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Abstract 

The development of hydraulic components and systems concept has in recent decades been a clear focus on 
energy efficiency and controllability. With today's components, such as electrically-driven pumps, motors and 
valves, and electronic control systems have hydraulic technology flexibility significantly increased, which has 
provided unique opportunities to build energy-efficient hydraulic system with good controllability. The 
implementation of energy efficient systems is not simple, as it requires that the system concept closely matched 
to the machine / vehicle primary power source, cycle and performance requirements, and that the hydraulic 
system is integrated with the system's mechanical units so that frictional losses are minimized. 

This article analyses some system solutions for mobile and industrial applications with regard to their energy 
saving potential. Conventional systems are compared with energy-efficient systems and both valve and 
pump-controlled mobile systems studied. Industrial system solutions discussed, especially the energy saving 
potential of modern supply units offer. Use of accumulators for energy storage and energy recovery as well as 
the hydraulic impact on system efficiency, are further examples of areas treated. Analysis shows that a plurality 
of applications has a power budget potential of 20 - 50%, compared with the conventional system. In some 
industrial systems can supply-units with speed-controlled fixed pumps and accumulator battery providing 
energy savings up to 80%. 

Keywords: Energy-efficient hydraulics, System losses, Speed-controlled pumps, Valve concepts, 
Accumulators, Hydraulic fluids. 

 

1. Introduction 

Energy-efficient hydraulics has been developed over 
several decades. New components and systems 
concept has constantly seen the light. Control of 
pumps, motors, and valves takes place today mostly 
with electrical signals, which have contributed to the 
strong performance of digital control systems. This 
development has provided the hydraulic system 
technology greatly increased flexibility and led to 
unique system solutions. Still, there are relatively 

few practical applications that managed to radically 
reduce losses and thereby minimize energy 
consumption. 

Optimal energy-reduction requires that all losses, 
flow, pressure, and mechanical losses are minimized. 
If accumulators are used for energy storage and 
recovery must also the accumulator thermal losses be 
taken into account. A prerequisite for achieving a 
potential loss minimization is that the system concept 
and component selection is well suited to the task. 
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To minimize the energy consumption of a hydraulic 
system requires a survey of the various components 
loss allowance. Energy efficiency is not only about 
minimizing component losses, but also to realize a 
system concept that minimizes the pump's energy 
consumption by, for example, load reduction. 

2. Mobile valve controlled systems 

The work hydraulics in heavy vehicles and 
machinery consists almost exclusively of 
valve-controlled systems. A substantial advantage of 
the valve is that a pump may be used for the 
simultaneous operation of multiple loads. The main 
disadvantage is significant valve losses, especially 
with large differences in the load pressure of the 
loads. 

2.1 Loss analyses – valve controlled systems 

Figure 1 shows the predominant losses in a mobile 
load sensing hydraulic system with variable 
displacement pump. The application is a lifting 
device, for example a truck crane. 

 

Fig. 1: Predominant losses in a valve controlled hydraulic 

system. 

The figure shows that the efficiency of the system for 
lifting loads, a mean of about 35%. For a complete 
cycle with idling losses, the energy efficiency is 
considerably lower, about 20%. 

An analysis of valve losses of the system in Fig. 1, at 
simultaneous operation of two lifting loads, show 
that losses are the result of the relationship between 
the two load flows, load pressure ratio, the highest 
load pressure and the load pressure difference, ΔpLS 

(= pp-pLmax). Valve-efficiency can be expressed 
according to the relationship, 

   (1)

 

where κq = qL2/qL1 and κp = pL2/pL1. Highest load 
pressure is pL1. 

The relative valve losses in % are reported in Fig. 2. 

 

Fig. 2: Valve losses versus load flow ratio, with load pressure 

difference, ΔpLS and max load pressure as parameters. 

Simultaneous operation of two lifting loads, system acc. 

to Fig. 1. 

The figure shows that the load pressure difference 
ΔpLS = 25 bar varies valve losses from 11% to 46%, 
giving an average of 28%. For ΔpLS = 10 bar gets 
valve of losses averaging 22%. A reduction of ΔpLS 
from 25 to 10 bar thus provides an energy saving of 
approximately 6% when co-operation of the two 
lifting loads.  

Applying the theory to a real system, a knuckle boom 
crane, Hiab 07, obtained for a typical lifting 
movement, the result is shown in Fig. 3. 

 

Fig. 3: Cylinder pressure and valve losses for vertical lifting 

motion with a knuckle boom crane. 

ηv =
1+κq ⋅κ p

1+κq( ) ⋅ 1+ΔpLS / pL1( )
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An interesting observation in Fig. 3 is that the boom 
cylinders are designed so that the load pressures (PL1, 
PL2) are fairly similar, regardless of the lifting height. 
Increased rocker arm extension further reduces the 
distance between the load pressures. The effect of the 
crane dimensioning is thus that the valve losses are 
minimized by the simultaneous operation of the two 
lift loads. 

2.2 Loss minimization of mobile valves 
controlled hydraulic systems 

Reduced load pressure difference: The system 
described in Fig. 1 has a significant energy saving 
potential. Electronic control of pumps and control 
valves, through so-called flow matching means that 
the difference between the pump pressure and the 
highest load pressure can be reduced from 25 bar to 
about 10 bar. A system concept that use this 
technology are Bosch Rexroth's Electro Hydraulic 
Flow Matching (EFM) system, see Fig. 4. 

 
Fig. 4: Electrohydraulic Flow Matching (EFM), Bosch Rexroth. 

For hydraulically operated lifting device is said this 
system energy savings of 10-15% for a typical work 
cycle. Thus, a higher value than that obtained for 
only the lifting motion, according to Fig. 2. 

Hydraulic lowering unloading is a particularly 
effective way to reduce energy consumption in all 
types of hydraulically operated lifting system. 
Introduction valve functions to lower the discharge, 
thus load reduction takes place without supply of 
pump flow, the pump's energy consumption is 
reduced by an additional 15-25% on a typical duty 
cycle of a truck crane. 

Lowering unloading is implemented primarily by 
separating the control valve meter-in and meter-out 
throttling. Example of such valve concept is 
presented in Fig. 5. 

 
Fig. 5: Valve concept with lowering unloading facility. 

In applications requiring cylinder-mounted load 
holding valves, it is not trivial to realize lowering 
unloading. With the load holding valve that Bo 
Andersson introduced in 2009, see reference [1], 
obtained completely hydraulic mechanical adjustable 
relief, meaning that conventional control valves can 
be used and load-holding valve requires no 
additional control line. Valve concept and its impact 
on the pump power are reported in Fig. 6. 

 
Fig. 6: Reduced pump power with lowering unloading load 

holding valves for control of a truck crane, [1]. 

Mikael Axin, ref. [2], have studied different valve 
concepts for energy efficiency. With a special type of 
pressure compensator for each control valve, they 
will function as flow dividers and the load pressure 
difference can be reduced to about 10 bar. Examples 
of such a system solution is shown in Fig. 7. 

Complemented the valve system in Fig. 7 with 
load-holding valves, 3G LHV, [1] the energy saving 
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should be about 20-30% for a typical crane 
application. 

 
Fig. 7: Energy efficient valve controlled system, acc. to [1], [2]. 

Counterbalancing of self-weight is another method 
giving the potential reduction of the energy 
consumption of a lifting assembly. The technique has 
previously been used in forest machines and 
excavators, but not judged to be sufficiently 
cost-effective. For industrial trucks, especially 
warehouse trucks have hydraulic balancing 
accumulator has given very good results. Examples 
are shown in Fig. 8. 

 
Fig. 8: Examples of balancing systems for industrial trucks. 

3. Systems with electric motor driven pumps 

Hydraulic pumps driven by electric motors with 
constant speed remain the primary device for 
industrial applications. The development of electric 
motors and control systems (drives) have in recent 
years led to dramatic changes in both performance 
and costs. Today's why speed-controlled electric 
motors that drive pumps with fixed displacement is 
the most cost effective solution. 

Speed controlled fixed displacement pumps have 
significantly better energy efficiency than the 
displacement controlled, especially at part-loads. Fig. 
9 shows the difference in efficiency between a fixed 
displacement axial piston pump and a variable with 
the same maximum displacement. For those in the 
diagram marked operating point produces pumps the 
same power and efficiency for the variable speed 
pump is 91% and the displacement controlled 85%. 

Fig. 9: Efficiencies of speed and displacement 

controlled axial piston pump. 

The choice of the electric motor also has a significant 
impact on energy efficiency. Synchronous reluctance 
motors (SRM) has higher efficiency than 
conventional induction motors (ACM), see Fig. 10.  

 
Fig. 10: Energy efficiency for variable speed SR motor and AC 

motor. 

One application where the potential of 
speed-controlled pumps with fixed displacement can 
be fully utilized is linear devices. For heavy 
operations is the electro-hydraulic actuator (EHA) 
considerably more energy efficient than the 
corresponding electro-mechanical actuator (EMA), 
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and underflow when using a bleed-off valve. Grösbrink et al. [29] [30]
propose a system design where the pump is pressure controlled for low
pump flows and flow controlled for high flow rates. It is also possible to
shift from flow control to pressure control in case of an undesirable press-
ure build up [31]. A review of solutions to the flow matching problem in
flow control systems using traditional compensators has been made by
Djurovic in [32].

3.2.2 Flow Control using Flow Sharing Compensators

There are alternatives to address this flow matching problem without
adding additional components or sensors to the system. The key is to
implicate the highest load pressure into the compensator and thus get
the flow sharing behaviour described in section 3.1.2. The compensators
than act as relief valves instead of reducing valves and all valve sections
will work against the highest load pressure, see figur 3.5. This has been
studied in, for example, [22] and [33].

Figure 3.5 Simplified schematic of a flow control system using flow
sharing pressure compensators. The system can also be realized with flow
sharing compensators placed downstream of the directional valves.

26

2.6  System solutions to reduce power losses and tendency to oscillations. 
 
Since the main cause of instability of over-centre valve systems depends on that the pilot 
pressure is connected to the inlet side of the cylinder, the pilot pressures and the cylinder inlet 
pressure must be separated. In systems where the directional valve is operated by a pilot 
pressure this can be done by using the same pilot pressure for operating also the load holding 
valve. This is a common solution for instance in excavators [6]. 
 
However, such load lowering valves only work in systems where the directional valve is 
either hydraulic operated, electric operated or electro-hydraulic operated. A proportional 
electric load holding valve was proposed in [4].  
 
Load lowering valves operated by the pilot pressure require a separate hose from the 
hydraulic joy-stick or electro-hydraulic pilot pressure. That type of load holding valve is 
almost impossible to use in systems where the directional valve can be operated 
mechanically.  
 
With the new 3G LHV concept, the main cause of oscillations and the power loss when 
lowering a load can both be eliminated. 
 
 
3. THE 3G LHV CONCEPT. 
 
3.1 The 3G LHV circuit. 
 
The 3G LHV concept is a new circuit arrangement that is primarily developed to be used in 
systems with manually operated directional valves without the need of any additional pilot 
pressure hose or electrical signal between the directional valve and the load holding circuit. 

 
Figure 8.  The 3G LHV circuit.  
 
 

3G LHV 
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as shown in Fig. 11. 

 
Fig. 11: Comparison between the EMA and EHA linear units. 

In addition to higher efficiency has EHA unit lower 
weight and lower cost than the EMA. EHA is also 
easier to complete with security features. 

Supply units for industrial hydraulics is another 
area where the use of variable speed pumps can 
significantly improve energy efficiency. 

Constant pressure system has pressure controlled 
variable pumps has traditionally been the most 
common type of pump. By replacing these pumps 
with RPM-regulated fixed pumps, energy 
consumption can be drastically reduced. In Fig. 12, a 
highly efficient energy supply unit for the heavy 
industrial drives. 

 

Fig. 12: Energy efficient supply unit for constant pressure 

systems. 

The tank unit is equipped with an effective filtration 
system and cooler, which ensures long life and 

minimal maintenance. The energy saving for the in 
Fig. 12 disclosed system is 20 - 80% depending on 
the industrial application. Compared to conventional 
systems, reducing the need for cooling and also 
maintenance. 

4. Pump controlled systems - transmissions 

A hydrostatic transmission in series with a 
mechanical gearbox of "power-shift" type, is a 
common type of drivetrain in the machinery. The 
advantage of this concept is the simplicity and 
controllability. The losses in such a powertrain is 
relatively large, as shown in Fig. 13. 

 

Fig. 13: Dominating losses in a hydrostatic drive train. 

One way to improve the driveline efficiency and 
increase the gear range is to integrate the mechanics 
with the hydrostatics so as to have a parallel transfer 
of hydrostatic and mechanical power, so called 
hydro-mechanical "power-split" transmission. These 
types of transmissions, have been on the market for 
many years, but only recently have begun to develop 
more advanced power-split transmission. An 
example of such a transmission is shown in Fig. 14. 
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Fig. 14: Hydro-mechanical ”power-split” transmission, [3], [4]. 

The advantages of the concept in Fig. 14 is a high 
efficiency over a wide speed range and the 
transmission range for transfer of maximum power 
can be very large and that the device forms a 
complete "automatic transmission". The primary 
disadvantage is that the transmission requires an 
advanced control with a particularly rapid 
displacement control of the hydraulic machines. 

5. Hybrid systems for heavy vehicles 

The motivation for using hybrid drives in heavy 
vehicles is mainly to be able to store braking energy 
and then use that energy for acceleration. Power 
saving potential of a hybrid system is therefore 
highly dependent on the vehicle speed profile. When 
a rapid acceleration followed by a deceleration 
(braking) achieved maximum energy saving. Speed 
profile impact on energy savings for a 40 ton truck 
are shown schematically in Fig. 15. 

 
Fig. 15: Energy saving potential versus speed profile for hybrid 

driving of a heavy truck. 

As shown in Fig. 15 reduces the energy saving 
quickly when the time of constant speed increases. 
To achieve an energy saving potential of vehicle 
driven at relatively high proportion of the cruise is 
usually required a complete redesign of the entire 
drive train. 

An existing drivetrain supplemented by a parallel 
system, hydraulic machine and the accumulator, thus, 
a parallel hybrid, usually gives a fairly modest 
energy savings, 10 - 20%. Example of such a system 
is illustrated in Fig. 16. 

 
Fig. 16: Energy recovering for parallel hybrid in truck. 

For a specific driving cycle (Urban Driving Schedule, 
Fig. 16) described in the figure how the total braking 
energy is distributed to the friction, diesel engine and 
hydraulic system. Of the total braking energy is only 
51% taken advantage of the hydraulic system, 
providing a recovery efficiency of 21%, which is 
directly proportional to the energy savings. If the 
large friction losses reduced to 60% of the total brake 
energy can be stored in the hydraulic energy savings 
would be about 30%. 

The above example illustrates the importance of 
minimizing losses in the driveline all components, 
which are required to maximize energy efficiency. 
One of the most energy efficient hybrid powertrains 
currently on the market are RUNWISE from Parker, 
see Fig. 17. 
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Fig. 17: Parker hydro-mechanical series hybrid, RUNWISE. 

With RUNWISE system mounted in heavy trucks 
(40 tonnes) have measured fuel savings of up to 50% 
for a specific drive cycle. The average of 
measurements on several garbage trucks is 43% less 
fuel consumption. Additional advantages of the 
hybrid system are that the garbage truck can provide 
increased productivity and reduced maintenance 
costs. 

6. Accumulators and hydraulic fluids 

Some of the most important machine elements in the 
construction of energy efficient hydraulic system is 
undoubtedly the hydraulic accumulator and the 
hydraulic fluid, [6], [7]. It is therefore vital that the 
characteristics of these components are considered in 
the system design. 

6.1 Hydraulic accumulators 

Hydraulic accumulators are loss marred and the 
dominant thermal losses are caused by the flow of 
heat between the gas and the environment [6]. The 
accumulator thermal efficiency is frequency 
dependent, ie how fast a cycle (filling and emptying) 
traversed. The efficiency has its lowest interference 
frequency when accumulator thermal time constant 
(τw) is equal to 1.0, then when - 

ωs[rad/s]*τw[s] = 1,0 

or fs[Hz]*2π*τw[s] = 1,0 

The graph in Fig. 18 shows the thermal efficiency 

versus frequency, but also how the thermal losses are 
affected by how fast the accumulator fluid volume 
change (time derivative of fluid volume) and 
"holding time" between the filling and emptying. 

 
Fig. 18: Thermal time constant and its influence on the 

accumulator round-trip efficiency. 

The graph shows that for a conventional 
bladder-accumulator (40 litre) with the time constant 
τw = 58 s, in the most advantageous volume change 
derivative has a thermal efficiency of about 95% 
when the flow disturbance frequency is fs = 0.01 Hz. 
The frequency provides a period of time of 100 s, 
which is a fairly representative value for heavy 
vehicles. 

In recent years it has become increasingly common 
to use "lightweight" accumulators in hybrid systems. 
Such accumulators have a housing in composite 
materials that provide significantly better thermal 
insulation than a metal casing. Thus, the accumulator 
thermal time constant will increase. For the time 
constant τw = 116 s it can be seen in Fig. 18 that the 
efficiency is now increased to 97% at frequency fs = 
0.01 Hz. Increased time constant thus have a positive 
impact on the efficiency of the jamming frequencies 
higher than the critical frequency. However, there is 
one drawback to "lightweight" accumulators and it is 
energy-storage capacity decreases as the heat 
insulating material that surrounds the gas in the 
accumulator makes bigger. 

6.2 Hydraulic fluids 

Pressure fluid physical properties are defined by its 
viscosity, viscosity index, bulk modulus, density, 
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lubricating properties, shear stability, longevity etc. 
The losses, from the point of view of important fluid 
parameters, are the viscosity and viscosity index. 
Hydraulic fluid life is determined mainly by its 
stability. Especially shear stability is important 
because it affects the film build-up in sealing gaps 
(lubricity) and leakage flow and pressure loss in the 
system. 

The parameter, that essentially controls the losses in 
the components and management systems, is the 
viscosity, [7]. Which viscosity to be selected to 
maximize the efficiency of a hydraulic system is a 
question that has no simply answer. Viscosity effect 
on the losses stemmed from the individual 
components' operating conditions, such as flow, 
pressure and speed. In addition, the temperature 
effect on the viscosity must be taken into account. 

The operation-state effect on the "best" viscosity of a 
hydraulic pump is illustrated in Fig. 19. 

 
Fig. 19: Pump efficiency versus viscosity at the pump speeds 500 

and 3000 rpm. 

The figure shows that high pump speeds require low 
viscosity to maximize efficiency. The opposite 
applies to increased pressure, then the viscosity is 
increased, [7]. 

The demands on the hydraulic fluid viscosity index, 

(VI) are determined primarily by the border 
viscosities (minimum and maximum viscosity) that 
apply to the system components, [7]. Although 
expected variations in operating temperature and its 
effect on the viscosity must be considered. 

7. Conclusions 

Mobile valve controlled system - Variable pump and 
valve system that allows electronic flow matching 
minimizes losses. Lower un-loading can be used 
even in applications requiring cylinder mounted load 
holding valves. Balancing the "dead weight" can be 
usefully applied in the lifting unit. Applies all those 
measures, a potential energy savings of 30-50% is 
possible to reach. 

Industrial electric motor driven systems - Fixed 
pump and speed-regulated electric motors (SRM) 
provides significantly better energy efficiency than 
displacement controlled pumps. Electro-hydraulic 
linear actuators (EHA) are more energy-efficient and 
robust than electro-mechanical (EMA) units. Supply 
units in industrial applications with variable speed 
fixed pumps can provide energy savings of up to 
80%. 

Hydraulic powertrains and hybrid systems – 
Hydro-mechanical transmissions (power-split) 
reduces mechanical losses more than hydrostatic 
transmission in series with a gearbox. 

Accumulators and hydraulic fluids - Lightweight 
batteries (composite housing) provides higher cycle 
efficiency than batteries with metal casing for 
interfering frequencies that are higher than the 
critical frequency (minimum efficiency). 

Hydraulic fluid viscosity at operating temperature is 
critical for system efficiency. To determine the 
appropriate viscosity required a detailed analysis of 
component loss the viscosity dependence. Viscosity 
index is selected to withstand the components 
intrinsic viscosities within the specified temperature 
range. 
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