen. One pump with the capacity of 55 l/min (i.e. one of the pumps that are installed today) and 

one smaller pump with the capacity of 20 l/min.  

If all three machines run simultaneously, installed accumulators will add to the flow delivery 

and the peaks in flow demand will be managed. The required size of accumulators has been 
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calculated according to equation 10. The result is presented in Table 6, the required size is 79.8 

liters which is covered by two 32-liters accumulator and one 20-liters. The margin is thereby 4 

liters.   

Table 6: Required size of accumulators in concept 1 

Variables Number of Accumulators Margin [liter] 

V0 [liter] ΔV [liter] p1 [bar] p2 [bar] 32-liters 20-liters   

79.79 12 75 100 2 1 4.21 

The total investment that is required to utilize concept 1 are: 

 One 5 kW motor 

 One 20 l/min pump 

 Accumulators 

o Two 32 liters 

o One 20 liters 

The total cost for the investment is 65 000 SEK. 

When the peak in flow demand occurs, a sensor is used to activate the larger pump. The larger 

pump is deactivated in a similar manner when the demand of flow drops and does not increase 

within a certain time. This solution will increase the efficiency during low demand paces since 

a 5 kW motor running a pump of the capacity of 20 l/min have high efficiency (the rated power 

is near the base-load of 2 kW). Diagram 25 shows how the two pumps cooperate to manage the 

flow demand of all three tube straighteners running simultaneously during one cycle. Diagram 

25 shows the collected flow demand of all three tube straighteners and how the pumps operate 

to deliver flow for actuators and re-fill accumulators.  

 

Diagram 25: Concept 1, 2 pumps in different sizes 
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Diagram 25 shows how the pump works during two cycles. The green line represents flow-

demand and the blue lines represent flow delivery by the pumps. The blue solid line represents 

the smaller pump and the lighter blue dashed line the larger pump. Accumulators will manage 

the flow demand above the pump capacity. 

A remaining choice is the placement of the accumulators. There are two options, to gather all 

accumulators down in the basement by the pump or to place each accumulator as close as pos-

sible to the machine. A placement in the basement simplifies control of pressure, scattered ac-

cumulators requires pressure sensors by each accumulator. Nevertheless, the pressure-drop in 

the pipe-lines means that accumulators placed beside the actuators will be more efficient.  

8.1.1.1 Energy Consumption 

The modifications in concept 1 result in a prolonged time for the motor and pump running near 

rated power and maximum capacity. During this time an efficiency of 90% has been assumed 

for the motors. For the reaming part of the cycle the same average as the current system has 

been used for the 11 kW motor and for the 5 kW motor a slightly improved efficiency has been 

assumed since a smaller motor does not require the same input power as a larger. The expected 

energy consumption by using concept 1 is presented in Table 7. 

Table 7: Energy consumption concept 1 

Concept 1 

  Energy [kWh] Costs [SEK] 

  963-1 963-2 & 963-3   

  11 kW motor 5 kW motor   

First part of cycle 0.038 0.016   

Second part of cycle 0.024 0.006   

Average per tube 0.028   

Average per batch 1.66   

Idle running 0.015 0.236   

Average 45 minutes running 1.915   

1 shift (3 machines) 17.2 9 kr 

one day (3 shifts) 51.7 26 kr 

1 year (350 production days) 18094.1 9 047 kr 

15 years 271411.9 135 706 kr 

 

 

In Table 7, the fact that all machines are working simultaneously has been the point of view. It 

is when all three machines are working simultaneously that most savings in energy consump-

tion is able to occur, since the function of the system then will differ mostly from the current 

system. If only one machine is actuated, the system will function as the current system except 

for the fact that the time of idle running the motors is decreased 

8.1.2 Concept 2: Pressure-relieved system for 963-1  

The flow demand is easily managed by a pump with a capacity of 55 l/min. However, the aver-

age flow during one cycle is 24 l/min which can motivate the installation of a smaller pump. A 

decreased pump-size will prolong the time that is required to re-fill the accumulators and, as a 

consequence, decrease the amount of idle running. If a pump that has the capacity of 40 l/min 

(which is an available size at Sandvik Materials Technology) is used the average flow demand 
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for 963-2 and 963-3 is managed, see Diagram 26. The flow demand for 963-1 is managed by a 

pressure-relived system, see Diagram 27. The pressure-relived system is further explained later 

in this section.  

 

Diagram 26: Flow demand of 963-2 and 963-3 

Enabling the pump to run according to Diagram 26 will improve the efficiency of both the 

pump and the motor since the pump will run at maximum capacity a majority of the time and 

smaller motor will run close to the rated power (see section 4.2). According to equation 14, a 

7.5 kW motor can run a pump with the capacity of 40 l/min. The drawbacks of this concept is 

that it requires more accumulators than concept 1 and the pump and motor running 963-2 and 

963-3 are more expensive than the smaller variants required in concept 1.   

From Diagram 26, a required extracted volume of 9.7 liters from the accumulators have been 

calculated (liters above the capacity of the pump and during how many seconds it is required). 

According to equation 10, the total required accumulator volume is 64.5 liters, see Table 8. 

Table 8: Required size of accumulators for running 963-2 and 963-3  

Variables Number of Accumulators Margin [liter] 

V0 [liter] ΔV [liter] p1 [bar] p2 [bar] 32-liters 4-liters   

64.50 9.7 75 100 2 1 3.5 

The minimum working pressure has been estimated from the pressure measurements for the 

tube straightener, see section 8. In order to ensure running of all actuators, the highest min-

pressure have been used i.e. the actuators which requires the highest minimum (p1) pressure 

(see section 4.3 accumulators) is determinant of the value of p1. In this concept, the pump and 
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the motor that drives 963-1 has been kept, however the pump is working differently, see Dia-

gram 27. 

In a pressure-relived system the pump is used solely for re-filling accumulators, the accumula-

tors deliver the flow to perform the motion of actuators and the pump increases the displace-

ment and re-fills the accumulators when the demand of flow drops.  

 

Diagram 27: Pressure-relief 963-1  

When the system-pressure has been kept a certain amount of time, a regulator is used to control 

the pump in order to angle down the displacement of the pump and lower the system pressure 

to a stand-by pressure of 25 bar. Since this type of control is power-operated, it differs from a 

load-sensing system. This concept decreases the leakage-flow in the pump and thereby the en-

ergy consumption in the hydraulic system for 963-1.        

The required extracted volume from the accumulators in the hydraulic system for 963-1 can be 

calculated according to equation 11. The results are presented in Table 9. Sandvik’s technical 

specification for hydraulic installations was utilized to find available sizes for accumulators. In 

this concept, two 32-liter accumulators and one 4-liter accumulator is needed in order to man-

age s the required extracted volume of flow. 

Table 9: Required numbers of accumulators for pressure-relief 963-1 

Variables Number of Accumulators Margin [liter] 

Vo [liter] ΔV[liter] p1[bar] p2 [bar] 32-liters 4-liters   

66.49 10 75 100 2 1 1.51 

 

The pre-charge pressure is based on the motions that require the highest, minimum working 

pressure (p1). In this case, the working pressure for the hydraulic motors has been determinants 

of pre-charge pressure.  
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The total costs for realizing concept 2 are: 

 One 7.5 kW motor 

 One 40 l/min pump 

 Accumulators 

o Two 32 liters 

o One 20 liters 

o One 4 liters 

The total investment costs for concept 2 are 81 600 SEK. The main difference in costs between 

the two concepts is the number of accumulators. Due to the fact that a pressure-relived system 

requires more accumulators, concept two is more expensive than concept 1.  

8.1.2.1 Energy Consumption 

In concept 2, the system does not function as the current system at any point and therefore the 

energy consumption always differs from the energy consumption of the current system, see 

Table 10.   

Table 10: Energy consumption concept 2  

Concept 2 

  Energy [kWh] 
Costs 
[SEK] 

  963-1 
963-2 & 963-
3   

  
11 kW mo-

tor 7,5 kW motor   

First part of cycle 0.004 0.058   

Second part of cycle 0.026 0.001   

Average per tube 0.0297   

Average per batch 1.783   

Idle running  0.354 0.012   

Average 45 minutes running 2.149   

1 Shift(3 machines 19.34375 10 kr 

1 Day (3 shifts) 58.03125 29 kr 

1 Year (350 production days) 20310.9375 10 155 kr 

15 Years 304664.0625 152 332 kr 

 

In concept 2 the energy consumption during the first 15 seconds of a cycle is very low for driv-

ing 963-1 due to the fact that accumulators are used to manage the required flow. During the 

second part of the cycle the energy consumption increases since the pump is refilling the accu-

mulators.  

Running 963-2 and 96-3 by using a pump with a capacity of 40 l/min with a 7.5 kW motor re-

quires full capacity of pump and motor during most of the cycle, see Diagram 26. The hydrau-

lic power was calculated using equation 14 and based on the difference in rated power and hy-
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draulic power an efficiency of 90 % were assumed when pump and motor is working at full 

capacity. Similar to concept 1, a slight improvement of the motor and pump was assumed dur-

ing the idle running due to decreased motor size. 

 Oven 8.2

An issue with the hydraulics for the oven is the extremely high flow demand for the input 

bridge (220 l/min), see Diagram 23. A decreased speed of the input bridge will not have any 

negative on the production, i.e. this will not cause a bottleneck at this production step (Norring, 

2011). Therefore the investigated concepts are based on the required flow demand that the in-

put bridge has when the speed of the input bridge is half of the speed that is used in the current 

system. The flow demand during a cycle as the input bridge works with half of the speed of the 

current system is shown in Diagram 28. 

 
Diagram 28: Flow demand for the oven (halved speed of input bridge) 

Two pumps with a capacity of 120 l/min that exist in the current system will manage the flow 

demand, except the large peak (344 l/min) which occurs if the input bridges and the beam lift-

ers are actuated simultaneously. As was previously mentioned it is not certain this will ever 

happen, however the system must be dimensioned to manage this peak. 

In both concepts, the motors have been paid close attention. A maximum power needed in or-

der to run a pump at 120 l/min in this system is 24 kW (Equation 14 with an efficiency of 90 

%). Therefore a motor of 37 kW (which is installed today) cannot reach a high efficiency re-

gardless if the pump runs at a maximum flow, see section 4.2. In both investigated concepts the 

motors have been replaced.  

8.2.1 Concept 3: Accumulators for Peak Demand  

In this concept two of the current pumps will be removed. As a complement to the remaining 

pump, a smaller pump with a flow capacity of 50 l/min will have to be installed. The pump size 

of 50 l/min was chosen because it is the minimum pump capacity that can be installed in order 

for the hydraulic unit to still be able to refill the accumulators between the peaks in flow de-

mand. This is also the largest pump that can be driven by an 11 kW motor (Equation 14 with an 
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efficiency of 90 %). This pump will though only run if the cycle time is less than 33 seconds. 

At other times, a pump with a capacity of 110 l/min will manage the flow demand with use of 

accumulators. 

In Diagram 29 the pump (red line) will change the displacement in order to keep a constant 

pressure. When the flow demand (green line) exceeds the capacity of the pump the pressure 

will start to drop and the fluid that is stored in the accumulators will be released. The pump will 

then run with maximum displacement until the accumulators are full. During the cycle which 

the input bridge is moving, see Diagram 29 after 33 seconds, all the fluid that is stored in the 

accumulators will be needed to cover the flow demand. During this cycle the pump will not 

have time to refill all the accumulator volume before the next cycle starts, see Diagram 29 after 

66 seconds. However, the pump will refill the accumulators well enough to manage a regular 

cycle (without the input bridge) which requires a much smaller accumulator volume. During 

the next cycle the pump will be able to refill all the accumulator volume.  

 
Diagram 29: Concept 3, one pump running 

Compared to the current system, the new motor will run at a higher power for a longer period 

of time and consequently use more electricity. However, there will only be one motor instead 

of three which will decrease the total amount of used electricity. The motor will run at 22 kW 

during 80 % of the cycle when the pump delivers a flow of 110 l/min. By replacing the current 

motor at a power of 37 kW with a 22 kW motor the efficiency will increase since a 22 kW mo-

tor would run at the rated power for most of the cycle. The installation of accumulators has not 

only enabled removal of two pumps and two motors, but also increased the efficiency of the 

remaining motor. 

The sizes of the accumulators have been calculated by using equation 10, and the result is pre-

sented in table 11. The minimum working pressure (p1) has been estimated from Diagram 21 

and 22 and the maximum working pressure (p2) equals the system pressure (110 bar). The ex-
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tractable volume ΔV has been dimensioned using the flow demand during the cycle which the 

input bridge is actuated. 

Table 11: Accumulators for concept 3 

Variables Number of Accumulators  Margin [liter] 

V0 [liter] ΔV [liter] p1 [bar] p2 [bar] 32-liters 20-liters 
 133.81 30 70 110 3 2 2.19 

 

To manage the flow demand that exceeds the capacity of the pump a total accumulator volume 

of 134 liters is needed, see Table 11. This can be achieved by using three accumulators with a 

volume of 32 liters and two accumulators with a volume of 20 liters.  

As long as the cycle time is longer than 33 seconds (which is the average cycle time) the re-

maining pump will manage the flow demand, see Diagram 29. However, if the cycle time is 

shorter than 33 seconds, the current pump will not have time to refill the accumulators before 

the next cycle. Therefore an additional pump at 50 l/min is installed in this concept, blue 

dashed line in Diagram 30.  

 
Diagram 30: Concept 3, two pumps running 
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With two pumps running at a total capacity of 160 l/min there is no problem for the pumps to 

manage the flow demand. In order to run the smaller pump an engine at a power of 11 kW must 

be installed (equation 14). The total investments for this concept are: 

 One 22 kW motor 

 One 11 kW motor 

 One 50 l/min pump 

 Accumulators 

o Three 32- liters 

o Two 20- liters 

The investment costs for concept 3 amounts to 134 000 SEK where the accumulators and the 

pump accounts for the largest costs. 

8.2.1.1 Energy Consumption 

The used power has been calculated by using equation 8. A problem that occurs by analytically 

deriving the power consumption is that the efficiency of the electric motor is difficult to esti-

mate when the motor is running at a low capacity. To avoid this issue, the electricity measure-

ments were used to estimate the power for the times when the motor is not running at or near 

full capacity. The efficiency of the newly installed motors in the concept should be increased 

compared to today since these motors will run closer to its rated power. Therefore the power 

has been estimated to be a bit lower than today. 

When the motor is running at or near full capacity an efficiency of 93 % has been used in the 

calculations (ABB, 2009). Table 12 shows that concept 3 will use approximately 152 kWh/ 

shift and this results in a yearly energy cost of 72 000 SEK.  

Table 12: Energy consumption concept 3  

Concept 3 
Used energy  

[kWh] 
Costs  
[SEK] 

1 Shift 152 76 

1 Week (152 h) 2 880 1 440 

1 Year (50 weeks) 144 009 72 004 

15 Years 2 160 134 1 080 067 

The largest energy saving is the removal of two motors and a reduction in size of the motor 

running the remaining pump. 
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8.2.2 Concept 4: One Pump Controlling the Input Bridge  

It is possible to reduce the peaks in flow demand by using pump control. In this concept two of 

the existing pumps will remain. The difference will be that one of the pumps will solely control 

the input bridge, and the second pump will be used together with accumulators to control the 

rest of the motions. The benefit with this concept is that the peak of flow demand that occurs if 

the input bridge and the beam lifters move simultaneously is avoided. By excluding the input-

bridge from the calculations, the accumulator sizes will drop, see Table 13. 

Table 13: Accumulators for concept 4 

Variables Number of Accumulators Margin [liter] 

V0 [liter] ΔV [liter] p1 [bar] p2 [bar] 32-liters 20-liters 
 49.06 11 70 110 1 1 2.94 

This concept requires a total accumulator volume of 49 liters (compared to 134 liters for con-

cept 3). Two accumulators would have to be installed, one of 32 liter and one of 20 liter.  

The input bridge requires a flow of approximately 100 liters/minute (Appendix 2 Table B) 

which is easily covered by using a pump with a capacity of 120 liters/minute. When the pump 

supplies the cylinders of the input bridge with the demanded flow, at a pressure of 110 bar, the 

hydraulic power that is needed is 17.7 kW (calculated by using equation 13). Taking the effi-

ciency (90%) of the electric motor into account, a motor with a rated power of at least 19.7 kW 

would be required in order to run the pump. However, a motor of 18.5 kW would probably be 

sufficient since the motor can be overloaded for a while if it has time to cool off (section 4.1). 

The pump that supplies the input bridge with flow, blue dashed line in Diagram 31, runs for 

about 15 seconds. In this scenario the maximum flow demand is the same for the two cycles. 

The other pump (red line) will run at full capacity for a shorter time than in first concept since 

the accumulators are smaller. The electric motor for this pump will be replaced with a 30 kW 

motor. 
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Diagram 31: Concept 4, cycle time 33 seconds 

As seen in Diagram 32, the pump will manage to refill the accumulators if the cycle time is 

shortened to 27 seconds. 

 
Diagram 32: Concept 4, cycle time 27 seconds 
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The drawback of having one pump solely for the input-bridge is the impact that the on- and off-

switching of the pump may have on the longevity of the pump. However, the pump will have to 

produce flow only during one cycle out of 50 cycles, which is two times per hour. The impact 

of switching on and off the pump should therefore not be the limiting factor in this concept. 

Still, an extra pump would increase energy costs whilst more accumulators would only affect 

investment costs. The total investments for this concept are: 

 One 30 kW motor 

 One 18.5 kW motor 

 Accumulators 

o One 32- liters 

o One 20- liters 

The investment costs are 68 000 SEK which is about half as much as for concept 3. The main 

reason for the lower costs is the number of accumulators. 

8.2.2.1 Energy Consumption 

The energy costs for concept 4 have been calculated the same way as for concept 3. Table 14 

shows that the energy usage for one shift is 157 kWh and the yearly costs amounts to approxi-

mately 74 000 SEK. 

Table 14: Energy consumption concept 4  

Concept 4 
Used energy 

 [kWh] 
Costs  
[SEK] 

1 Shift 157 78 

1 Week (152 h) 2 977 1 488 

1 Year (50 weeks) 148 837 74 419 

15 Years 2 232 560 1 116 280 

The motor running the pump that controls the cylinder for the input bridge has been estimated 

to run 25 seconds. In addition to the time the cylinder requires flow the motor is estimated to 

run three seconds in order to start-up and ten seconds afterwards before shutting down. 
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9 Conclusion 

This thesis definitely shows that hydraulics is an area where there is potential for energy effi-

ciency work. To ensure a successful outcome, the modifications must be custom-made for each 

system. The most obvious energy saving measure is to find a way to decrease the size of the 

pump and hence the motor that drives the system. In order to avoid under-loading of motors 

some thoughts regarding organizational issues is brought up in this section. These are some 

questions that can enable optimized hydraulic system.    

i. On which premises are decisions regarding system capacity made? 

a. How accurate are estimations of needed capacity and achieved efficiency of 

pumps and motors?     

b. Is there any risk of over-the-wall engineering effects (i.e. several constructors 

adding a safety factor)? 

ii. Are responsible designers rewarded / punished in a long or short-term perspective?  

If these points are considered the possibility of achieve proportionate seized hydraulic systems 

most likely increases. There are still some technical conclusions to be made which will be 

brought up for each system.  

A possible course of action in order to boost energy efficiency measures in industries is a true 

international agreement of emission allowances. Including both industrialized countries and 

developing countries will give a possible income for developing countries which is not based 

on the willingness to give assistance of industrialized countries.  If this type of agreement is 

successfully implemented, it will discourage both climate changes and poverty.  

 Tube Straighteners 9.1

As described in the analysis, the placement of the upper cylinders in the tube straightener un-

doubtedly requires the highest pressure. If it is possible to move these cylinders in a horizontal 

position, one may be able to lower the system pressure, which will lower the energy consump-

tion. However, since modifications of the machines driven by the hydraulics have not been paid 

any attention, these thoughts are not part of the final recommendation for the tube straighteners.  

Implementing the changes that is proposed in concept 1 will decrease the energy consumption 

of this hydraulic system by 45 %. By comparing the investment and energy costs for the two 

concepts over time, the shortest payback-time can be found in concept 1(Diagram 33). 
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Diagram 33: Payback time for the two concepts for the tube straighteners 

Diagram 33 shows rather long pay-back times for both concepts, despite the large decrease in 

energy consumption. This is a consequence of the size of the system. This is a rather small sys-

tem; therefore an investment of this kind takes time to pay itself back. However, the greatest 

energy saving measure in both concepts are the decreased idle-running, therefore an adjustment 

of just idle-running can reduce energy consumption with instant results.  

Sandvik Materials Technology’s production-stages is filled with systems similar to the tube 

straightener, the machines performs a movement and then stand still and keep pressure. Large 

motors in these systems will have high energy consumption due its low efficiency during idle 

running. Therefore the potential for similar modifications in larger systems is huge. And as 

stated in the analysis, the decreased time of idle-running represent the greatest energy saving 

potential, since a timer is already installed, an adjustment of the settings on the timer will result 

in instant energy savings.  

 Oven 9.2

The energy consumption analysis of the oven showed that the current system is seriously over-

sized. The installed pump capacity is well above the total flow demand and appears to be di-

mensioned after the worst-case scenario. Consequently the total pump capacity is rarely used 

and the motors that are running the pumps are considerably large for their duty. 

When developing the concepts, a halved speed of the input bridge resulted in a substantial de-

crease in total flow demand. When designing a hydraulic system the speed of actuators should 

always be taken into account. An actuator should never run faster than necessary. If it is possi-

ble to increase the stroke time, especially for large cylinders, the required flow, and conse-

quently, the needed power can drop significantly.  
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The oven is a good example where it can be effective to divide the hydraulic system i.e. in this 

case one pump for the input bridge and one pump for the rest of the flow demand. By only run-

ning the pump for the input bridge during the time when it is necessary, a great deal of energy 

can be saved. This also leads to an increased efficiency of the motors since they will run closer 

to the rated power. If the two pumps were to run at the same time and supply the entire system 

with flow (like in the current system), it would result in pumps and motors running at a low 

capacity and the entire installed capacity would hardly ever be used. 

The two concepts for the oven both reduce the energy consumption significantly (>25%). Dia-

gram 34 shows the electricity costs and the investment costs for the two concepts (pink and 

orange line) and the electricity costs for the current system (blue line) during a period of 15 

years.  

 
Diagram 34: Payback time for the two concepts for the oven 

Concept 4 has a payback time of 2.7 while concept 3 has a payback time of 5 years; see Dia-

gram 34 where the orange and pink lines cross the blue line. Diagram 34 also shows that even 

if concept 3 has lower electricity cost, the total cost during a period of 15 years is higher com-

pared to concept 4 because of a much higher investment cost. Therefore is concept 4 the most 

economic viable investment. 
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Appendix 1 

Effects of climate changes (Stern 2007) 
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Data Tables 

 

Table A: Data for Tube Straightener 
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Table B: Data for Oven 
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Output Lid 1 50 25 550 550 18 22 16,2 8,0 10,0 24,3

Step-beam (lifting in back ) 1 150 90 550 200 5,0 7,0 67,8

Step-beam (lifting in back) 1 150 90 550 350 13 17 145,7 23,0 26,0 79,1

Step-beam (lifting in front) 1 100 65 550 200 5,0 7,0 27,2

Step-beam (lifting in front) 1 100 65 550 400 13 17 64,8 23,0 26,0 36,3

Step-beam (pushing forward) 1 76 40 250 250 5 9 17,0 18,0 23,0 9,8

Stop 1 50 25 300 300 9 10 35,3 1,0 2,0 26,5

Oven


