
In many cases the implementation of a 
system for recovering energy that otherwise 
would be wasted is the most effective 
method for improving a machine's energy 
efficiency. In this study, the suitability of 
different types of energy regeneration 
systems for an electrically powered fork lift 
are investigated. The focus of the study is on 
hydraulic recovery systems that use 
pressure accumulators as energy storages. 
In addition to analytical and simulation 
based research, the study consists of 
measurements conducted with two different 
hydraulic recovery systems in a full scale 
reach truck test bench, as well as 
introduction and assessment of two new 
accumulator concepts. The research 
indicated that the efficiency and 
applicability of the studied recovery systems 
depend heavily on the machine's work cycle. 
However, based on the presented results and 
findings, a hydraulic recovery system can be 
designed to be an effective and viable 
method for recovering energy and thereby 
reducing the energy consumption of the 
machine. 
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In light of current ecological and legislative trends, there is a demand for more effective uti-

lization of energy concerning both machines and processes. In many cases with mobile machi-
nery, the incorporation of a system for recovering otherwise wasted energy is the most efficient 
solution for gaining a significant increase in energy efficiency. Majority of current energy re-
covery- and reuse systems are based on electric storages. However, hydraulic energy recovery 
systems can be more preferable when applied to a suitable machine- and work cycle type. 
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cally powered fork lift are investigated by means of analysis and simulation. Two of these sys-
tems are further investigated by designing and implementing them for measurements on a full 
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an optimization routine based on analytical assessment of losses was created. In addition to the 
preload pressure optimization for any given work cycle, the presented routine can be used as 
an assessment tool for accumulator sizing. On the other hand, the transformer based recovery 
system adapted to different accumulator parameters with virtually no effect on the efficiency. 

The research also includes introduction and assessment of two new accumulator concepts 
for further improving the efficiency of the studied directly recovering system. The first concept  
reduces pressure gain while charging, which improves the system's efficiency when operating 
with constant loads while the other employs selectable piston areas for improved adaptation to 
the variations in the payload. 
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Sekä laitteiden että prosessien energiatehokkuuden parantamiselle on nykyisten trendien 

mukaisesti yhä enemmän tarvetta. Liikkuvien koneiden tapauksessa useimmiten tehokkain 
tapa parantaa energiatehokkuutta on lisätä laitteeseen järjestelmä ottamaan talteen muutoin 
häviöksi muuttuvaa energiaa. Nykyisin käytetyt talteenottojärjestelmät perustuvat useimmi-
ten energian sähköiseen varastointiin. Sopivaan laitteeseen ja työsykliin sovellettuna energian 
talteenotto suoraan hydraulisessa muodossa voi kuitenkin olla tehokkaampaa. 

Tässä väitöskirjassa on analysoitu, ja kolmen järjestelmän osalta myös simuloitu, erityyppis-
ten energiantalteenottojärjestelmien soveltuvuutta sähkökäyttöiseen hydraulitoimisella mas-
tolla varustettuun trukkiin. Saatujen analysointitulosten perusteella valittiin jatkotutkimuk-
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perustuu paineakun lataustilavuusvirran suoraan ohjaamiseen. Toisessa järjestelmässä puo-
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1. Introduction 

1.1 Background 

In the light of current ecological and legislative trends, there is a strong 
demand for more effective utilization of energy concerning both machines and 
processes. The efficiency of any given machine can be enhanced either through 
improving the efficiency of the chain of components converting the primary 
energy to the desired work or by implementing a system that regenerates part 
of the energy that otherwise would be wasted. When considering mobile 
machinery, typically the most efficient solution for gaining a significant increase 
in the energy efficiency, is the incorporation of a system for recovering and 
reusing this energy. In machines that take advantage of recovered energy, the 
energy is typically stored in electric form.   However, an energy recovery system 
utilizing a hydraulic storage can be more preferable when applied to suitable 
machine- and work cycle types. 

Typical work cycles of machines like loaders, trucks and mobile cranes consist 
of sequential functions of driving, loading and unloading with a more or less 
fixed route. These cycles include phases in which the kinetic energy of the whole  
machine, or some moving section of it, is decelerated and also phases where the 
potential energy of a part of the machine is reduced by lowering it. Typically, the 
deceleration or lowering velocity is controlled by frictional braking, thus 
wasting the kinetic or potential energy by converting it to heat. However, if these 
systems were equipped with an energy recovery and reuse system, a portion of 
the wasted energy can be regained. By utilizing the regained energy during 
subsequent phases in the work cycle, the need for external energy, such as fuel 
or electricity, is reduced.  

The machine type and the machine’s work cycle determine the effectivity and 
feasibility of the implementation of an energy regeneration system. Kinetic 
energy of a work machine can be effectively recovered when the amount of 
energy is sufficient and more importantly, the frequency of these deceleration 
phases within the total work cycle is high enough. For example, the driving 
velocity of a tracked excavator is relatively low and typically this machine works 
stationary for extended durations. For such machines, the driveline of the 
machine is not the optimal target for energy recovery. On the other hand, 
excavators use their swing function extensively during operation and since the 
rotational kinetic energy is high, recovering energy from the deceleration of 
swing motion could be effective.    

The same principles also apply to the effectiveness of potential energy 
regeneration. For example, a mobile crane usually hoists and lowers the same 
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load, which in principle enables recovering the same energy in lowering that was 
used for hoisting, while a loader typically hoists a loaded bucket and unloads it 
in lifted position before lowering. Due to this, the energy used for hoisting 
cannot be fully recovered in the lowering phase of the loader’s typical work 
cycle. 

This study originates from HybLab–Hybridization of work machines-project 
funded by the Aalto University’s Multidisciplinary Institute of Digitalization and 
Energy (MIDE) -program. The aim of the project was to halve the energy 
consumption of mobile machines. Two mobile machines were placed at the 
project’s disposal for research purposes by the project’s industrial partners and 
were utilized as case study platforms. The machines were a mine loader and a 
reach truck, latter of which is the machine studied in this thesis. Since the most 
prominent enhancement for the energy efficiency of the reach truck can be 
achieved by developing the lift/lower function of the reach truck, this study 
concentrates on this function. 

Reach trucks are subtypes of fork lifts, specified by their ability to horizontally 
extend and retract the mast structure. These machines are usually electrically 
powered and designed for operating in indoor warehouses. In terms of potential 
energy of the stored goods, warehouses are essentially zero energy processes in 
the long term. In this respect, the studied machine and its typical work cycle 
facilitates the possibility for noteworthy energy recovery.  

The studied reach truck test platform uses an electric lead acid battery bank 
as its energy source. This battery is used to power controllers for the three 
electric motors in the machine, which are the drive motor, wheel turn motor and 
the pump motor. The prime mover of the studied lift/lower function is an 
induction motor for powering the pump. The pump’s output flow is connected 
to the main valve block which houses the main valves for the three hydraulically 
operated functions of the mast system. When considering the lifting operation 
of the machine, the power is drawn as DC electric form from the battery bank to 
the drive controller which converts it to three phase AC for powering the 
induction motor. The motor transfers this power mechanically to the pump, 
which in turns converts it to hydraulic form to actuate the lifting cylinders that 
finally convert it to mechanical work for elevating the load. The energy pathway 
for lifting is illustrated with blue arrows in Figure 1. 
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Figure 1. Energy pathways in lifting and lowering  

In lowering motion, the cylinders of the baseline machine convert the 
mechanical work, induced by potential energy, to hydraulic pressure and flow, 
which is throttled by valves thereby converting the potential energy to heat; 
upper red arrows in Fig 1. A portion of this energy can by recovered by using 
many different technologies. As an example, the first possible locations in the 
energy pathway for hydraulic-, flywheel- and electric-energy storages are 
illustrated on the bottom row of Fig 1. A hydraulic storage can be installed to 
collect the fluid flow straight from the lifting cylinders. When using a flywheel-
based energy recovery, the energy would require to be further converted from 
hydraulic to mechanical form in the pump/motor. Electrical storing of the 
energy would necessitate one additional conversion to AC in a generator, 
coupled with rectification for storing in the form of DC.  

The majority of energy recovery research is currently focused on electric 
hybrid drives. When considering non-road work machines, many of these have 
functions that are hydraulically powered. Recovering the normally wasted 
energy from these functions directly in hydraulic form has many inherent 
advantages compared to the alternative recovery technologies. The primary 
advantage is the system’s ability to avoid the losses interconnected with each 
energy type conversion when recovering and reusing the energy. In addition, 
when applied to suitable machine type, hydraulic storage can offer a cost 
effective solution with good maintainability.       

1.2 Research problem 

During lowering motion a typical fork lift wastes the potential energy that was 
stored in to the load and structure during a prior lifting phase. This creates an 
opportunity for a significant enhancement in the machine’s overall energy 
efficiency by retrieving part of the wasted energy for reutilization.        

The research problem is to find different methods and approaches, and to 
analyze their effectiveness for minimizing the energy usage of an electrically 
powered reach truck. 
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1.3 The aim of the study 

The aim of this study is to significantly reduce the energy consumption of a 
reach truck without compromising the performance or altering the functionality 
of the machine In general, the energy efficiency of any given system could be 
improved by higher efficiency components and/or by implementing an energy 
recovery system into the machine. This study focuses on the latter, 
concentrating on the mast’s lift- and lower-function, which is the most power 
consuming subsystem in a reach truck. 

Furthermore, the aim is to select recovery systems for implementation to a full 
scale reach truck test platform on the basis of simulations. The effectiveness, 
functionality and suitability of these hydraulic recovery systems in a reach truck 
were to be verified by analyzing the measurement results.   

1.4 Research methods  

This study comprises a literature review, simulations, and of construction, 
measurements and analysis of two alternative hydraulic energy recovery system 
types implemented in a test bench reach truck. Of these two systems the first 
one directly diverts flow to the storage component and the second one employs 
an indirect hydraulic system. The indirect system changes the pressure–volume 
flow ratio between the actuation line and the storage to match the output power 
of actuator to input power of storage. In addition, two new types of hydraulic 
accumulators are proposed to further enhance the efficiency of the direct 
recovery system.   

The state of the art, regarding hydraulic circuits and various energy recovery 
systems, is presented in Chapter two. Chapter three describes the different 
energy recovery technologies and analyzes their suitability to the case study 
platform. Simulations of the systems, selected based on the analysis, are 
presented in Chapter four. In Chapter five, the test platform is covered in detail, 
entailing also instrumentation, measurement arrangement and the hardware 
modifications required for building the regenerative circuits. Measurement 
results are presented in Chapter six. Chapter seven introduces two accumulator 
concepts aimed for further enhancing the direct hydraulic recovery system. 
Finally, the results are discussed and the work is concluded and summarized in 
Chapters eight and nine.  

1.5 Scope of the study  

The case study truck is already equipped with an electric recovery system for 
recovering the kinetic energy of the truck while braking, thus reducing the 
possibilities for large improvements on the efficiency of the driveline. 
Furthermore, building a driveline testing facility was beyond the resources of 
the project. Therefore the improvement of the reach truck’s energy efficiency 
was limited to enhancing the efficiency of the mast’s lift- and lower-function. 
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The research for improving the efficiency of hydraulic accumulators by 
minimizing their thermal losses is not included in this study. This area is 
covered in another thesis in preparation in our research group. 

1.6 Contribution  

The main contribution of this study is development, implementation and 
analysis of two differing hydraulic recovery circuits to a fork lift test bench. 
These are: 

• A recovery circuit that stores the hydraulic volume flow directly from 
the actuators to the hydraulic storage devices utilizing a digital flow 
control unit 

• A recovery circuit that stores the energy indirectly utilizing a hydraulic 
transformer consisting of two interconnected hydraulic pump/motor-
units 

 
Related to the first of the two circuits, a parameter optimization model was 

also created to optimize the recovery performance based on work cycle 
characteristics. This model can also be used for assessing the effect of the 
accumulator volume to the efficiency of the recovery system.     

In addition, two hydraulic accumulator concepts are proposed to further 
improve the effectiveness of the studied direct recovery circuit. These are a low 
pressure gain hydraulic accumulator, which has a lower pressure build-up per 
volume input in the liquid chamber than a regular piston type accumulator of 
similar size. The second accumulator concept employs multiple switchable 
surface areas in the gas side. This allows the concept to adapt to the external 
load without altering the available volume in the liquid side.  

The research presented here is a part of a project with multiple contributing 
researchers. Therefore, some of the subtasks presented in this thesis are not 
solely conducted by the author. A chapter-wise itemization of contributions, 
concerning chapters where the author is not sole contributor is presented in 
Appendix A.   
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2. STATE OF THE ART 

When focusing on machines’ internal energy consumption and excluding 
improvements on work cycles etc., energy efficiency improvements can be 
obtained by using higher efficiency components or by redesigning system 
topology and, in addition, by retrieving and storing the machines’ otherwise 
wasted internal kinetic and/or potential energy. The state of the art regarding 
these issues is covered in this chapter. Circuit topologies and the component 
efficiencies related to mobile machinery are discussed in the first subchapter, 
followed by coverage of hydraulic recovery systems and of other type of recovery 
systems implemented to mobile machines.     

2.1 Circuit types and components in mobile hydraulics  

Hydraulics are used in most mobile machines to some extent. The quantity of 
functions actuated with hydraulics, however, depends heavily on the machine 
type. At simplest, the machine contains only one hydraulically actuated 
function. An example of such a machine is a walkie stacker equipped only with 
a hydraulic lift function. Other, more complex, machines can be equipped with 
numerous hydraulically powered functions both for linear and rotary motion. 

The hydraulic circuit in a mobile machine can be designed to be based on 
various control strategies. The applied circuit type depends both on the 
machine’s complexity and on its size. Generally, small machines with a relatively 
low power level and a low number of hydraulically operated functions are 
equipped with hydraulic circuits with low complexity and a simple control 
strategy. At simplest, in addition to the actuator, the hydraulic system consists 
of a constant rotational velocity prime mover, such as an electric motor, a 
constant displacement pump, a pressure relief valve (PRV) and a tank. This 
system allows only on-off-type control of the actuator. Adding a throttling valve 
in series with the actuator enables velocity control. The velocity, or more 
specifically the flow entering the actuator, is controlled by increasing the 
pressure level over the cracking pressure of the pressure relief valve and thereby 
diverting a part of the flow through it to the tank. While this system type is 
relatively simple and inexpensive, its energy efficiency is very low. Regardless 
of the real flow demand or of the load induced pressure by the actuator, the 
pump always produces a constant volume flow and the system pressure is or 
exceeds the set cracking pressure of the PRV. In operation, this leads to energy 
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losses in all situations where the pressure or flow demand are less than the 
maximum values.  

The previously discussed system type can be made more efficient by 
controlling the flow produced by the pump. This can be accomplished by using 
a variable displacement pump or by controlling the rotational velocity of the 
machine driving the pump, which in these control type systems is usually an 
electric motor. This system architecture matches the combined flow demand of 
the actuation lines, and losses occur if the required pressure is less than the set 
constant system pressure. The system type is usually referred as pump 
controlled constant pressure system. 

 Load sensing (LS) hydraulic circuits are more complex than constant 
pressure systems but offer increased energy efficiency. A load sensing hydraulic 
circuit typically employs hydraulic feedback loop from the actuator lines to the 
pump’s hydraulic load sensing controller that actuates the pump’s displacement 
control element. The feedback is realized via an array of shuttle valves that feed 
back the highest actuation line pressure. The system maintains a set constant 
pressure drop between the pump outlet pressure and the pressure of the 
actuation line with the highest load induced pressure. This circuit architecture 
leads to a system that matches the pump flow with the demand while the 
pressure loss induced by this system type is equal to the set sensing pressure 
drop. Load sensing systems are generally equipped with flow compensators 
which can be installed up-stream or down-stream of the directional valve of 
each actuation line. If the compensators are of up-stream type, the flow to the 
actuation line with the highest pressure begins to diminish after the maximum 
flow output of the pump is reached and the actuator in question slows down. 
This behavior can be avoided with a system that has down-stream compensators 
at the cost of losing the option for using individually set pressure limiting cut-
off valves in actuation lines. The down-stream compensated architecture is also 
referred by manufacturers as LUDV (Bosch Rexroth) or flow-sharing (Parker 
Hannifin).  The losses caused by these three individual system architectures are 
illustrated in Figure 2, when operating one actuator with the pressure and flow 
requirements being both half of the system maxima.    

 

 

Figure 2. System architecture induced losses for valve and pump controlled constant pressure 
systems and for a load sensing system  
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If the number of consumers operating simultaneously is increased from the 
one as depicted in Figure 2, the relative efficiency of a valve controlled constant 
pressure system increases. With the pump controlled constant pressure system 
the overall efficiency increases if the pressure need of the actuator or actuators 
is greater that of the first actuator. Since the LS-system always selects the 
highest pressure requirement for reference, the actuation lines with lesser 
pressure need must be throttled. This leads to a reduction in the overall 
efficiency when operating multiple consumers simultaneously.  

The latest developments to the load sensing circuit strategy is to add more 
instrumentation in conjunction with switching from hydraulically actuated to 
electrically actuated controlling elements within the system. The research on 
this system type is very active and there are numerous studies on alternative 
variants of the system type.  One example of such a system is the 
electrohydraulic load sensing system researched by (Lettini et al. 2010). In 
addition to the prior, this system type is also referred for example as 
electrohydraulic flow matching and flow on demand system (Scherer et al. 
2013). Even though such a system matches the flow to the demand without a 
substantial set pressure drop and operates a single actuator virtually without 
any system type induced losses, its efficiency suffers when operating multiple 
actuators simultaneously. This is due to the fact that the lines with lesser 
pressure demands have to be throttled to maintain the desired flow distribution, 
i.e., actuator velocities. 

 Energy efficiency-wise, the ideal system architecture would match both the 
flow demand and the required pressure of each actuator. In practice this would 
require a distributed hydraulic system which could be realized by outfitting each 
actuation line with its own pump and a machine for powering it and thus 
directly controlling the flow rates of each individual line to match the demand. 
Such system architectures are typically referred as displacement or pump 
controlled systems.  Typically mobile machines are outfitted with a single pump 
that drives all the functions. To realize this system type in a battery powered 
mobile machine, the hydraulic system would have be to augmented with an 
added number of pumps driven with electric motors. This increase in the 
number of hardware components in the machine can partly be compensated by 
a significant simplification of its main valve block. The realization for machines 
powered with an internal combustion engine (ICE) is more challenging, since 
using multiple smaller ICE:s is impractical. One possibility would be to add a 
generator connected to the ICE complemented with an electric energy storage 
to power the hydraulic actuation lines with electric motors. Research for directly 
controlling the flow with the pressure level being load induced has been carried 
out for example in Purdue University. The used research platform was a mini 
excavator, implemented with an independent displacement control system. The 
results indicated over 40 per cent energy consumption reductions compared to 
the original LS-system (Hippalgaonkar & Ivantysynova 2013).   

An electrically energized indoor fork lift, such as the reach truck utilized for 
this study, uses one electric motor for powering the pump which is used for all 
of the hydraulically actuated functions. The volume flow output of the pump is 
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controlled by an electric signal which controls the rotational velocity of the 
electric motor. The volume flow is then fed to the valve block for division 
between the active actuators. The lift function operates by directly opening a 
passage to the actuation line. The lifting velocity is then directly controlled by 
controlling the volume flow and the pressure in the line is load induced. There 
is also a compensator between the main valve and the actuator for matching the 
lowering velocity to the operator set level under all load conditions. The 
pressure levels in the other functions are in most cases below the lift cylinder 
pressure. Because of this, if the other function are activated simultaneously 
during lifting operation, the system increases the pump’s output flow, if it is not 
at maximum, and valves throttle the flow to the other functions to balance the 
pressures. This type of a hydraulic system, in relation to the lifting/lowering 
function, is system architecture-wise close to optimal. Therefore, the efficiency 
gained by altering the topology of the machines’ hydraulic circuit would be very 
small.      

In addition to improving the efficiency by altering the overall system 
architecture improvements can be gained by switching to higher efficiency 
components or subsystems. The efficiency of hydraulic displacement machines, 
that is pumps and motors, depend on their type and operation point. The losses 
in these machines are typically divided into two main categories, which are 
hydromechanical losses and volumetric losses. Hydromechanical losses include 
mechanical losses within the machine caused by friction between sliding and 
rolling elements. In addition, they include fluid motion induced losses. 
Volumetric losses describe the losses caused by a portion of the fluid at some 
stage of pressurization leaking either via external leakage line to tank or 
internally back to the low pressure side within the machine and losses caused 
by the compressibility of the fluid. 

These loss types behave differently in relation to changes of the operational 
parameters of the machine. The most significant operational parameter 
contributing to volumetric losses is the pressure difference between the 
machine’s input and output ports. A high pressure difference leads to high 
volumetric losses. On the other hand, hydromechanical efficiency becomes 
higher with the increase of the pressure differential.  

Different pump types have some variation in their efficiency. External gear 
pumps, such as the one used in the reach truck, typically have an overall 
efficiency of less than 90 per cent. The efficiency could be slightly improved by 
switching to an axial piston pump which typically has an overall efficiency above 
90 percent. In addition, there are few new pump types in development that have 
even higher efficiencies. For example, a floating cup design by Innas (Vael et al. 
2009).  

Flow losses occur naturally throughout the whole fluid transfer line, but their 
type and significance to the overall efficiency varies by component and machine 
types. The throttling losses, typically occurring in the controlling elements, i.e., 
valves, could be decreased by switching to physically larger components. Some 
of these losses are functional by nature, such as loss in a throttling valve for 
lowering the load in a fork lift, and therefore necessary for the operation of the 
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system. When correctly dimensioned, the fluid flow in the remaining fluid 
transfer line is laminar. Losses in laminar flow are directly proportional to the 
cross sectional area and the length of the fluid line, and can therefore be 
decreased by increasing the diameter or decreasing the length of fluid line. With 
a reach truck, the only option would be to increase the diameter of the lines.    

Since the studied reach truck uses electricity as the primary energy source, the 
system efficiency could also be increased by switching to higher efficiency 
electric components. The hydraulic pump is powered by an induction motor. 
The efficiency could be increased by replacing it with a permanent magnet 
synchronous motor, which typically has a significantly higher efficiency 
(Demmelmayr et al. 2011). For gaining additional improvements in the 
efficiency of the electric system, the solution would be to replace the system with 
a high voltage system, and thus minimize the current induced resistive losses. 
This approach, however, creates additional challenges that will be discussed in 
the following main chapter. Despite the fact that there is potential for some 
improvements through altering of the system components of the reach truck, 
the largest losses occur when lowering the load. Therefore, the overall efficiency 
can be most effectively increased by recovering and re-using a part of this 
energy. 

2.2 Hydraulic energy recovery systems 

Since hydraulic energy recovery systems are a major part of this study, the 
systems covered in this chapter are not limited to any specific target platform 
types. A large part of the commercially available energy recovery systems today 
are based on electric recovery and are used in passenger transportation and 
more specifically in automobiles. The usage of other energy storage types is less 
frequent compared to the electric ones. The drive trains of vehicles that recover 
part of the vehicles’ kinetic energy during deceleration are typically internal 
combustion-electric motor hybrids. The term hybrid refers in most cases to the 
driveline consisting of two or more differing power sources, although some 
definitions also encompass systems with two or more energy source types. 
Usually the hybrid drive trains are divided into three main categories depending 
on their method of delivering the power from the sources to create the actuating 
force or torque. Regardless of the type of the secondary power source these 
different system architectures are parallel, series and power split 
configurations. The categories for an ICE-hydraulic hybrid are depicted in 
Figure 3.       
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Figure 3. Main categories of a hydraulic hybrid driveline. Adapted to hydraulic scheme from 
most established classification, presented, e.g., in (Chan 2007)  

In the parallel architecture, the secondary power source that is the hydraulic 
pump/motor is connected to the mechanical drive train between the ICE and 
the actuator. The energy is harvested by charging the high pressure accumulator 
with the hydraulic machine in pumping mode and reused by creating assisting 
torque with the hydraulic machine in motoring mode. In the series 
configuration the mechanical connection is removed and the power is 
transmitted with a continuously variable hydrostatic driveline (CV-HST). The 
power split architecture, known also as parallel-series hybrid, combines power 
transmission types of the previous two types. The relative amounts of power 
transmitted through the mechanical and hydrostatic paths can be continuously 
varied to optimize efficiency under any loading condition.  

For the most common hybrid category, that is passenger vehicles, there can 
be found research on the effectiveness of utilizing hydraulic recovery systems 
instead of the typical electric ones. For example, three differing hydraulic 
circuits have been analyzed by means of simulation regarding their effectiveness 
as a driveline of a mid-sized passenger vehicle (Ibrahim 2011). These three, two 
of which have hydraulic energy storing capabilities, i.e., are equipped with 
pressure accumulators, are compared against their mechanical counterpart.  
With the first system, a well-established continuously variable hydrostatic 
driveline (CV-HST), the simulations suggested a decrease in the fuel 
consumption in a city cycle and an increase in a highway cycle, resulting in the 
average consumption being practically equal to that of the conventional 
mechanical driveline using a combined cycle. The advantage of the hydraulic 
driveline in city driving is its ability to operate the internal combustion engine 
(ICE) close to or at its most efficient operation point. In highway driving this 
benefit is overcome by the greater losses in the power transmission line 
compared to the mechanical one. 
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The second analyzed circuit is a secondary controlled hydrostatic driveline 
(SC-HST) equipped with pressure accumulators both for the high and low 
pressure lines. The secondary controlled system differs from the 
aforementioned CV-HST by its operation principle. With the continuously 
variable system the hydraulic motors powering the wheels are controlled by 
controlling the flow from the pump connected to the ICE and with the SC-HST 
they are controlled by their torque demand and the known, nearly constant, 
pressure difference between the high and the low pressure lines. The main 
pump in this system is used for recharging the accumulator and thus for 
maintaining the pressure of high pressure line at desired level. The operation of 
the pump can be separated from the operation of the wheels and as such the 
charging cycle can be conducted at the optimal point of the ICE-pump 
combination. The simulations indicated a 30 per cent fuel consumption 
reduction for this system architecture using the combined new European 
driving cycle (NEDC) cycle (UN 2013). 

The third simulated hydraulic driveline is series hydraulic hybrid driveline 
originally introduced by Innas (Achten et al. 2008) titled as “the Hydrid”. The 
Hydrid concept encompasses multiple configuration variants, and the one 
selected for this study is a four wheel drive system with an ICE and a single 
pump, as depicted in Figure 4.   

 

Figure 4.  Driveline of the Hydrid (Ibrahim 2011) 

The two pieces of IHT in the figure refer to Innas hydraulic transformers. The 
concept of a hydraulic transformer will be discussed in Chapter 5.4. The 
simulations indicated an overall energy consumption reduction of 53 per cent 
for this driveline variant using the NEDC cycle.  

Commercially there are no hydraulic recovery systems available for passenger 
vehicles. The only known upcoming system is the PSA-consortium’s hydraulic 
recovery system, branded as Hybrid Air (PSA 2014).  Details on the system 
components or the performance are not available, but based on the available 
material the system is a parallel hydraulic hybrid equipped with the high 
pressure accumulator enclosed in the center tunnel, Figure 5. 
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Figure 5.  Hydraulic pressure accumulator of Hybrid Air- concept, photograph of illustration 
vehicle presented in IFK2014 fluid power conference 

For larger, non-passenger on road vehicles such as delivery trucks there are 
some known hydraulically regenerative systems. For example, Bosch Rexroth 
has introduced a hydraulic energy recovery system named as hydraulic 
regenerative braking, HRB (Lindzus 2010). Hardware-wise this system consists 
of a hydraulic pump/motor-unit installed to the driveshaft of a truck, hydraulic 
accumulators, a pressurized tank and of a valve block. While braking, the system 
regenerates a part of the kinetic energy of the truck to pressurized hydraulic 
fluid in the accumulators and this energy is utilized by providing additional 
torque to the driveshaft with the hydraulic motor. Since the system provides 
only additional torque, both in deceleration and acceleration, the original 
mechanical driveline of the target vehicle must be maintained.  

 

 

Figure 6.  Bosch hydraulic regenerative braking (Lindzus 2010) 
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Eaton Hydraulic Launch Assist (HLA) has a similar hardware architecture as 
the HRB. The system consist of a pump/motor unit mechanically connected 
through the transmission to the driveshaft and of a hydraulic pressure 
accumulator and a pressurized reservoir. However, according to (Park & 
Lockridge 2013), this system has been discontinued from the product lineup.   

Parker Hannifin has a recovery system called RunWise, targeted to similar 
applications as the HRB and HLA (Parker Hannifin 2015). Compared to the 
previous two, which had parallel-hybrid system architecture, RunWise employs 
series-hybrid scheme.  The system has a pump unit which is connected to the 
ICE in order to charge the accumulators when needed. In addition, the system 
utilizes a second pump/motor unit connected to the driving wheels for 
propelling the vehicle and charging the accumulators when decelerating.  

Tracked mobile work machines are designed to have very limited high speed, 
which leads to relative low levels of kinetic energy available for recovery upon 
decelerating. In addition, excavators typically operate long durations in 
stationary position, i.e., the proportion of traveling of total working time is 
usually very small. These factors usually make the implementation of an energy 
recovery system to the driveline inefficient. In addition to the driveline, these 
machines are outfitted with linear actuators for boom, arm and bucket motions 
coupled with a rotary actuator for the swing-function. The bucket swivels 
around its joint to the arm, and the actuator works mostly against friction which 
makes it an inefficient choice for recovering energy. While the arm cylinder does 
work against gravity, it does it to both directions from the gravity neutral axis 
which eliminates the possibility for simple energy regeneration through 
structural mass elimination. Some energy could be recovered with a more 
complicated system, but the implementation of such a system cost effectively 
would be challenging. The boom actuator, or in many cases actuators, always 
experience load from one direction. This enables energy regeneration to a 
certain extent by using an auxiliary cylinder coupled to a hydraulic accumulator 
to produce a countering force to eliminate some of the load. However, since the 
swing function moves the whole upper frame that includes the previously 
covered assemblies, it has the greatest potential from harvesting energy when 
decelerating the rotational motion.  

Caterpillar has studied and implemented a hydraulic recovery to circuit to the 
boom swing function of an excavator. The system is in place in 336E H excavator 
which is commercially available (Bennink 2013). The swing function is actuated 
with a hydraulic pump/motor that operates in motoring mode when 
accelerating and in pump mode when decelerating. The energy is harvested to a 
bank of hydraulic accumulators. The component of the hydraulic recovery 
system in the excavator are emphasized in Figure 7.  

 



 

15 
 

 

Figure 7.  Caterpillar  336E H (Bennink 2013) 

The implementation of a hydraulic recovery system to the swing function of an 
excavator has also been studied in Purdue University. According to 
(Hippalgaonkar & Ivantysynova 2013), the energy consumption of a 
regenerative swing function can be reduced by 50 per cent with the studied 
hydraulically recovering circuit compared to a baseline system. As described in 
the previous chapter, a 40 per cent reduction was achieved in this system by 
driving the swing function with its own circuit instead of the common pump in 
the LS-system. Therefore, the addition of energy recovery constitutes to an 
additional 10 per cent reduction when comparing to the original system. 

Nyman et al. have conducted a series of studies into hydraulic recovery 
implemented into a narrow aisle truck. This target system is the closest match 
to the reach truck test platform used in this thesis. The hydraulics of the baseline 
machine are complemented with a recovery circuit based on creating a 
countering force with an additional hydraulic cylinder connected to a hydraulic 
pressure accumulator. The system is illustrated in Figure 8. 
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Figure 8.  Circuit diagram of energy recovery in a narrow aisle truck (Nyman et al. 2003) 

The found studies, (Nyman & Rydberg 2001) and (Nyman et al. 2003) 
concentrate on creating an accurate accumulator model for simulating and 
sizing the system parameters for the recovering components. The accumulator 
model is based on work by Rydberg (Rydberg 1984). The only known 
commercial fork lift using hydraulic energy recovery, i.e., a narrow aisle truck 
by BT (Toyota 2012) with advanced lifting system (ALS), is estimated to employ 
this strategy. Applying this system type requires redesigning the mast system 
and the incorporation of the extra cylinder producing the assisting force. The 
recovery systems studied in this thesis can be incorporated to the machine 
without any modifications to the existing mast system.   

When considering stationary hydraulic systems, one researched target system 
for hydraulic recovery has been hydraulically operated lifts. The operating 
principle and the work cycle profile of a hydraulic lift are relatively similar to 
the ones of a fork lift. The lifts are traditionally constructed in a manner that the 
system loses in lowering motion all the potential energy generated by lifting 
motion. By contrary, electrically driven lifts are implemented with 
counterweights that absorb most of the potential energy allowing the lift to 
operate at much higher efficiency than their hydraulic counterparts. Therefore, 
hydraulic lifts have great potential for efficiency improvements which makes 
them in to very suitable study platforms for hydraulic recovery. There are 
multiple studies existing on the subject, for example a study published by Yang 
et al. / Yang 2007 /. In this study, a new hydraulic recovery system based on 
closed circuit hydraulics is proposed, Figure 9. 
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Figure 9.  Closed circuit hydraulic recovery system for a lift (Yang et al. 2007) 

In this system type the hydraulic pressure accumulator acts as a 
counterweight acts in typical electric lifts. The suitability of this circuit type, 
along with many other systems described in this chapter, to the reach truck test 
platform is analyzed in Chapter 3.  

2.3 Non-hydraulic recovery systems in mobile work machines  

Literature includes numerous studies on non-hydraulic energy recovery 
systems implemented to work machines. The most relevant studies in respect 
to this thesis are the studies on an electric energy recovery system implemented 
in a reach truck test bench that have been conducted in Lappeenranta 
University of Technology (Minav 2011). This system utilizes a high voltage 
electric recovery system, depicted in Figure 10.  

 

 

Figure 10.  Electric recovery system (Minav 2011). 
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The measurement system included a full scale reach truck test platform with 
an electric motor/generator. In the test setup the electric recovery system was 
replaced by a braking resistor and the efficiency of the electric double layer 
capacitor was factored in mathematically. This test platform was also utilized in 
a joint publication (Minav et al. 2014), where the system was compared against 
one of the hydraulic recovery systems presented in this thesis.  This recovery 
system and its characteristics are described in detail in Chapters 5.2 and 8.1. To 
summarize the comparison publication, the hydraulic system outperformed the 
electric one when the preload gas pressure in the energy storing hydraulic 
accumulator was optimized to a load. When using a single preload pressure 
setting for all loads the electric system had better efficiency. The cause and the 
consequences of the preload pressure setting in respect to the system’s 
efficiency with this hydraulic recovery system type will be thoroughly analyzed 
in the following chapters.    

For many of the hydraulically recovering work machines described in the prior 
chapter there is a similar work machine platform that uses an alternative energy 
recovering technology. For example, Komatsu utilizes an electric energy 
recovery system in the swing function of HB215LC-1 excavator (Bennink 2013). 
Contrary to the hydraulically operated swing functions described in the previous 
chapter the excavator utilizes an electric motor for powering the swing function. 
The energy storage is an ultracapacitor, whose attributes are analyzed in 
Chapter 3.2.2. During deceleration of the rotational velocity, the swing motor 
act as a generator and charges the ultracapacitor. In addition, another generator 
is connected to the ICE, as illustrated in Figure 11. 

   

 
 

Figure 11.  Komatsu HB215LC-1 (Bennink 2013) 

The reported fuel savings with the electric recovery system and the hydraulic 
system are comparable, but since the used work cycles are unknown, a more 
reliable comparison between them is not possible.  
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3. ANALYSIS OF THE AVAILABLE 
ENERGY RECOVERY 
TECHNOLOGIES 

 

Mobile machines have a wide variety of differing systems that perform work 
tasks or functions. The type of these systems and their usual realization method 
depends on the machine type and on its’ operational environment. The studied 
test platform is a reach truck, which is a subtype of fork lifts designed for indoor 
warehouse operation. The reach truck has two main categories of functions, 
both realized with different technologies. The mast functions for lifting, side 
shifting, tilting and reaching are hydraulically powered and the locomotive 
functions for driving and turning are powered with electric motors. However, 
only two of these six subsystems can be prudently modified to allow energy 
recovery. These are the masts lift- and lower-function and the driving function 
of the machine. In the case of the other functions of the machine, there is no 
potential energy to be recovered and the kinetic energy levels are too low for any 
reasonable recovery system. Due to the fact that driveline testing equipment is 
beyond the available resources of this project, this study is focused merely on 
the lift- and lower-function of the reach truck’s mast system.  

Energy can be recovered by utilizing different types of energy storages. The 
known energy storages are analyzed in this chapter in regards of their 
adaptability to a reach truck test platform. In addition to the technologies 
introduced in this chapter, there exists a few other energy recovery technologies. 
The most notable of them being the recovery of thermal energy using, for 
example, Stirling engine or thermoelectric generators (TEG). Since the studied 
machine type does not contain an internal combustion engine (ICE), there is no 
distinct heat source from which to recover. In addition, the efficiencies of these 
technologies are typically relatively low. For example, efficiencies of TEGs are 
typically below 10 per cent (Zorbas et al. 2007). 

In this chapter, the different potential recovery technologies are introduced 
and analyzed in terms of their effectiveness and suitability to the target 
machine.  The chapter is structured into three main sub-chapters for hydraulic, 
electric and mechanical energy recovery technologies. Each of these is divided 
into chapters for the storage devices followed by a chapter covering their 
adaptability to the reach truck platform.    
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3.1 Hydraulic recovery 

Hydraulic energy recovery stores the energy as pressurized oil in a hydraulic 
accumulator or multiple accumulators. The energizing component, i.e., the 
component that generates the pressurization of the oil depends on the 
accumulator type. In pressure accumulators, it is a chamber of pressurized gas, 
in spring accumulators it is a spring and in counter weight accumulators it is the 
weight, illustrated in Figure 12.  

 

 
 

Figure 12.  Operating principles of different hydraulic accumulator types 

Different hydraulic accumulator are further discussed and analyzed in the 
following chapters. 

3.1.1 Hydraulic pressure accumulator 

The most widely used hydraulic accumulator type is the pressure accumulator 
with pre-charged nitrogen in the gas volume. Nitrogen is an inert gas which 
facilitates safety in case of a hydraulic fluid leakage to the gas volume. Pressure 
accumulators can be further divided into sub-categories, labelled by the element 
dividing the gas and liquid portions. These are piston-, diaphragm-, bladder- 
and bellow accumulators. These sub-types differ from each other by the 
maximum allowable compression ratio and by the response speed to changes in 
the liquid side pressure. The diaphragm- and bellows-type accumulators have 
the best response speeds and are therefore best suited for pulsation damping 
applications.  The piston-type accumulator has a lower response speed but 
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allows higher compression ratios which makes it more size effective for energy 
recovering purposes. In addition, the piston type construction allows the 
modifications for implementation of a linear position sensor to measure the 
piston position. The energy content in an accumulator is defined with equation 
(3.1), where the poil denotes the pressure in the liquid side and Voil its volume.  

    VpE
V

V

d
oil,2

oil,1

oilaccu Δ=  (3.1) 

When taking into account the increase in the pressure in the gas volume 
during polytropic compression process of an ideal gas and assuming that poil 
and pgas are equal in the charged end state, we get the relation expressed in 
equation 3.2. Sub index 1 refers to initial empty state and 2 to charged end state. 
The  refers to the polytropic index describing the compression process type. 
The equation assumes ideal gas compression and requires determination of the 
polytropic index. It can be used to estimate the pressures within a compression 
or decompression processes, to be utilized for evaluating the poil in equation 
3.1.   

    
κκ

gas,2oilgas,1preload VpVp =  (3.2) 

The pre-charge pressure can be easily altered with an external nitrogen bottle, 
facilitating easy testing of recovery systems with differing energy storage 
characteristics.  

There are two main contributors to energy losses within the device while 
storing energy. These are the frictional losses in the element dividing the two 
chambers and the thermal losses from the gas chamber after loading. The 
frictional losses occur in the piston type accumulator in the piston seal-chamber 
wall contact while in motion or as internal friction within the bladder or 
membrane element with these accumulator types. The impact on the efficiency 
caused by frictional losses is relatively low compared to the thermal losses.  

While the research into improving the efficiency of the pressure accumulator 
by minimizing thermal losses is relevant to the efficiency of a hydraulic recovery 
system, it is not included in the scope of this research. This area is covered in 
another thesis in preparation in our research group. 

 As stated, the thermal losses are the main contributor to the efficiency of 
pressure accumulators. The compression of the gas, usually nitrogen, leads to 
an increase in its temperature during charging, assuming non-isothermal 
process. For ideal gases this can be expressed with equation 3.3. 
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The polytropic index ranges for a diatomic gas in a piston accumulator 
compression process from isothermal process with =1 to adiabatic process 
with =1.4. The index for adiabatic process can be determined as a ratio between 



 

22 
 

the heat capacities in constant pressure and in constant volume, i.e., ratio of 
specific heats.  For example, maximum temperature increase for a adiabatic 
process starting from temperature of 293.15 K with end pressure p2 being twice 
the starting pressure p1, is 64 K. When holding the charge, this leads to heat flux 
to the colder surrounding environment. The reduced gas temperature leads to 
lower a gas pressure, and thus to a reduction in the quantity of re-usable energy. 
The thermal energy transfer occurs mainly through the shell of the accumulator 
to the surrounding atmosphere, but also to a lesser extent through the dividing 
element to the hydraulic fluid. There are two main methods for increasing the 
efficiency of the accumulator by enhancing the thermal characteristics. These 
are reducing the temperature build-up and decreasing the heat flux exiting the 
device. Both of these methods increases the time in which the accumulator 
reaches thermal equilibrium with the surroundings, i.e., loses all the thermal 
energy. Therefore, the effectiveness of these thermal improvements depends on 
the charge/discharge cycle. If the holding time is shorter than the dissipation 
time of the device, the efficiency increases. The different approaches to increase 
the efficiency of pressure accumulator are depicted in Figure 13. 

 

 

Figure 13.  Principal methods for decreasing thermal losses in a piston type pressure 
accumulator. Natural convection, caused by cooling near the shell, illustrated with arrows. 

The temperature increase can be decreased by altering the thermal properties 
within the gas chamber. One way to accomplish this is to change the gas from 
nitrogen to one with higher heat capacity and/or a lower thermal conductivity 
and/or lower ratio of specific heats. Such an inert gas, especially suitable for 
high pressures, is however difficult to find. One potential candidate for low 
pressure applications, with a vapor pressure of 2.1 MPa at 21.1 °C, usage is 
sulphur hexafluoride (SF6). Compared to nitrogen it has higher heat capacity, 
lower thermal conductivity and lower ratio of specific heats. While the 
properties of this gas are desirable, the fact that it is a highly potent greenhouse 
gas brings forth additional challenges. The temperature rise can also be reduced 
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by equipping the gas volume with an element that increases the overall thermal 
inertia. Such an element should have a very large surface area, high thermal 
conductivity and low mass compared to the surface area. This allows the fast 
absorption of the thermal energy, while still having a large enough thermal 
capacity. Studies that employ this strategy are for example (Juhala & Pietola 
2011) utilizing automotive catalysator or (Stroganov & Sheshin 2009) using 
lathing shavings. Theoretically, phase shifting from solid to liquid state absorbs 
large amounts of thermal energy per weight unit while the temperature of the 
material remains constant. According to (Korkolainen 2014), the largest 
challenge with this strategy is in designing and building the unit containing the 
said material, which was paraffin in this study. The paraffin should be in thin 
films inside closed containers that also have thin wall structures and a large 
surface area in order to create an adequately fast response time. These devices 
for absorbing a part of the generated heat and thus reducing the temperature 
increase are also referred as thermal regenerators. 

An alternative approach is to inhibit the movement of the gas caused by 
natural convection, and thus to reduce conduction from the gas to the shell 
structure including the gas side endcap and piston. A method for achieving this 
is to install an elastomer unit to the chamber containing the gas. This elastomer 
must have an open cell structure to allow some gas flow through the element. 
Such an elastomer element has been researched for example in (Pourmovahed 
et al. 1988). 

Typically pressure accumulators are constructed of steel. The heat loss 
through the shell of the accumulator can be reduced by adding an insulation 
layer or by altering the material to one with smaller thermal conductivity. 
Isolation can be applied either to reduce conduction between the gas and the 
outer shell or between the shell and the atmosphere. Insulation of the outer shell 
against the atmosphere is a relatively straight forward task. Adding an 
insulation layer between the gas and the shell would however require structural 
redesign if not applied as load bearing inner coating. Such a redesign could be 
for example a dual shell structure. For improving the efficiency through an 
alternative hull material, titanium or composites should be considered because 
they have significantly lower thermal conductivities than steel.  

In addition to the improvements to the component itself, the overall efficiency 
of the system could be improved by either utilizing the heat build-up of the 
accumulator elsewhere in the system or by transferring excessive heat from the 
system to the accumulator.     

3.1.2 Hydraulic spring and weight accumulators 

Spring type hydraulic accumulators use a spring as the energizing component. 
In a spring type accumulator the set pretension of the spring corresponds to the 
preload pressure in a pressure accumulator. The energy content of a spring-type 
accumulator is defined with equation (3.1). When substituting the accumulator 
pressure with the equation for pretension force, spring constant, travel distance 
and piston area we get equation 3.4.   
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The losses in a spring type accumulator are typically smaller than in a pressure 
accumulator. Piston’s frictional losses are similar in both types but the losses in 
the spring are negligible compared to the thermal losses in a pressure 
accumulator.  

Contrary to the previous two, a weight hydraulic accumulator has a constant 
force acting against the hydraulic side, and thus the hydraulic pressure remains 
constant regardless of the piston position. Energy content of weight 
accumulator can be expressed with equation 3.5. 
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The constant hydraulic pressure during charging would have multiple 
advantages in a recovery application, however, the physical dimensions of such 
a device would be in most cases too large for a mobile machine. 

3.1.3 Strain Energy Accumulator 

A relatively novel concept is a strain energy accumulator which has an 
elastomeric expanding fluid chamber as the energizing element. After the initial 
expansion, the resisting force of the straining element decreases slightly and 
stagnates to a nearly constant level. This relatively constant force response 
behavior is similar to the response of weight accumulators, and would be 
advantageous with majority of the different hydraulic recovery circuit types, 
that will be discussed in the following chapter. Furthermore, since there is no 
gas compression the thermal losses in the accumulator are limited to the 
internal losses within the elastomeric element. The schematic of a strain energy 
accumulator is illustrated in Figure 14. 

 

 

Figure 14.  Strain energy accumulator (Baseley & Donohue 2014) 
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In addition to the inflatable membrane type, illustrated in Figure 14,  the 
energizing component can be for example in a cord configuration attached to a 
piston (Tucker & Barth 2013) . Strain energy accumulators are still in the 
research phase and no commercial products were found.  The suitability of these 
accumulators to high pressure applications in addition to the durability of the 
elastomeric membrane are unknown. With a sufficient maturity level this 
technology could however be a strong candidate for energy recovery purposes.     

3.1.4 Hydraulic recovery and re-use systems 

Recovering energy to a hydraulic accumulator or accumulators can be realized 
through many different hydraulic system types. Closed hydraulic systems have 
no tank in the system and the hydraulic accumulator serves as a reservoir for 
the necessary hydraulic fluid and therefore the whole circuit is pressurized. 
There are multiple possible subtypes or variants of closed systems that are able 
to recover and reuse energy. Two alternative examples of energy regenerative 
closed hydraulic systems are illustrated in Figure 15. The presented circuits 
are simplified and lack for example auxiliary refill circuits. 

  

Figure 15.  Closed hydraulic recovery circuits 

The system on the left hand side is operated with a one-way pump and four 
2/2-directional valves. The valves are operated in pairs to open a flow path from 
the accumulator to the cylinder during lifting motion and vice versa while 
lowering. The flow direction is in both operating modes from the pump input to 
the pump output. While this system configuration enables the usage of a one-
way pump, it also induces additional flow losses since the flow must go through 
four valves within a single cycle consisting of lifting and lowering phases.  

The system on the right hand side doesn’t require valves for directing the flow. 
The two valves are for locking the system when stationary and thus removing 
the torque need from the electric motor. The hydraulic machine in this 
configuration must be a two-way pump/motor-unit.  The realizations of both of 
these systems would require additional components to the components shown 
in the simplified circuit diagrams. These would be for example a pressure relief 
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valve or valves connected to an auxiliary tank and a small resupply pump for 
compensating the eventual small leakages.  

A closed system architecture creates boundaries for the dimensioning of the 
accumulators. The accumulator must accommodate all the liquid from the 
cylinder or cylinders when they are fully retracted and still operate with an 
acceptable compression ratio. The largest challenge with this system type 
however rises from the preload pressure setting. The system is very efficient 
when the preload pressure is optimal for a given load, however, when the load 
changes the efficiency drops significantly. For example, should the preload 
pressure be set for a payload of 1000 kg and the work phase would be lowering 
without payload. This would lead to a situation where the lowering would 
require a power corresponding to the one used for lifting the said load with a 
baseline hydraulic system of a typical fork lift. The power requirement could be 
negated by using the system only for constant loads or by setting the preload 
pressure to compensate only loads caused by the mass of the mast structure. 
The latter of these strategies would result in low energy consumption reduction 
with higher payloads. However, since in unfavorable scenarios such system 
could lead to a significant overall increase in the machine’s energy consumption, 
the systems based on closed hydraulic circuits were not further investigated in 
this study. 

Open hydraulic circuits are based on using an atmospherically vented tank as 
the liquid reservoir. Contrary to closed systems, since not all of the oil used for 
actuation is drawn from an accumulator, the energy recovery and re-use 
strategies differ from the closed systems. The storing of the liquid can be 
achieved either by directly diverting a portion of the flow to the accumulator in 
the lowering phase or by utilizing an additional hydraulic machine. For re-using 
the stored hydraulic energy, the most straightforward solution is to utilize the 
pressurized fluid to reduce the pressure differential over the pump in the 
following work phase. This is accomplished by a hydraulic circuit that enables 
the connecting of the accumulator fluid port to the pump inlet port. With this 
type of recovery circuit topology, the pump type must mechanically allow the 
pressurization of the inlet port. An example of an open hydraulic system that 
stores the energy by directly diverting a portion of the flow to the accumulator 
by using valves and re-using it by feeding it to the pump inlet is illustrated on 
the left hand side of Figure 16. The system on the right hand side, uses an 
additional pump/motor both for storing and retrieving the hydraulically stored 
energy by using a mechanical connection to the primary pump/motor. These 
two system types will be subjects for a more in-depth research within this thesis. 
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Figure 16.  Open hydraulic recovery circuits 

In addition to closed and open regenerative hydraulic circuits, a regenerative 
system could be realized by implementing an additional actuator or hydraulic 
machine that is isolated from the main hydraulic circuit. In a lifting system the 
most logical choice for an additional actuator would be an additional cylinder. 
The cylinder is directly coupled with a hydraulic accumulator to produce an 
assisting lifting force. A simplified circuit diagram employing this strategy, is 
presented in Figure 17. 

 

Figure 17.  Regenerative hydraulic circuit with additional actuator 

An example of a realization of this system type can be found in (Nyman et al. 
2003). This system type has similar characteristics with the closed hydraulic 
systems in terms of their efficiency with respect to the preload pressure setting. 
Furthermore, in many fork lift types including the one studied here, this 
regeneration strategy would practically necessitate redesigning the mast system 
to incorporate the extra actuator, and hence the approach will not be studied 
further here.     

M
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Even though being outside the scope of this research it must be noted that, in 
addition to the previous systems, the stored hydraulic energy could also be used 
for powering the other functions within the machine. This could be realized by 
directly powering any hydraulically operated actuator or alternatively by 
converting the hydraulic energy to another energy type prior usage with non-
hydraulically powered functions.   

3.2 Electric recovery 

In an electric recovery system, the recovered energy is stored and retrieved 
from the storage device electrically. These storage devices can be divided into 
batteries and capacitors, which typically store the energy electro-chemically and 
electrostatically respectively. Some supercapacitors can, however, be based on 
electrochemical storing of charge or on a combination of electrostatic and 
electrochemical storing.  Regardless of the operation principle, the main 
characteristics differ largely between these two component groups.    

3.2.1 Battery 

Electric batteries consist of a number of electrochemical cells, which are 
devices that supply or store electric energy through chemical reactions. 
Electrochemical cells can be divided to primary and secondary cells, of which 
the first has an irreversible and the latter a reversible discharge process. 
References to batteries within this work all relate to ones consisting of 
secondary, i.e., rechargeable cells.  

Lead-acid batteries are typically used for storing large amounts of energy. 
There are two main categories of lead-acid batteries; flooded and sealed 
batteries the latter of which are also referred as valve regulated lead-acid 
batteries.  Sealed batteries can be further divided into gel and absorbed glass 
mat batteries based on the method for immobilizing the electrolyte. The 
electrochemical composition of the cells in all of these subtypes is the same. In 
fully charged state the electrical potential between the anode and the cathode in 
a lead-acid cell is around 2 volts. The main difference between these types in 
energy storage purposes, is the maximum allowable charging current. Typically, 
sealed batteries can be charged with higher currents than flooded ones with 
similar capacities. The gravimetric energy content of lead-acid batteries is in the 
range of 25–50 Wh/kg (Burke 2000). 

Currently, in addition to lead-acid batteries, a widely used battery type is 
lithium-ion battery. Compared to the lead-acid batteries lithium-ion batteries 
have a higher energy content, typically around 120 Wh/kg (Burke 2000). This 
makes it a preferable technology compared to the lead-acid battery in many 
mobile energy recovery systems in which weight should be minimized, such as 
cars. In reach trucks the minimization of the battery weight plays a lesser role, 
since the battery typically acts as a part of the counterweight.   

 Compared to hydraulic accumulators, batteries have a large energy content, 
but both the maximum input and output power are limited by their thermo-
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chemical properties.  The power densities for lead-acid batteries are typically 
180 W/kg and for lithium-ion batteries between 500 and 2000 W/kg 
(Hadjipaschalis et al. 2009). The nominal energy content of a battery can be 
defined by the product of its operating voltage and the rated capacity. However, 
the actual capacity is highly dependent of the discharge rate, especially when 
using lead-acid batteries. For example, with a 1C discharge current, i.e., ‘one 
hour rate’, the capacity can drop to approximately 60 percent for lead-acid and 
to 90 percent for lithium-ion batteries (Cugnet et al. 2010), (Albright et al. 
2012).  

3.2.2 Supercapacitor 

In contrast to batteries, supercapacitors have large power densities and 
relatively low energy densities, properties comparable to hydraulic 
accumulators. The term supercapacitor refers to a high capacity capacitor and 
it encompasses few different subtypes. The most common of these types is an 
electric double layer capacitor, EDLC (Hadjipaschalis et al. 2009). The 
maximum energy content of a capacitor can be expressed with equation 3.6.  

 
2

cap 2
1 CUE =  (3.6) 

The C is the nominal capacitance and the U is the capacitor voltage. Contrary 
to batteries the voltage of the device can be from zero to nominal voltage, 
depending on the state of charge of the device. The efficiency of capacitors 
depends on the depth of discharge, since higher charging and discharging 
currents are required with lower voltages, which creates more losses due to the 
equivalent series resistance of the capacitor.  For example if the ELDC is used 
in a cycle where the depth of discharge (DOD) is 50 percent, i.e., the minimum 
capacitor voltage used is half of the nominal voltage, the energy content can be 
expressed with equation 3.7.  
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Usage of this DOD-cycle utilizes 75 percent of the maximum energy content of 
the device. The gravimetric energy content of an electric double layer capacitor 
can be up to 5 Wh/kg, while the power density can be as high as 10 kW/kg 
(Hadjipaschalis et al. 2009).  

3.2.3 Electric Recovery and re-use systems 

When considering the reach truck test bench under study, the most obvious 
electric storage would be the main lead-acid batteries found in the machine. The 
truck is however equipped with a 48 volt electric system which leads to high 
currents when operating with large loads. When lowering the load, the required 
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charging current can be estimated through the required power need to retain 
the lowering velocity constant, equation 3.8.     
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Using the equation for lowering a load of 2500 kg with a velocity of 0.5 m/s, 
the required charge current becomes approximately 255 amperes. The hydraulic 
and mechanical losses hm are assumed to be equal to the efficiency of generator 

gen. Since the maximum allowable charge current for this battery is roughly 100 
amperes, majority of the potential energy must be discarded in this case. This 
system suffers also from the fact that the maximum allowable charging current 
decreases as the battery’s state of charge (SOC) increases, i.e., with a full battery 
the recovery system would have to be suppressed altogether.  Since the resistive 
losses in an electric system are directly proportional to the current, reduction of 
the losses could be achieved by elevating the operational voltage.  Therefore, the 
effective utilization of an electric battery as the recovering device for a reach 
truck would require the truck’s electric system to be substituted with a high 
voltage system or alternatively a secondary high voltage battery for recovering 
purposes. 

Applying a high voltage system to a mobile machine with an interchangeable 
battery pack would create additional demands on the machine itself as well as 
on the charging infrastructure. Furthermore, the inclusion of a high voltage 
system would prevent in-house maintenance from many operators due to the 
required qualifications for working with high voltage system. One example of 
an electric recovery system that uses a reach truck’s main battery as an energy 
storage is illustrated on the left hand side of Figure 18.  In order to manage the 
current that cannot be recovered, the system must be equipped with a brake 
resistor, BR.     

 

  

Figure 18.  Electric recovery circuits. Left: battery-based, right: supercapacitor based  

A battery based electric recovery system, even in safe voltage configuration, 
becomes the most effective recovery technology when the total energy to be 
recovered is high and the recovering power is relatively low. An ideal example 
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of such a machine and work cycle is a mine loader. A mine loader’s typical work 
cycle consists of a descending phase, material pick up phase and an ascending 
phase with material dumping at the end. The path between the material handing 
phases can be hundreds of meters long, driven with a relatively low velocity and 
therefore, the recovery system is required to store a large amount of energy with 
a moderate power level while travelling the descending path.  

Contrary to batteries in safe voltage configuration, a supercapacitor based 
recovery system can efficiently operate with 48 volts and still utilize all the 
available current for storing. A simplified circuit diagram of an EDLC-based 
recovery system is presented on the right hand side of Figure 18. As previously 
described, the supercapacitor’s voltage depends on its SOC. To enable charging 
and discharging of the device, the recovery system requires a DC/DC –converter 
for converting the voltage of the EDLC to the main bus voltage. A supercapacitor 
based recovery system will be further evaluated in Chapter 4.        

3.3 Mechanical recovery 

A mechanical recovery system stores the recovered energy either in the form 
of potential or kinetic energy.  

3.3.1 Mechanical energy storages 

The recovered energy can be stored as potential energy by using the power 
created by lowering the work load to lift an auxiliary load. This type of a system 
is most commonly referred to as a counterweight system and extensively used 
in electrically driven elevators. The energy content of a counterweight is directly 
proportional to its mass and height potential. 

For storing energy as kinetic energy, the utilization of rotational kinetic energy 
is the only viable solution. The total energy content stored in a flywheel is 
expressed with equation 3.9, where I is the moment of inertia and  the angular 
velocity.  

 
2

k 2
1 ω⋅⋅= IE  (3.9) 

Flywheels with a sufficient moment of inertia and angular velocity can store 
the required amount of energy in work machines, while remaining 
dimensionally small enough to allow implementation. The gravimetric energy 
content of a flywheel can range from 5 Wh/kg for steel flywheels up to 
100 Wh/kg when using a composite wheel with high rotational velocities  
(Hadjipaschalis et al. 2009). A cutaway picture of a flywheel recovery system is 
illustrated in Figure 19. This device was created by Flybrid Automotive for 
recovering the kinetic energy of F1 cars during braking.  

 



 

32 
 

 
 

Figure 19.  Flywheel-based energy recovery device (Leggett 2013) 

In order to store a sufficient amount of energy either the moment of inertia or 
the maximum angular velocity must be high. Achieving a high moment of inertia 
requires a large mass. In addition, the masses reduced cross sectional weight 
center point must be located at a large enough distance from the rotational axis. 
However, high mass in conjunction with a large radius is not the optimal 
solution for mobile machines due to the weight and dimension restraints. 
Therefore, increasing the exponential angular velocity term is a more effective 
solution. With a relatively light composite wheel the maximum rotational 
velocities can be in the range of tens of thousands of revolutions per minute. In 
order to retain the stored energy, the rolling resistance of the bearings and air 
drag should be minimized.   

3.3.2 Mechanical recovery and re-use systems 

The suitability of a counterweight-based recovery system on any mobile 
machine is highly limited by the physical size and weight of the required 
components. In a fork lift, in order to be able to recover all the available energy 
the fully hoisted counterweight must be able to store an equal amount of 
potential energy as the machine’s maximum load lifted to the maximum lift 
height contains. Furthermore, in order to effectively operate with different 
loads, the mass of counterweight should be adaptable to the current operation 
point. While such a system would be feasible, its size and the excess weight 
makes it unsuitable for the studied application. A simplified operational 
schematic is illustrated on the right hand side of Figure 20. 

A flywheel must be constantly accelerated during recovery phase and 
decelerated in the reuse phase. For a purely mechanical power transmission, the 
system requires a continuously variable transmission (CVT), such as a variable 
diameter pulley transmission, depicted on the left hand side of Figure 20.   
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Figure 20.  Mechanical recovery circuits. Left flywheel based system. Right: counterweight 
system 

 
Alternatively, the mechanical power delivery to the flywheel could be realized 

by an electric motor that would, for example, draw power from an electric 
generator powered by the hydraulic motor. This approach would lead to 
additional energy type conversion induced losses. While the system could be 
suitable for this application its efficiency can’t be reliably evaluated since there 
are no commercial units available and test data from a unit using high rotational 
velocities was not found in literature.    

3.4 Hybrid recovery  

 Hybrid recovery denotes here a recovery system that employs two or more 
different recovering technologies in a single recovery system. Since all the 
recovering technologies that were analyzed in this chapter of being applicable 
to the target platform, can also be designed to facilitate effective recovery in 
most usage situations, adding a secondary recovery system can bring only small 
improvements on the overall efficiency. The improvements could be obtained 
by optimizing the operation of the multiple recovery systems to operate near 
their peak efficiency points. 

In order to gain these small efficiency improvements, the recovery system 
increases in complexity and costs which makes most of these systems 
unfeasible. Since the studied reach truck has an electric battery pack, in some 
cases it could be beneficial to use the electric motor to generate current to charge 
it. This approach is tested with the direct hydraulic recovery system that is 
introduced in the following chapters using an unloading working cycle. In this 
case all of the recovered hydraulic energy cannot be directly utilized, and the 
excess energy is partly used to charge the electric battery.  

In addition to utilizing two independent storages, there are some known 
concepts that incorporate multiple storages types in a single device. One 
example of such is a flywheel hydraulic accumulator (Van de Ven 2009), 
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illustrated in Figure 21. This device combines a pressure accumulator and a 
flywheel to a single component.   

 

 

Figure 21.  Flywheel-Accumulator concept (Van de Ven 2009) 

This concept is in early stages, i.e., no studies using a prototype were found. 
Even though this increases the energy density of the device compared to a 
regular pressure accumulator, the technical challenges are substantial. One 
challenge is designing the hydraulic line interface that allows free rotation with 
minimal friction to maintain the rotational kinetic energy. Additionally, the 
viscous friction of the liquid causes energy losses, especially when accelerating 
or decelerating the device. 
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4. SYSTEM SIMULATIONS 

In this chapter, four different energy regenerative solutions for the lift- and 
lower function of the reach truck are compared and evaluated by means of 
simulations, considering only the energy issues. The aspect of operating 
characteristics is left aside. The simulations were carried out using MATLAB-
Simulink programming and simulation environment. 

4.1 The modelled systems 

The main level of the model comprises of submodels for control signal 
generation, powering and controlling equipment and for mast system. The 
signal generation and mast system models are used in the models for all of the 
four simulated setup variants. The models of the powering and controlling 
equipment varies by setup, as illustrated in Figure 22. Setup 1 refers to a 
system without energy recovery capabilities, setup 2 and 3 utilize hydraulic 
energy recovery systems and setup 4 is equipped with a supercapacitor based 
electric recovery system.     

 

Figure 22. Main modelling structure 

The baseline system, i.e., setup 1, depicts the basic reach truck configuration 
without an energy recovery system. The hydraulic circuit of the baseline 
machine, as it was modelled, is illustrated in Figure 23. 
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Figure 23. Simplified hydraulic circuit of Setup 1 

 The main components in the model of the base system are a pump driven with 
frequency controlled electric 3-phase induction motor, a proportional flow 
control valve, and the mast system including three lift cylinders. One of them 
actuates in the free lift zone below fork position of 2.8 meters, and two in the 
upper lift zone. 

The modelling of the valves and small orifices is based on the turbulent flow 
equation 4.1, for determining both the flow and the pressure drop.   
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The Cq is the discharge coefficient,  is the density of the liquid and Ado the 
surface area of the discharge orifice. The pumps and the hydraulic motors are 
modelled with equations proposed by (Schlösser 1961). There are more accurate 
models in existence, however they require more extensive measurement based 
parametrization. The equation for pumps’ output flow is defined by equation 
4.2.   
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The two negative components are, in order, the laminar and the turbulent flow 
loss components and the Cs and Cst respective flow loss constants. The Vi is the 
machines displacement and the  the displacement setting for variable 
displacement machines. The required torque to the pump is expressed with 
equation 4.3, where the coefficients Cv, Cf and Ch are the viscous, Coulomb and 
hydrodynamic friction coefficients. 
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The equations 4.2 and 4.3 are formulated for a pump. For a hydraulic motor 
the signs of the loss components are reversed, i.e., the two negative components 
in equation 4.2 are summed and the three positive in equation 4.3 are 
subtracted. While the model is created accordingly to equations 4.2 and 4.3, the 
simulations were carried out assuming a leakage free behavior, i.e., the loss 
coefficients in equation 4.2 were set to zero. The remaining coefficient values 
are given in Appendix B. The accuracy of the Schlösser-model depends highly 
on the number of fixed operating parameters. According to Kauranne et al., the 
coefficients can defined only for a single parameter at a time while still retaining 
good modelling accuracy. If the varying parameter changes, the accuracy drops. 
For example, values defined by varying rotational velocity results in relatively 
poor accuracy of the loss components when applied to cycle that includes 
differing pressure levels (Kauranne et al. 2003).         

The model of the electric motor has inputs for the fork velocity command and 
for the torque requirement, calculated within the pump model. The model 
outputs the angular velocity of the motor in addition to the required electric 
input power derived from the mechanical output power with a static efficiency 
factor of 0.8 for calculating the energy consumption of the machine. The used 
static transformation factor is fairly accurate when the rotational speed and the 
load are sufficiently large, as they are in this case. The main fluid transfer path, 
i.e., hosing, is modelled as a single rigid line between the pump and the cylinder 
in the fork system model.   

The mast system model contains submodels for the lifting cylinders divided 
into two submodels for the two lifting stages and in addition models for 
hydraulic volume and cylinder orifices. The model is depicted in Figure 24. 
The mast system model has inputs for the volume flow, payload and initial 
position. The model outputs the fork position and the cylinder pressures. The 
orifices to the cylinders are modelled with methods introduced by Ellman and 
Piché (Ellman and Piché 1996). It models both laminar and turbulent flow 
behaviours.  

The submodels for the lifting stages contain, in addition to cylinder models, 
the mechanical models for the acceleration of the masses driven with a pulley 
based transmission between the cylinders and the fork. The pulley system 
doubles the fork velocity compared to the piston velocity at the cost of doubling 
the pressure demand at the cylinders. The operation of the mast system is 
introduced in detail in Chapter 5. 
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Figure 24. Model of the mast system 

The pressure formation in the cylinder chambers is calculated using the piston 
velocity and the fluid volume flow entering or exiting the chamber. The bulk 
modulus of the fluid is assumed to be constant. Assuming zero leakage, the time 
derivate of cylinder pressure can be determined with equation 4.4, where V0 
describes the dead volume and x the piston position. 

 )( pistonV
piston0
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xAV
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+

=  (4.4) 

The cylinder models also entail submodels for the sealing friction and for the 
cylinder ends. The cylinders are of plunger type and therefore contain only a 
single sealing unit. The sealing friction is modelled with equation 4.5.   
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The FC and FS are the Coulomb and static friction forces respectively. The 
expression in parenthesis describes the Stribeck effect and the last component 
of the equation the viscous friction using the viscous friction coefficient V. The 
signum function is approximated with a hyperbolic tangent function for 
numerical stability in the proximity of zero velocity, equation 4.6.  
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The used friction model is not the most precise of known friction models, 
especially around zero sliding velocity. For example, a dynamic friction model 
proposed by (Canudas de Wit et al. 1995) assumes that the contacting surfaces 
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consist of contacting and deflecting bristles. This approach can be used to model 
the friction in addition to sealing deflection resulting in greater accuracy in low 
velocities and direction changes. However, since this simulation targets at 
determining the energy consumption with fork movements in the order of 
meters, the effects of the inaccuracies created by the simpler model during the 
first few millimeters at the beginning of the motion are negligible.  

The cylinder ends are modelled with a combination of opposing spring force 
coupled with a damping force. The main energy source of the reach truck, i.e., 
the battery is modelled as an ideal current source, that is, the voltage remains 
constant regardless of current. 

 The first of the energy recovering systems, referred to as setup 2 within this 
chapter, is a regenerative system with a hydraulic accumulator and digital 
hydraulic valves. The schematic drawing of the system is illustrated in Figure 
25. The hydraulic circuit is in an open circuit configuration and the energy is 
recovered by directly controlling the flow with valves. 

 

Figure 25.  Simplified hydraulic circuit of Setup 2 (Juhala et al. 2009) 

The potential energy of the payload is stored into the accumulator in the 
lowering phase of the work cycle. In order to avoid energy losses in the form of 
leakage from the accumulator to the tank during the storage phase, the valves 
controlling the passages to the accumulator should have very low leakage rates. 
In addition, the descending velocity must be precisely controlled, and therefore 
a Digital Flow Control Unit (DFCU) was selected. Each metering edge of the 
DFCU consists of multiple parallel connected poppet type 2/2-valves each 
coupled with a differently sized orifice to result in different flow rates through 
every valve passage. Because in some operational cases a part of the flow from 
the cylinders needs to be fed directly to the tank to maintain the controllability 
of the lowering speed, the DFCU must contain two metering edges. The 
proportional lowering valve in the simulation model of the baseline system was 
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replaced with a submodel containing the DFCU with the valves modelled 
utilizing the turbulent flow equations, as well as the controller for the DFCU and 
the accumulator. The controller was realized with a cost function based 
controller written in C-code. The operation of this system type is described in 
detail in Chapter 5.2. 

The hydraulic accumulator model is realized using a real gas equation of state 
and the model also takes into account the thermal losses. The thermodynamics 
of the gas is modelled with equation 4.7. The accumulator wall is assumed to be  
a thermal sink with a static wall temperature of θS. The used thermal time 
constant τ was 15 seconds. The  is the specific volume, which is the inverse of 
density.  

    ψθ
τ

θθθ
VV ∂

∂−−=
t
p

c
S  (4.7)

The specific heat cv is calculated by using equation 4.8. The C0, c and γ are 
coefficients whose values for nitrogen are defined according the ones used by 
Otis and Pourmovahed (Otis and Pourmovahed 1985). In addition, the values 
for the coefficients introduced in equations 4.9 and 4.10 are defined according 
to the said reference, and are given in Appendix B.  
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The 0
vc  in equation 4.7 is the specific heat of ideal gas, and its value is 

estimated with equation 4.9 as a function of temperature. The coefficient y in 
the equation is defined as N9/t, and the values of coefficients N1 through N9 are 
given in Appendix B.  
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The gas pressure is calculated using Benedict-Webb-Rubin equation of state, 
equation 4.10. The values for coefficients B0, A0, C0, b, a,α and c are presented 
in Appendix B.  
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The nominal size of the accumulator is set to 16 liters and the preload pressure 
is set to 60 bar. The model entails a 0.1 liter volume between the accumulator 
throat and DFCU. The energy in this system is reused by connecting the 
accumulator to the pump inlet during lifting, which reduces the pressure 
differential over the pump and thus also the torque requirement from the 
electric motor.    

The second hydraulic energy recovery system, referred to as setup 3, bases its 
operation to indirect hydraulic recovery realized with a hydraulic transformer. 
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The main components of this system and their models are identical to the 
previous system. The main difference is that the DFCU is substituted with a 
hydraulic transformer as the main control element of the hydraulic circuit. The 
transformer consists of a fixed displacement hydraulic motor and a variable 
displacement pump. The benefit of the selected system compared to a one with 
variable displacement motor coupled to a fixed displacement pump is that it 
enables, for example, higher lift speeds in low load situations. The simplified 
hydraulic circuit of the system is illustrated in Figure 26. 

 

Figure 26. Hydraulic circuit of Setup 3 (Hänninen et al. 2010). 

The system is modeled to function as follows: lifting when the accumulator is 
empty is accomplished using only the electric motor to power the pump, with 
the clutch between the hydraulic machines of the transformer disengaged. 
When lifting with the assistance of the accumulator, the flow is routed via valve 
1.2 to the pump’s inlet port to reduce the pressure differential between the pump 
ports and therefore reducing the required torque from the electric motor. 
Lowering motion utilizes the transformer to load the accumulator through valve 
2.2. The transformer model adjusts the setting of the pump displacement to 
satisfy the fluid flow and to create a torque equilibrium between the hydraulic 
motor and the pump. The controlling of the lowering motion is covered more 
thoroughly in Chapter 5.4.1. The fluid flow rate is controlled by the operator and 
the torque requirement of the hydraulic motor depends on the load induced 
system pressure. Valve 1.1 is only required when the accumulator is running out 
of storage capacity. This system was simulated with the preload pressure of the 
accumulator set to 100 bar. 

The final simulated system, setup 4, which is equipped with an electric energy 
recovery system, differs from the systems depicted previously in terms of its 
energy recovery and reuse hardware. The recovery of energy is achieved by 
using the hydraulic pump in motoring mode and the electric motor as a 
generator while lowering the load. The generated energy is stored in the truck’s 
main batteries coupled with a 165 farad electric double layer capacitor (EDLC) 
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2.1
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with a nominal voltage of 48 volts.  The model also requires an inverter with a 
DC/DC converter, which is used for charging and discharging the EDLC. The 
losses in the EDLC are taken into account in the model and there is no need for 
a fixed efficiency ratio. Efficiency ratios for the DC/DC converter and the 
inverter-motor package are 0.95 and 0.8 correspondingly. A simplified circuit 
diagram of the setup 4 is illustrated in Figure 27.   

 
 

Figure 27. Simplified circuit diagram of Setup 4. 

4.2 Simulated work cycle  

The work cycle was selected to represent a typical lifting/lowering cycle of a 
reach truck equipped with two-phase telescopic mast. The mast operates in the 
free lift zone when the fork height is below 2.8 meters and begins to lift the mast 
structures above it in the upper lift zone. The operating principle of the mast 
system is described in detail in Chapter 5. The used cycle consists of four lifting 
and lowering operations as presented in Figure 28. Two of the lifts occur in the 
free lift zone and two require the usage of both mast stages. 

 

Figure 28. Simulated work-cycle 

The masses, the interval times between the lifts and the lift heights for the 
individual work phases are presented in Table 1. The moving structural mass 
of the mast is not constant through the lift height range, because in the upper 
lift zone a part of the mast structure is lifted with the fork assembly and the load. 
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Table 1: Work cycle parameters 

Masses [kg] M1=500 M2=1500 M3= 1000 m=mass of 
mast 

Interval 
times [s] t1=30 t2=50 t3=60  

Lift height 
[m] h1=2.4 h2=4.0 h3=4.8 h4=2.4 

In terms of potential energy of the stored items, warehouses are in the long 
term zero energy processes since all the loads elevated will eventually be also 
lowered. The constructed work cycle is relatively close to this, as the theoretical 
energy requirement for lift operations is approximately 97 kJ and the possible 
energy recovery is 105 kJ. The theoretical levels of potential energies during the 
cycle are illustrated in Figure 29, where the positive direction depict the energy 
used for lifting, and the negative potential energy available for recovering. 

 

Figure 29.  Theoretical potential energy balance of the work cycle (Hänninen et al. 2010)        

4.3 Simulation results 

With all of the simulated system setups, the energy storage does not contain 
energy at the beginning of the cycle. The energy consumptions are calculated 
from the electric current drawn from the battery. At the end of the cycle, the 
possible residual energy left in the recuperative component is calculated and 
deducted from the total energy consumption. Residual energies are calculated 
with equations 3.1 and 3.6 for hydraulic and electric energy storages 
respectively. The energy consumptions of the four modelled systems are 
illustrated in Figure 30.    
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Figure 30.  Simulated energy consumptions (Hänninen et al. 2010) 

There are minor variances in timings of the lift phases between the systems, 
especially in the case of electric recovery system. This however has virtually no 
effect on the outcome since the time dependent losses of the EDLC at this time 
scale are close to zero. 

The total energy consumptions of the work cycle are illustrated in Table 2. In 
addition to the simulation results, the table contains the measured and 
calculated theoretical energy consumptions and in the simulated cases also the 
consumption reduction compared to the reference system, i.e., Setup 1. The 
given values are net energy values, i.e., values are compensated with the residual 
energies in the energy storage devices. The residual energies are given in 
parenthesis. For example: in the case Setup 2, the energy drawn from the battery 
is 200 kJ and the residual energy in the accumulator after the cycle is 3kJ which 
leads to net energy consumption of 197kJ. 

Table 2: Net energy consumptions of work cycle (in parenthesis: of which as residual energy left 

in hydraulic accumulators or EDLC) and consumption reduction compared to Setup 1, when 

applicable 

System 
Total energy 
consumption 

[kJ] 

Decrease 
compared to 
Setup 1 [%] 

Simulated, Setup 1 231 - 
Simulated, Setup 2 197 (3) 15% 
Simulated, Setup 3 168 (13) 27% 
Simulated, Setup 4 204 (8) 12% 
Measured, Setup 1 263 N-A 

Theoretical minimum -8 N-A 
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The simulation model of the Setup 1 was verified with measurement results 
obtained from the real system. The consecutive models of regenerative systems 
were created based on this verified model, which gives some level of confidence 
in terms of model reliability. The measured system was found to have a slightly 
larger energy consumption than the simulated. One factor causing this was the 
parasitic electric loads, such as cooling fans and valve currents, which were not 
included in the model. Also the used efficiency value of the electric motor seems 
slightly too optimistic in the simulation model. The model may also contain 
some other inaccuracies, for example in the mast system. This does not impair 
the comparability of simulated systems, since each model is similar from this 
point of view.    

The systems with hydraulic energy recovery were found to perform better than 
the electric recovery, as indicated in Table 2. In the model with the hydraulic 
transformer, the reduction of total energy consumption was found to be 27 per 
cents. One must however keep in mind that the models were not optimized and 
better results could be achieved by adjusting the key parameters, such as the 
preload pressure and the accumulator volume for the two hydraulically 
recovering circuits. In the electrically recovering system improvements could be 
achieved by implementing a more advanced controller which would optimize 
the current distribution between the components. Also, optimizing EDLC’s 
capacitance should be considered.      

The directly recovering hydraulic system (Setup 2) was not found as effective 
as the indirectly recovering system in this type of cycle containing variable 
loads. However, this system type was analyzed to be more effective if used in 
constant load scenarios. For example, prior simulations have suggested energy 
consumption reductions up to 35 per cents with constant loads (Juhala et al. 
2009). Therefore, both of these hydraulically recovering systems were selected 
as targets for testing with a full scale test bench.  
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5. REACH TRUCK TEST PLATFORM  

In this chapter the reach truck test platform is thoroughly described. The 
chapter is divided into three subchapters for the base system and for the two 
studied recovery circuits. While the measurement results of the studied 
recovery circuits are presented in Chapter 6, some of the measurement results 
from the baseline system are presented within this chapter to serve as 
background information.    

5.1 Base system characteristics 

The name reach truck derives from the machine’s ability to extend and retract 
the load, either by moving the forks utilizing a pantograph or by moving the 
whole mast structure with hydraulic cylinder. The studied reach truck test 
platform uses as energy source an electric lead acid battery bank consisting of 
24 cells in series with a total capacity of 620 ampere hours and a nominal 
voltage of 48 volts. This battery is used to power the controllers for the three 
electric motors in the machine, which are the drive motor, wheel turn motor and 
the pump motor. In addition to the electric motors and their controllers, there 
are multiple smaller consumers such as an electronic control unit (ECU), valves, 
sensors and an operational display.  

The prime mover of the studied lift/lower function is a 14 kW induction motor 
which powers the pump. The pump used in the baseline system is an internal 
gear type constant displacement pump with a nominal displacement of 
19 cm3/revolution. The pump’s output flow is connected to the main valve block 
which houses the valves for the three hydraulically operated functions of the 
mast system. In addition, the valve block is outfitted with additional valves such 
as pressure compensators. When considering the lifting operation of the 
machine, the power is drawn as DC electricity from the battery bank to the drive 
controller which converts it to three phase AC for powering the induction motor. 
The motor transfers this power mechanically to the pump, which in turn 
converts it to hydraulic form to the lifting cylinders and finally the cylinders 
convert it to mechanical work on the load. This energy pathway, including the 
energy type conversions, is illustrated in Figure 31. 
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Figure 31. Energy flow diagram of lifting motion 

The lifting and lowering motion of the mast is accomplished by a telescoping 
structure driven by three plunger type cylinders, depicted in Figure 32.   

 

  

Figure 32. Conceptual operational drawing of the mast structure, 1: free lift cylinder, 2: upper lift 
zone cylinders, 3: fork structure, load, 4: inner mast structure: 5: central mast structure,  

6: outer mast structure 

The mast operation can be divided into two height zones. The lower lifting 
zone, often referred as free lift zone, uses a single cylinder that operates the forks 
by lifting a pulley. The other end of the chain going through the said pulley, is 
connected to the fork retaining structure, while the other is connected to the 
inner mast structure. When the fork retaining structure reaches the top end of 
the inner mast structure, the upper lift zone cylinders begin their operation. 
These cylinders lift the central mast structure and in addition they lift the inner 
structure through the lifting pulleys attached to the central structure. The outer 
mast structure is connected to the reach trucks frame. Since the lifted structural 
mass differs between these stages and the piston surface areas are relatively 
similar, the pressure level in mast input differs between the stages even with a 
constant payload. The free lift zone covers fork heights up to 2.8 meters.  

The mast structure type leads to one by two transmission ratio between the 
motion of the piston in correspondence with the motion of the forks. Therefore 
the velocity of the fork is defined with equation 5.1. 
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The v describes the volumetric efficiency of the cylinders and Apiston the piston 
area of free lift cylinder or the combined piston areas of the upper lifting 
cylinders. The volumetric efficiency for an intact cylinder can be assumed to be 
1. Similarly, the effects of the pulley transmission to the relationship between 
the hydraulic pressure and the load force is defined with equation 5.2.  

        
2

)( hmpiston
strucloadoad

η⋅⋅
=+⋅=

Ap
mmgF cyl

l  (5.2) 

In equation 5.2 hm denotes the hydromechanical losses, i.e., the piston 
frictional forces with a given operation parameter values. The value varies with 
pressure and piston velocity. The formulation of the equation is for the lifting 
phase, in lowering motion the hm is located in the denominator. The mstruc 
refers to the lifted structural mass and mload to the mass of the payload. The 
masses of the power transmitting chains and the masses of the hoses acts as 
excess mass or negative mass, depending on the lifting height. This is due to the 
fact that upon lifting part of their length and therefore mass shifts to the other 
side of the pulleys. However, since their masses are low compared to the overall 
mass they are ignored from the equation 5.2. The operation of the baseline 
machine is based on controlling the rotational velocity of the induction machine 
upon lifting. The lowering velocity is controlled by throttling the flow exiting the 
mast assembly, thus losing all the potential energy stored in the elevated masses 
of the load and the mast structure. The test bench reach truck is illustrated in 
Figure 33. The payloads used in this study were two stacks of 4 and 8 pieces of 
125 kg steel weights. The 500 kg stack is seen in the Figure 33. 
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Figure 33. Test platform (Hänninen & Pietola 2013) 

5.1.1 Measurement system and instrumentation 

In order to measure the baseline system, the test platform was instrumented 
with a broad range of transducers and sensors for measuring energies and 
efficiencies for each subsystem in the power transmission line.  For measuring 
the current drawn from the main energy source, the positive output lead of the 
battery was instrumented with a LEM DH500-420L B-current transducer. The 
voltage of the battery was scaled down with a voltage divider to downscale the 
signal level to one acceptable by the measurement hardware. The electric energy 
consumption drawn from the battery pack is defined by integrating the 
momentary electric power output, equation 5.3. 
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Since the measurements are conducted using a finite measurement frequency 
the calculation of the energy consumption is discretized to equation 5.4, where 

t denotes the sample time used in the measurements.  
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 tIUtPE Δ⋅⋅=Δ⋅= elecelec  (5.4) 

The hydraulic subsystem was instrumented with pressure sensors and flow 
sensors, as illustrated in Figure 34. The installation locations of the pressure 
sensors were in the pump inlet (Figure 34, 1), pump outlet (3) and in two 
positions near the cylinders. The pressure sensor 7 was installed near the input 
to the upper lift zone cylinders and pressure sensor 8 near the free lift zone 
cylinder inlet. These positions allowed determining the pressure differences and 
losses in the pump, the hydraulic valve block and the hosing between the 
cylinders of the free lift zone and the upper lifting zone. The two flow sensors (4 
and 5) were Kracht VC 1 connected to Kracht AS 8 pulse counters. The Figure 
34 also entails the diagram and instrumentation of the reach-function cylinder 
that is not covered in this study.   

 

Figure 34. Simplified hydraulic circuit diagram of the baseline machine including instrumentation 
(Sinkkonen et al. 2011) 

Hydraulic work is defined with equation 5.5. 
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When discretized and formulated for the hydraulic output work of the pump, 
the equation 5.5 can be written as equation 5.6. The pmp3 refers to the pressure 
at measurement position 3 in Figure 34. 

1

2

3

4

5
6

7

8



 

51 
 

 tpqtPW Δ⋅⋅=Δ⋅= mp3Vpump hyd,pump hyd,  (5.6) 

To measure the mechanical output power of the induction motor the setup 
was equipped with a torque sensor installed in a housing connecting the 
induction motor and the pump, shown in Figure 34, 2. In addition to the torque 
sensor, the axis of the induction motor was outfitted with a pulse encoder for 
measuring the angular velocity of the motor. The mechanical output work of the 
induction motor is assumed to be equal to the mechanical input work to the 
pump and can be expressed as equation 5.7.   
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Which becomes equation 5.8 in discretized form. 

 tTntPW Δ⋅⋅⋅⋅=Δ⋅= π2mechmech  (5.8) 

The lift height was measured with a Waycon SX120-6000-420A-SA draw wire 
sensor. The change in the potential energy of the payload and the mast structure 
can be defined with equation 5.9.  

 hgmmE Δ⋅⋅+=Δ )( strucloadpot  (5.9) 

The efficiency of the mast system can be defined with the ratio between the 
hydraulic input energy and the change in the potential energy. The hydraulic 
input energy is defined with equation 5.10. The pressure measurements are 
carried out with sensors 7 or 8 in the upper lift zone and in the free lift zone 
respectively.  

 tpqtPE Δ⋅⋅=Δ⋅= mp7/82Vhyd.masthyd.mast  (5.10) 

The measurements of the base system were conducted using LabVIEW- 
measurement software with a National instruments’ PCI-6031E data 
acquisition (DAQ) card. In addition to data acquisition from the sensors, the 
card was used to create the analog control signals needed for controlling the test 
equipment via computer.  

5.1.2 Measured efficiencies 

The electric motor, motor controller and auxiliary electric devices were 
instrumented as a system, i.e., they were considered a single component in the 
calculations. The efficiency was calculated using equation 5.11. 
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W
=η  (5.11) 

The efficiency of the electric system is illustrated in Figure 35, for the 
payloads of 0, 500, 1000, and 1500 kg using lifting velocities of 0.1, 0.3 and 0.4 
m/s. The used lift range is in the free lift zone, up to 2.5 meters. 

 

Figure 35. Combined efficiency of the electric motor and the motor controller while lifting.  
Lift range:  free lift zone (0.5-2.5m) 

Similarly, the efficiency of the hydraulic pump is calculated as a relation 
between the input and output work.  
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The efficiency of the pump is illustrated in Figure 36.  

 

Figure 36. Efficiency of hydraulic pump while lifting. Lift range:  free lift zone (0.5-2.5m) 
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In case of components such as valves, where energy does not change form, 
efficiency ratio is not typically used. Instead, the efficiency of these components 
is defined though their losses. For the valve system of the reach truck a relative 
hydraulic power loss was used, given with equation 5.11.  

 
lcpump,hyd,

lcmast,hyd,
valve 1

W
W

−=η  (5.13) 

The ‘lc’ in the sub-indexes in the prior equation refers to loss compensation. 
The pressure losses created by the two flow sensors were factored out of the 
calculated work by subtracting their pressure losses using manufacturer 
supplied pressure drop charts. The relative hydraulic losses within the valve 
block and the piping during lifting are presented in Figure 37 as a function of 
lifting velocity and load.  

 
Figure 37. Influence of velocity and load to relative power loss in valve while lifting. Lift range:  

free lift zone (0.5-2.5m) 

The energies taken by each part of the powertrain in relation to the total 
energy used with different loads is presented in Figure 38 using a fixed lifting 
velocity of 0.4 m/s for these measurements. Contrary to the previous three 
measurements, these tests were conducted using the both lifting stages. The lift 
range was from 0.5 to 5 meters. The bars depict the relative energy losses within 
each stage of the energy transfer chain and the useful potential energy created 
by elevating the load including mast structures.  
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Figure 38. Relative energy losses in lift phase with different loads, velocity 0.4 m/s, lifting range 
in both stages (0.5-5 meters) 

5.2 Direct hydraulic recovery system (DHRS) 

The direct hydraulic recovery system recovers the energy in the lowering 
phase by a channeling part of the flow into a hydraulic accumulator. The stored 
energy is re-used upon lifting motion by opening a flow path from the 
accumulator to the pump input in order to reduce the pump’s torque demand 
from the electric motor. The designed and constructed system is by its operation 
principle and main components identical to the simulated circuit, presented in 
Chapter 4.  

 

Figure 39. Circuit diagram of the constructed DHRS 
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The main components in the studied energy recovering system are the 
pressure accumulators and the digital flow control unit (DFCU), illustrated in 
Figure 39. The DFCU consists of two individually adjustable control edges 
each containing five poppet-type on/off-valves, which are coupled with different 
sized orifices.  The poppet-type valves enable virtually leakage free operation, 
which is crucial for this system since leakage from the accumulators would 
result in loss of stored energy. In figure 35, these two metering edges are drawn 
with modified symbols of a proportional 2/2-valve (Linjama et al. 2003), which 
is the most established drawing symbol for a DFCU. In lowering motion the 
DFCU is used to charge the accumulators by diverting the maximum possible 
amount of the flow to the accumulators and the rest to the tank. This division of 
flows depends on the current pressures in the accumulator oil sides and in the 
cylinders, and will be analyzed in Chapter 5.2.2. The 2/2-valve V1, in 
conjunction with the check valve V2, is used to reuse the stored energy upon 
lifting by pressurizing the pump inlet port.  

Using the theoretical turbulent flow equation, equation 4.1, and applying it 
only to the orifices in series with the on/off-valves in the DFCU, is not 
sufficiently accurate method for determining the flow rates through each flow 
path in the DFCU. This is due to the fact that, in addition to the orifices, each 
path in the DFCU-block contains additional flow restrictions caused by the 
on/off-valve and the flow channel geometries. In order to guarantee accurate 
operation of the DFCU, the controller algorithm utilizes a modified flow 
equation, equation 5.14, to calculate the flow estimates.  
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 (5. 14)

The values of K and z are individually identified via measurements for each 
flow path. This is accomplished by measuring the p and the flow rate for each 
of the ten flow paths using a volume flow ramp. Each of these measured flow 
path characteristics are then curve fitted using the equation 5.14. This 
adaptation method yields fairly accurate flow rate estimates, but doesn’t take 
into account viscosity changes, the flow throttling in the common passages 
when opening multiple valves simultaneously or the effects caused by fluid 
dynamics when opening or closing one or multiple valves with high rate. The 
DFCU used in this study was a commercially available unit with four 6-valve 
metering edges. Since the system operation necessitates only two metering 
edges, and 5 valves per edge was evaluated to yield sufficiently accurate flow 
rates, only 10 of the total 24 valve positions were used in this study. The delivery 
of the unit entailed all 6 valves for the two control edges, and hence the one extra 
valve for both edges were used as plugs. For plugging the remaining 12 
positions, a set of “dummy valves” was designed and manufactured. These had 
the geometry and sealings of the actual valves but lacked the flow channels. The 
DFCU is illustrated in Figure 40.  
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Figure 40. Digital flow control unit 

The system was equipped with 16 liters of total hydraulic accumulator volume 
to serve as the energy storage. To enable testing also with lower accumulator 
volumes, the volume consisted of a bank of 4 accumulators each with four liter 
capacity. The used accumulators were Hydroll-HPS11/250/100 piston type 
pressure accumulators, which were connected to a machined flow divider block.      

The valve V1 in Figure 39 was selected based on having the lowest possible 
throttling losses within the group of directly operated on/off-valves. However, 
the valve was not rated to close with small volume flows which created an 
additional challenge. When discharging the accumulators while lifting, if the 
volume flow from the accumulators was exhausted before the target height was 
reached, the valve would not always close. This led to erratic system response 
during consecutive phases. The behavior was resolved by adding a small 1 dl 
accumulator and a normally closed pressure switch to the accumulator divider 
block, not shown in the figure. The switch was installed in series with the valve’s 
power line and the switching point was set in the region between the preload 
pressures of the small added accumulator and the main energy storage 
accumulators. Therefore, when the oil side pressure dropped below the preload 
pressure, the switch disengaged the valve with the assistance of the flow 
provided by the small accumulator. Since the preload pressure of this small 
accumulator is low compared to the one of the main accumulators, it creates a 
minuscule negative effect on the system efficiency.     

The auxiliary pump, presented in Figure 39 with the check valve in series, was 
utilized to create a minor over pressure at the input port of the main pump. The 
used check valve with a 0.5 bar cracking pressure ensured cavitation free 
operation of the main pump with all rotational velocities of the pump. The 
challenges with cavitation originate from the check valve V2 in the suction line 
of the pump.  
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5.2.1  Measurement system and methods 

Initially, the measurement instrumentation for this system was identical to 
the instrumentation of the baseline machine described in Chapter 5.1.1, with the 
exception that one of the accumulators was instrumented for measuring the 
piston position, gas volume pressure and temperature of the gas.  The system 
efficiency was however improved for the final measurements by removing the 
flow transducers in order to minimize the pressure losses. In addition, the 
improvements also encompassed shortening of flow lines and increasing the 
cross-sectional flow areas of pipes and hoses, where feasible. These 
modifications were extended only to the built recovery system, the hosing of the 
baseline machine remained unaltered.  

 The system updates also entailed the creation of a method for determining 
the optimal preload pressure setting for each operating condition. This method 
is presented in the following chapter. For the measurements of this system the 
previously used LabView measurement software was replaced with xPC-Target 
software created in Simulink, which included also a controller for the DFCU. 
The controller is the same that was used in the simulation model. The cost 
function based controller defines which valves of the DFCU, on both control 
edges, are to be opened and which closed in order to fulfil simultaneously the 
charging of the accumulators and the operator set lowering speed. The 
controller calculates the flow through the control edges using data from four 
pressure transducers, installed to the DCFU block. To create the required 
control signals for the 2/2-valves of the DFCU, the measurement target-PC was 
equipped with National Instruments’ PCI-6527 card, which has 24 solid-state 
relay outputs. These signals in turn were used to control a custom build 
MOSFET-based amplifier box to create the actual drive signals of the valves 
which require a higher voltage and current than the card can produce. 

 In addition to the measures taken for reducing the throttling losses in the 
system, the DFCU-controller parameters, i.e., the weighting coefficients, were 
also iteratively “tuned” with a set of measurements using different values for 
these parameters. The previously used parameter values emphasized the 
precision of the set volume flow. This led to a situation where the controller 
switched the valves on and off in both metering edges with high frequency in 
order to precisely meet the operator set flow demand. Since the usage of the 
valves on the metering edge between the mast system and the tank lead to direct 
energy losses, their usage should be minimized. This was accomplished by 
tuning the controller to allow more error between the demanded and calculated 
flow rates and furthermore to penalize more heavily on each state transition of 
the valves, thus reducing the unwanted usage of the said metering edge. With 
these settings, the flow error still remains very small (<1 l/min), and would be 
unnoticeable from the operator’s point of view. The 1 l/min volume flow equals 
to roughly 0.01 m/s in the velocity of the fork.          

Majority of the energy consumption measurements presented in this study 
were performed using a single work cycle consisting of a continuous sequence 
of lifting, lowering and lifting phases. The first lift phase in the cycle is executed 
without assistance from the accumulators and the latter with the assistance of 



 

58 
 

energy recovered during the lowering phase. The energy consumption reduction 
ratio is defined with equation 5.15. 

 

unassisted

assistedunassisted

E
EE −

=Γ  (5. 15) 

The Eassisted refers to the energy consumption which is calculated from the 
measured electric power drawn from the battery pack with the hydraulic 
assistance on and Eunassisted is the energy consumption with the assistance off. 
The definition for energy consumptions for both the assisted and unassisted 
cases was given with equation 5.4. The effective total efficiency of the recovery 
circuit is calculated as the ratio between the energy used for assisting, i.e., the 
energy consumption difference between unassisted and assisted lifts, and the 
total recoverable potential energy. The effective total efficiency is defined with 
equation 5.16. 
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The g is the acceleration of gravity (9.816 m/s used) and the h is the measured 
lift height. This efficiency value is similar to the commonly used term of round 
trip efficiency, used for example with electric storages, but it also includes the 
energy type conversions. The measurement program will be presented in 
Chapter 5.5. 

5.2.2 Analytical model for preload pressure optimization 

A work cycle of a reach truck in a normal mixed goods warehouse operation 
includes arbitrary sequences with random values for parameters such as lift 
height and load. Thus, in real usage a “factory set” value for accumulator preload 
pressure would be un-optimal in most cases which creates the need to re-set this 
value to one optimized for current work cycle. In addition, the optimization is 
needed for these measurements to test the upper performance limits of the 
system architecture. 

 In order to resolve the optimal preload pressure efficiently, a novel approach 
was needed since optimization based on the previously created full system 
simulation model, or alternatively by using measurements with the test 
platform, would be too time consuming when executed using a sufficiently wide 
scope of variable values. This need for a faster optimization procedure 
necessitates an analytical approach for the simplification of the given system 
and creating a model based method for preload pressure optimization.  

The recovered energy is stored as pressurized fluid in the hydraulic 
accumulator or accumulators. The energy content of an accumulator is defined 
by equation 5.17. 

 tVpWaccu doiloil=  (5. 17) 
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The poil is the pressure of the hydraulic fluid inside the accumulator and Voil is 
its volume. The two variables in the equation 5.17 have multiple dependencies 
on the system parameters, including cross-dependencies. The boundaries for 
the oil side volume and pressure are expressed with equations 5.18 and 5.19.  

  
gasoil VV ≤  (5. 18) 

  
loadpreoil −≥ pp  (5. 19) 

and for poil while loading the accumulator 

 lossescyloil ppp −≤                                     (5. 20) 

As discussed in Chapter 5.1, the reach truck used in this study contains two lift 
height dependent stages with different structural masses, leading to two 
different pressure levels in mast input with constant payload. In the lower 
portion of the height range, i.e., the free lift zone, only the forks and their 
support structure is lifted, and in the upper zone also a part of the mast structure 
is lifted. The system pressure when operating in the free lift zone is hereafter 
referred as pcyl1 and in the upper portion as pcyl2. With a constant payload, the 
cylinder pressure is higher in the upper zone; equation 5.21. 

 cyl2cyl1 pp <   (5. 21)

The cylinder pressure is defined with equation 5.22, where hmast_switch is the 
mast zone transition height. 

 
whencyl1cyl pp =  hmast_switclift hh <  

cyl2cylotherwise pp =  
 (5. 22) 

 
The two sources of significant losses in the system are the direct losses to the 

tank via the DFCUs cylinder-tank control edge (B-edge), and the pressure losses 
in the cylinder-accumulator control edge (later: A-edge), as illustrated in 
Figure 41.  
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Figure 41. Hydraulic losses when controlling the flow in lowering motion (Hänninen et al. 2012) 

The direct energy loss through the B-edge to the tank is defined with equation 
5.23. 

 =
2

1
tankv,cylB loss, dtqpE   (5. 23)

The sub-index 1 refers to initial condition and 2 to end condition. The volume 
flow to the tank qV,tank, is greater than zero when p across the A-edge becomes 
smaller than pthr_min, which denotes the minimum throttling losses with all 
valves open. In other words, when the accumulator oil pressure becomes higher 
than the sum of the cylinder pressure and the minimum valve throttling losses. 
Contrary to the B-edge where all the pressurized flow is lost, the loss in the A-
edge depends on the pressure drop p across it, equation 5.24.  

 ⋅−= tqppE d)( accuv,accucylAloss,   (5. 24) 

The pressure in the accumulator depends on its preload pressure, initial gas 
volume, its characteristics and loading speed through its influence on the gas 
temperature. The pressure-volume relationship is determined by equation 5.25, 
assuming ideal gas and polytropic process. 

 
κκ

2211 VpVp =   (5. 25)

 In this case, the initial condition is an empty accumulator with preload gas 
pressure. In the end condition the pressure in the accumulator is defined with 
equation 5.26. 

A-edge B-edge

Direct losses

Throttling losses

To accumulators To tank
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This yields to the total loss to be determined by equation 5.27, when p is less 
than pmin. 
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If p is greater than pmin equation 5.27 is simplified to equation 5.28. 
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In order to maximize the stored energy Eaccu, the losses, Eloss,tot, must be 
minimized. The equation 5.27 must be iteratively solved since the division of 
volume flows changes along with the charging of accumulators. This has been 
realized by creating a Simulink based model using the previous equations. This 
analytical model has a lifting height dependent case structure for the two 
different mast phases with a simplified volume flow - mast velocity and load – 
pressure relation calculations. The dynamics of the system are not taken into 
account. For controlling the division of the volume flow between the two edges, 
the same C-code based controller, as used in the full truck model simulations, 
has been utilized. The Simulink model was used from a recursive script that 
launched the simulation model and collected the total energy loss for a 
predetermined number of different pre-load pressure values and accumulator 
sizes.  

The model was utilized in this study to only for single lowering phase cycle. It 
can however be used as such for any arbitrary cycle with multiple phases. The 
energy content is at its local maximum after each lowering phase of the mast 
system, and therefore when optimizing the efficiency over multiple cycles, the 
goal is to optimize the sum of these local energy maxima over the studied work 
cycle, equation 5.29. This method assumes that all the energy collected during 
any lowering phase is completely used during the following lifting phase. 

 =
n

nEE
1

max,accu,maxaccu,  (5. 29) 

This method assumes that all the energy collected during any lowering phase 
is completely used during the following lifting phase. The Eaccu,max,n refers to the 
maximum recovered energy of lowering phase n, which occurs when the losses 
defined with equation 5.27 are at their minimum.  
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5.2.3 Validation of the model by loss minima comparison 

In order to validate the optimization model discussed in previous chapter, 
measurements were carried out with differing preload pressure settings in 
10 bar intervals. Near the expected optimal preload pressure point, the interval 
was 5 bars. The used measurement points were 10, 20, 30, 35, 40, 45, 50, 60 
and 70 bars. The total accumulator volume was selected to be 16 liters, lifting 
height was set to 2.7 m and the fork velocity to 0.4 m/s. The used payload was 
1000 kg. For each preload pressure setting, the measurement included three 
phases; lifting without assistance, lowering with recovery on and lifting with 
assistance on.  

The measured loss values are calculated from the difference of electric power 
drawn from battery pack between the non-assisted and assisted lifts as 
described in Chapter 5.2.1. Since they are derived from the measured electrical 
power, they include all the powertrain losses, whereas the analytical model 
includes only the hydraulic losses in the DFCU flow division and charging the 
accumulators in the lowering motion. Therefore, the energy loss values created 
by the analytical model and the measured loss values are not directly 
comparable. Even though their absolute values are not comparable, the effect of 
preload pressure setting and the position of the optimal setting are comparable. 
This is due to the fact that at the optimal setting the energy content of the 
accumulator is at highest, which leads to highest efficiency regardless of the 
losses in the energy reuse pathway. In other words, the quantity of losses in the 
said pathway creates difference in the energy loss values between the measured 
and simulated but not on their relative dependence on the preload pressure 
setting, since the losses in lifting do not depend on the accumulator pressure, 
but only on the load and lifting velocity.    

Therefore, the validation will be based on comparing the position of their 
energy loss minima in the preload pressure axis, where the accumulators’ 
energy content is at maximum. The measured energy losses versus simulated 
direct hydraulic recovering losses obtained from the analytical model, are 
presented in Figure 42.  

 
0 10 20 30 40 50 60 70

0

5

10

15

20

25

30

35

40

Preload pressure [bar]

En
er

gy
 lo

ss
es

 [k
J]

 

 

Measured
Simulated
Measured

 



 

63 
 

Figure 42. Loss minima comparison. Measured values: blue dots, includes powertrain losses in 
lifting. Results of the analytical model: red line, only recovery losses in lowering. 

Parameters: Lift height: 2.7 m, load 1000 kg, velocity 0.4 m/s and accumulator capacity 16 l 

The model was fairly accurate as the difference in the positions of the minima 
is approximately 3.5 bar. The affecting factors the difference are discussed in 
Chapter 8.1.1.  

In addition to finding the correct preload pressure setting, the model can be 
used for evaluating the effect of both the accumulator volume and the preload 
pressure setting on the energy recovery performance of the system. Figure 43 
illustrates simulated energy losses as a function of preload pressure using six 
different sized accumulators. In the figure, the energy loss values with optimal 
preload pressures, i.e., with minimum losses, are emphasized. These values can 
be used for direct analysis on the impact of the accumulator volume to the 
system losses.  

 

Figure 43. Energy losses for six accumulator volumes, simulated with the simplified model. 
Operation values: Lowering from 2.7 meters (load 1000 kg, v=0.4 m/s). 

The operating condition parameters are the same used for the validation 
measurements. With these parameter values the performance gain from 
increasing the accumulator volume starts to diminish after 12 liters of 
accumulator volume. 

5.3 Dual preload variant of DHRS 

As discussed in previous chapters, the performance of the DHRS highly 
depends on the preload pressure level being adapted to load. In addition, the 
differences in the pressure levels between the two mast stages, even when 
operating with a constant payload, leads to the pressure level not being optimal 
for either of the stages when lifting and lowering through both stages.  

For maintaining the preload pressure level closer to optimal, one approach is 
to use multiple accumulators with different preload pressure settings in 
conjunction with valves for selecting which accumulator or accumulators to 
activate.  In order to test this approach, the DHRS system was modified to 
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contain two switchable accumulator banks. The simplified circuit diagram is 
depicted in Figure 44.  

 
 

Figure 44. Simplified circuit diagram of the DHRS with two accumulator banks. 

 
The switching of the active accumulator bank was carried out with 2 on/off-

valves installed into the accumulator divider manifold. In order to evaluate the 
effectiveness of this system type, the tests were determined to be conducted 
utilizing a full lift range, with one bank reserved for the free lift zone and the 
other for the upper stage. The controller software was complemented for 
activating each bank based on the measured fork position with a 10 cm dead 
zone in the mast transition zone. 

5.4 Indirect hydraulic recovery system (IHRS) 

Contrary to the direct hydraulic recovery schema presented in Chapter 5.2, the 
recovered volume flow from the mast cylinders is not directly fed to the 
accumulators. This system type takes advantage of a hydraulic transformer 
consisting of two connected pump/motor units, which can change the ratio 
between the volume flow and the pressure entering and exiting the device. Since 
the ratio of the mast’s cylinder pressure and the accumulator pressure can be 
altered, this system type can more effectively adapt to different loads while 
using a static gas pre-load pressure setting in the accumulators at the cost of two 
additional energy type conversions within the transformer.   
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The system design is slightly evolved from the modelled indirect recovery 
scheme, introduced in Chapter 4.1. The simulated system used the stored energy 
by pressurizing the pump inlet, similarly to the DHRS. However, further 
analyses indicated, that this would not be the most effective approach since the 
hydraulic transformer enables the utilization of preload pressure levels higher 
than the prevailing load induced system pressure, which is beneficial to the 
system efficiency. The use of high preload pressures increases the energy 
density of an accumulator and lessens the thermal losses by reducing the 
compression ratio. However, with the hydraulic circuit used in the simulations 
a high accumulator pressures would create losses in such lift phases where the 
system pressure is lower than the accumulator pressure, when using the system 
that utilizes the recovered energy by pressurizing the pump inlet. In this case, 
the pump input pressure would be above the output pressure, and therefore the 
losses would be caused by the electric motor braking while lifting.    

This was avoided by redesigning the energy reuse phase to take advantage of 
the hydraulic transformer by directing the flow from the accumulators to the 
inlet of the hydraulic motor of the hydraulic transformer. The energy recovery 
and reuse pathways for both the simulated and the revised and built circuit 
topology are illustrated Figure 45. 

 

Figure 45. Energy pathways for the two revisions of the IHRS using simplified circuit diagrams. 
Red arrows; recovery from lowering motion. Blue; reuse while lifting. Solid color; hydraulic 

energy, patterned; mechanical. 

The revised system operates by diverting the flow in lowering motion to the 
hydraulic motor which drives the variable displacement pump which in turn 
charges the accumulators. In lifting motion the flow path from the accumulators 
to the hydraulic motor is opened allowing the motor to apply assisting torque 
for the pump, thus reducing the amount of torque required from the induction 
motor. By mechanically assisting the pump, the available recovered energy can 
always be utilized regardless of the cycle parameters, however, at the cost of two 

Topology used in simulations Revised topology for measurements 
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extra energy type conversions in the transformer compared the system topology 
used in the simulations.  

The three main subsystems in the revised topology are the hydraulic 
transformer, four normally closed (NC) 2/2-valves used for diverting the 
volume flow and the hydraulic accumulator package. The accumulator bank was 
unaltered from the one used with the DHRS and consists of four pieces of 4 liter 
accumulators connected to the common manifold. The hydraulic transformer 
package, depicted in Figure 46, consists of seven main parts. The power line 
incorporates an induction motor (1), a torque sensor (4), a variable 
displacement piston pump/motor (2), an overrun clutch (5) and a fixed 
displacement pump/motor (3). The machined torque sensor housing (6) 
connects the induction motor and the pump. The overrun clutch is embedded 
in the pump to pump- adapter housing (7). Since there is no clutch that allows 
axial misalignment between the two pump/motors, the parallelity of the 
housing’s end planes had to precise. In addition, to allow power throughput to 
the variable displacement machine, the casing’s sealed back plate had to be 
removed, and therefore the housing had to be fully sealed.     

 
 

  

Figure 46. Components of the hydraulic transformer . 1: induction motor, 2: PM25, variable 
displacement piston pump/motor, 3: F11, piston pump/motor, 4: torque sensor, 5: overrun 

clutch, 6: induction motor – PM25 housing, 7: PM25 – F11 adapter housing  

The Poclain PM25 variable displacement machine (2) is used in this setup as 
the pump and the fixed displacement Parker F11 (3) as the motor. Parker F11 
has a displacement of 19 cm3/r. The PM25 variable displacement pump had an 
internal auxiliary pump which was not needed in the system, and thus, was 
removed from the main pump. In addition, the machine was to be always driven 
as a pump and to the same direction of rotation thus removing the need for 
negative swash plate angles. The negative angles alongside with small positive 
angles were mechanically blocked allowing the pump displacement to vary 
between 3 and 25 cm3/r. The displacement setting in this pump variant was 
hydraulically operated and this was achieved by a pressure control valve fed by 
an auxiliary external hydraulic pump. The two hydraulic machines were coupled 
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with an overrun clutch which allows the pump to operate in lifting motion 
without rotating the motor. Without a detachable clutch, the motor would have 
required an additional free flow circuitry. The bearing housing of the clutch is 
from a commercially available clutch while the end plates were custom build.   

The majority of the tests were carried out by controlling the pressure in the 
cylinder chamber that actuates the swash plate angle without feedback of the 
actual swash plate angle. As a final hardware update within this study, the 
transformer package was supplemented with a measurement device for directly 
measuring the position of the angle control piston. The measurements were 
done with a potentiometer utilizing a custom designed translational probe. The 
device and the probe are presented in Figure 47.  

  
 

       

Figure 47. Measurement setup for the position of the displacement control piston  

In addition to the electrically controlled hardware, the test setup was also 
equipped with hand operated valves for lowering the mast, discharging the 
accumulators and for controlling the swash plate angle of the variable 
displacement pump of the transformer. The hydraulic circuit of the IHRS is 
illustrated in Figure 48. 
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Figure 48. Hydraulic circuit of the IHRS  

The main function of the auxiliary circuit in this recovery system setup was to 
produce the required input pressure for the Moog D635 pressure control valve, 
which in turn controlled the in pump’s displacement control pressure.   

5.4.1 Control system 

The control of the transformer based recovery system was realized as a 
subsystem block within the Simulink measurement model which consist of 
subsystems for lifting, lowering and safety logic. The block diagram is illustrated 
in Figure 49. 

 

 

Figure 49. Subsystem for controlling IHRS. Blue emphasis: Lifting-mode subsystem. Red 
emphasis: Lowering-mode subsystem. Green emphasis: Safety logics subsystem 

The analog outputs in this sub system are the control signals for the pumps’ 
swash plate angle and the velocity command for the induction motor. The lifting 
subsystem contains the required scaling blocks and look-up tables to convert 
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the lifting velocity command to a voltage signal based rotational velocity 
command for the induction motor.   

The control of the lifting velocity is realized by controlling the rotational 
velocity of the electric motor while keeping the displacement setting for the 
pump constant. This strategy was selected for this study in order to maintain 
the rotational velocities and thus the efficiencies of the electric motor 
comparable to the prior energy recovery setups. 

The safety logic monitors the descent velocity of the forks and activates if a set 
velocity is exceeded. The activation overrides the controller value, drives the 
swash plate angle to the maximum setting and closes all the 2/2-valves after a 
short delay.  

The controlling of the velocity in lowering motion is based on creating torque 
equilibrium between the two hydraulic machines. This is accomplished by 
setting the pump displacement so that the torque created by the pump against 
the pressure of accumulators is equal to the torque of the constant displacement 
motor created by the load induced pressure, equation 5.30. 
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 The Vm and the Vp are the displacements of the motor and the pump 
respectively and  is the displacement setting of the pump, ranging from 0 to 1. 
The poil is the accumulator oil pressure. The valve and pipeline losses can be 
ignored because the pump must retain the load also while stationary. Since the 
counterforce for the load originates from the gas pressure of the accumulators, 
the minimum allowable preload pressure is defined by the maximum system 
pressure created by the highest allowable load, given with equation 5.31. Losses 
and efficiencies are ignored from this formulation. 
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The main component of the swash plate angle controller is a standard PI-
controller. However, with a stand-alone PI-controller the system performance 
was found to be insufficient. The main contributors leading to this situation 
were the hydraulic elasticity of the system caused by long tube lines, delay in the 
velocity input signal to the controller due to signal differentiation and filtering 
from the position signal and the operational characteristics of the pump.  When 
the PI parameters were tuned to give adequate response times to the operator 
commands, the system became highly unstable. By using stability ensuring 
tuning values the response times became unacceptably long ranging from few 
second to half a minute, depending on the cycle parameters. In order to achieve 
acceptable performance, the controller was complemented with a feed-forward 
coupled value calculator for adjusting the controller’s command value close to 
the correct command value via utilizing equation 5.30 to solve . The usage of 
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this block was not continuous but was run once when starting the downwards 
cycle and again on mast phase switching point.  

The response time of the variable displacement machine’s swash plate angle 
to the input command was in some cases slow, especially when giving it to the 
machine while in standstill. Part of the indeterminacy on the machines response 
to the starting command is caused by the significant torque variances of both 
the hydraulic motor and the pump. Both of these have a small number of pistons 
and the torque/pressure relation depends on the angular position of the 
machines and the starting angle is both arbitrary and unknown. Therefore, the 
correct actual swash plate setting to achieve torque equilibrium is seldom equal 
to the one calculated through mean torques. In addition, a portion of the delay 
was caused by the filtering of the measured position signal. 
 To allow the system to respond to the command from the initial value 
calculation block, the activation of the PI-controller was delayed. Furthermore, 
the delayed activation of the PI-controller also reduced the control issues caused 
by the system compliance. An example of the compliance caused pressure 
pulsation is illustrated in Figure 50, taken from lifting motion to remove the 
effect of the controller. The lift was done with a payload of 1500 kg and lifted 
with a velocity of 0.2 m/s.  

 

Figure 50. Cylinder pressure; lifting 1500 kg 

In addition, since the PI-tuning parameters were set to relatively small values 
the most effective method for altering the velocity during lowering, for example 
when decelerating to the mast switch point and just before ground contact, was 
to feed-forward a decelerating signal. This signal was a single half-wave of a 
sine-curve that was subtracted from the PI-controller output signal. In addition 
to the controller, the measurement system was outfitted with multiple logic 
blocks, such as blocks for handling mast phase shifts and safety logics. The 
diagram of the lowering-mode subsystem is illustrated in Figure 51, with the 
three discussed main components emphasized.      
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Figure 51. Lower mode-subsystem; blue:PI-controller, red: initial set-point calculation; green: 
pulse generator (for deceleration) 

5.5 Measurement programs 

The measurement program presented in this chapter a divided to subchapters 
according to the recovery system types.  

5.5.1 Direct hydraulic recovery system (DHRS) 

The measurements are divided to measurements with the initial recovery 
system configuration and to measurements using the system with updates 
described previously in this chapter. The measurements with the initial 
configuration includes a measurement using the four-phase cycle that was used 
in the simulations; presented in Chapter 4.1 and summarized in Table 3.   

Table 3: Work cycle parameters, arrow indicates direction of motion 

 Phase 1 Phase 2 Phase 3 Phase 4 

Load [kg] 1500+mstruct 
 mstruct 

 mstruct 
500+mstruct 

 mstruct 
1000+mstruct 

1000+mstruct 
 mstruct 

Lift height [m] 2.4 4.0 4.8 2.4 
Interval [s] 30 50 60 - 

In addition, a measurement series consisting of sets was conducted. The 
measuring parameters for these sets are given in Table 4. In the first set the 
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lifting height and the load are varied, the second set varies accumulator 
parameters and the third set varies the lifting velocity.  

Table 4: Work cycle parameters. Set 1: Static parameters; v=0.4, ppre=60 bar, V=16 l. Set 

2: v=0.4, M=1000, h=5.5 m. Set 3: M=1000, h=5.5 m, ppre =60 bar, V=16 l 

 Set 1 Set 2 Set 3 

Test 1 M=500 kg 
h=2.7 m 

ppre=80 bar 
V=16 l v=0.4 m/s 

Test 2 M=500 kg 
h=5.5 m 

ppre=80 bar 
V=8 l v=0.3 m/s 

Test 3 M=1000 kg 
h=2.7 m 

ppre=60 bar 
V=16 l v=0.2 m/s 

Test 4 M=1000 kg 
h=5.5 m 

ppre=60 bar 
V=8 l v=0.1 m/s 

Test 5 M=1500 kg 
h=2.7 m 

ppre=40 bar 
V=16 l  

Test 6 M=1500 kg 
h=5.5 m 

ppre=40 bar 
V=8 l  

  
The energy consumption measurements with the updated system consist of 

three sets. The first set was conducted using three different external loads and 
for each, three lifting/lowering velocities. The selected loads were 500, 1000 
and 1500 kg and velocities 0.2, 0.3 and 0.4 m/s. The lifting height was set to 1.6 
m and the accumulator volume was 16 liters. The preload pressure of 
accumulators was optimized for each payload.  

The second set included three measurements using a work cycle which 
emulates a so called order picking operation. In this case all the lifts were done 
without a payload and the lowering with payloads of 500, 1000 and 1500 kg. 
Operating height was set to 2.7 m and velocity to 0.4 m/s. 

The third measurement set was aimed to test the system performance with a 
single preload pressure setting, which in this case was optimized for 500 kg 
payload. The payloads used were 500 kg and 1000 kg. This set was measured 
for a joined publication with Lappeenranta University, which limited the 
maximum load to 1000 kg in order to retain comparability. If the maximum 
used load would have been 1500 kg, the pressure should have been optimized 
to a higher load. The used velocities were 0.2, 0.3 and 0.4 m/s and all four 
accumulators were used, yielding to a volume of 16 liters.  

5.5.2 Dual preload variant of DHRS 

  The measurements consist of six measurement point and were carried out 
using a fixed lifting height of 5 meters varying the lift velocity and the payload. 
The used velocities were 0.4 m/s and 0.2 m/s and the payloads were 500 kg, 
1000 kg and 1500 kg.   
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5.5.3 Indirect  hydraulic recovery system (IHRS) 

The energy consumption measurements presented here consist of four 
measurement sets. Every data point in these sets consists of a cycle which 
includes consecutive lift, lower and lift-operations. The first lift is done without 
assistance from the accumulators and the latter assisted by energy recovered 
during the lowering. The first set was conducted using three different external 
loads and for each, two distinctive lift ranges, one in the free lift zone, up to 2.5 
meters in order to avoid mast shift related velocity reduction, and the second 
encompassing both stages with lift height of 5 meters. The selected loads were 
500, 1000 and 1500 kg and the lifting and lowering velocity was set to 0.3 m/s. 
The accumulator preload pressure was 120 bars, and all 4 accumulators were 
utilized, totaling 16 liters in volume. 

In the second set, the lift height is set to 1.6 meters and both the operating 
velocity and the load are varied. This height was selected to maintain 
comparability with the measurements using the DHRS. Loads of 500, 1000 and 
1500 kilograms were used with the velocities of 0.2, 0.3 and 0.4 m/s for each 
load. In this set the accumulator pressure was set to 80 bars and the volume to 
16 liters.  

In the third and fourth sets, the accumulator parameters were varied. In the 
third set the measurements were carried out while varying the preload pressure 
setting. The selected values were 60, 80, 100, 120 bars, while the lifting height 
was set to 2.5 meters. In the fourth set the total accumulator volume was the 
parameter to be varied with measurements using 16, 8 and 4 liters of total 
volume. A lifting height of 1.6 meters was selected for this test set and the used 
preload pressure was 60 bars. For both of these sets, the lifting and lowering 
velocity was set to 0.3 m/s and the payload was 1000 kg. 

 In addition to energy consumption reductions, the results are complemented 
with thermal images of the accumulators after charging them in two selected 
scenarios. The first is a set where the lifting height is varied while keeping the 
load and the velocity constant. The tested heights were 5, 2.5 and 1.6 meters 
with a 1500 kg load and 0.3 m/s fork travelling velocity. The second scenario is 
the changing of the accumulator volume in measurement set 4.  The definitions 
for the energy consumption figures from these measurement, in addition to the 
used measurement system, were described in Chapter 5.2.1.   
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6. MEASUREMENT RESULTS 

This chapter contains the measurement results obtained from the tests 
conducted with the different hydraulic energy recovering circuits, i.e., with the 
DHRS, the dual preload pressure variant of the DHRS and with the hydraulic 
transformer based IHRS. In addition to energy consumption measurements, 
the measurements with the indirect hydraulic recovery system are 
complemented with thermal imaging of the accumulators.  

6.1 Direct hydraulic energy recovery setup 

For the first measurements with the DHRS the system was in its initial, i.e., 
unimproved configuration; see Chapter 5.5.1. The first measurement was a 
comparison of the DHRS against the baseline machine over the four phase cycle 
presented in Chapter 4.1. The energy consumption is calculated with discrete 
integration from the electric power data. The energy consumption over the test 
cycle for both the baseline system and the DHRS are illustrated in Figure 52.   

 

Figure 52. Measured energy consumption over test cycle with original and with the DHRS 
(Hänninen et al. 2011) 

The graph of the DHRS doesn’t include the energy consumption of the hydraulic 
auxiliary pump. The assisting pressure produced by the auxiliary pump during 
lifting motion was measured to be 0.8 bars on average yielding to an error of 
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2 kJ over the cycle. This is very small compared to the overall consumption 
exceeding 200 kJ, and furthermore in a non-test platform application the 
auxiliary pump setup should be replace with a pressurized tank. Therefore, the 
consumption of the auxiliary pump is hereafter ignored. These measured 
consumptions are shown in Table 5 along with the simulated consumptions using 
the same cycle.     

Table 5: Total energy consumption over work cycle 

 Baseline, 
measured 

DHRS, 
measured 

Baseline, 
simulated 

DHRS, 
simulated 

Energy 
consumption 

[kJ] 
275.2 246.8 231 197 

Reduction 
compared to 

corresponding 
baseline system  

- 10 % - 15 % 

 

There is a noticeable difference between the simulated and measured systems, 
both in terms of total energy consumption and consumption reduction. The 
contributing factors to this difference were identified and will be discussed in 
detail in Chapter 8.1. In short, the main factors were the auxiliary electronics 
and the flow sensors, neither of which were included in the simulation model.  

In addition, a measurement series consisting of three sets was done before the 
system modification and optimization in order to characterize the effect of 
different parameter values to the performance of the system. In the first set the 
payload and the lift height were varied. The used payloads were 500 kg, 1000 kg 
and 1500 kg, and the lift height were 2.7 m and 5 m. The energy consumption 
reductions of this sets are presented in Table 6. 

Table 6: Energy consumption reduction in per cents. Set 1: Static parameters; v=0.4, ppre=60 

bar, V=16 l 

Set 1 Load [kg] 

Lift height 
[m] 

500 1000 1500 

2.7 0 % 7 % 32 % 

5 13 % 23 % 20 % 

In the second set, the accumulator parameters were varied. The used preload 
pressure settings were 40 bars, 60 bars and 80 bar and the used volumes were 
8 and 16 liters. The results are presented in Table 7. 
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Table 7: Energy consumption reduction. Set 2:  Static parameters; v=0.4, M=1000, h=5.5 m.  

Set 2 Preload pressure [bar] 

Accumulator 
volume [l] 

40 60 80 

8 14 % 16 % 10 % 

16 15 % 23 % 18 % 

In the third set, the lifting velocity was varied from the 0.1 m/s to 0.4 m/s in 
with even increments between tests. The energy consumption reductions from 
this set are presented in Table 8. 

Table 8: Energy consumption reduction.Set 3: Static parameters; M=1000, h=5.5 m, ppre =60 

bar, V=16 l 

Set 3 Lifting velocity [m/s] 

 0.1 0.2 0.3 0.4 

 22 % 25 % 24 % 23 % 

 

After the modifications and optimization of the recovery system described in 
Chapter 5.2.1 the system was further tested. In the first measurement set, where 
the payload and fork velocity were varied, the preload pressure of the 
accumulators were load wise optimized for each load. The accumulator volume 
was set to 16 liters. The energy consumption reductions measured from this set 
are displayed in Table 9. 

 
Table 9: Measured energy consumption reductions with the improved DHRS. Constant load in 

lifting and lowering, operating height 1.6 m 

 Load [kg] 

Velocity 
[m/s] 

500 1000 1500 

0.4 26 % 41 % 45 % 

0.3 30 % 42 % 50 % 

0.2 31 % 45 % 53 % 

The power and energy usage graph is presented in Figure 53 for the 
measurements that yielded the highest consumption reduction, i.e., for the 
measurement with a payload of 1500 kg and lifting velocity of 0.2 m/s.  
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Figure 53. Measured power and energy consumption over test cycle; mload=1500 v=0.2 m/s   

For the highest tested fork velocity of 0.4 m/s, the power and energy usage 
graph is presented in Figure 54.  

 

Figure 54. Measured power and energy consumption over test cycle; mload=1500 v=0.4 m/s   

The energy consumption reduction during one lift varied from 26 per cent to 
53 per cents. The effective total efficiency of the energy recovery system derived 
from this measurement set is depicted in Figure 55. The total efficiency, 
defined by equation 5.16, describes the ratio of how much of the potential energy 
of the payload and mast structure was recovered during the lowering motion 
compared to the energy consumption reduction of the consecutive lifting 
motion. 
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Figure 55. Effective total efficiency of energy recovery and reuse (Hänninen et al. 2012) 

In addition to the previous energy consumption measurements, three 
measurements were carried out using a so called order picking cycle. In this 
case, the lifts were done without external load and lowering with three different 
loads. The operating height was set to 2.7 m and the velocity to 0.4 m/s, the 
results are presented in Table 10.  

Table 10: Energy consumption reductions. Order picking cycle - lowering with indicated load; 
lifting without external load, operating height 2.7 m 

Load [kg] 

500 1000 1500 

39 % 79 % 120 % 

 

This type of operation cycle becomes energy positive when lowered load 
exceeds approximately 1250 kg. This means that with certain specific work 
cycles this machine could in theory rely solely on the power collected from 
lowering the payload. In addition, the test also verified that the controller of 
induction motor driving the pump is capable of charging the trucks main 
battery.  It was unclear whether or not the controller is equipped with ability for 
regenerative braking, since the baseline machine doesn’t need the ability to 
brake with the electric motor during lifting under any circumstances. 

The final measurement set was aimed to test the system performance with a 
single preload pressure setting, which was optimized for a 500 kg payload. The 
payloads used were 500 kg and 1000 kg. This set was measured for a joined 
publication with Lappeenranta University of Technology, which limited the 
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maximum load to 1000 kg in order to retain comparability. If the maximum 
used load would have been 1500 kg, the pressure should have been optimized 
to a higher load.  The results are presented in Table 11. 

Table 11: Energy consumption reductions. Single preload pressure setting, optimized for 500 
kg. Operating height 1.6 m 

 Load [kg] 

Velocity 
[m/s] 

500 1000 

0.4 26 % 20 % 

0.3 30 % 20 % 

0.2 31 % 22 % 

 
The measurements clearly indicate, when comparing to the results obtained 

with load optimized preload pressures presented in Table 9, that the efficiency 
this type of system depends highly on the preload pressure.   

To summarize, the results presented in this chapter contained measurements 
that were conducted with two different hardware iterations of the DHRS. In the 
initial configuration, the system was measured with the multiphase cycle that 
was presented and used in the simulations. While the simulations suggested a 
15 % energy consumption reduction the measurements yielded a 10 % decline. 
The causes to this difference will be discussed in Chapter 8.1. In addition, the 
effect of different parameters to the consumption reduction were investigated. 
From these measurements it can be concluded, that the system performance 
suffers when the gas pressure of the accumulators is not at optimal level in 
correspondence to the system pressure level. This was indicated by the tests that 
utilized both mast stages (two system pressure levels) as well as by the tests 
where the preload pressure was directly varied.  

Based on these findings the system was updated and a routine for preload 
pressure optimization was created. The optimization method was presented in 
Chapter 5.2.2. With the upgraded system, using optimal preload pressures, the 
energy consumption reduction exceeded 50 per cent when using high constant 
loads.      

6.2 Dual preload pressure DHRS 

The measurements with the dual preload pressure DHRS were conducted 
utilizing the full lift range, with one bank reserved for the free lift zone and the 
other for the upper stage. The preload pressures in both banks were optimized 
taking into account the payload and the structural mass in their respective 
operating zones. 

The energy consumption reductions calculated from these measurements are 
presented in Table 12. The used lift height was 5 meters.  
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Table 12. Energy consumption reductions. Dual preload variant, lifting height 5 m 

 Load [kg] 

Velocity 
[m/s] 

500 1000 1500 

0.4 20 % 23 % 28 % 

0.2 24 % 29 % 32 % 

 
The energy consumption reductions varied from 20 per cent to 32 per cent. 

The highest consumption reductions were measured when operating with a load 
of 1500 kg using a velocity of 0.2 m/s. The power and energy usage graphs 
during this lift are illustrated in Figure 56. The assistance from both banks in 
both lifting zones is seen from the power usage graph.  

 

Figure 56. Measured power and energy consumption over the test cycle. Dual preload pressure 
DHRS; mload=1500 v=0.2 m/s 

As a reference, a measurement with the same parameters was conducted using 
the single preload pressure DHRS. The preload pressure setting was in this case 
optimized for load in the upper mast zone. The electric power and energy usage 
graphs are presented in Figure 57. 
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Figure 57. Measured power and energy consumption over the test cycle. Single preload 
pressure DHRS; mload=1500 v=0.2 m/s   

With these operating parameters the energy consumption reduction of the 
DHRS was 29 per cent, compared to the 32 per cent with the dual preload 
variant. In addition, from the Figure 53 it can be seen that when the DHRS 
recovers effectively energy from the upper lift zone it is unable retrieve any 
energy from the free lift zone, and therefore the assisting energy is only available 
for the duration of one of the zones, and was used in the measurement in free 
lift zone. This is caused by the fact that, the increase of the gas pressure in the 
accumulators during charging in the upper lift zone to a higher level than the 
system pressure in the free lift zone prevents energy recovering. 

6.3 Indirect hydraulic energy recovery system 

The energy consumption reduction results from the first measurement set are 
presented in Table 13. The measurement set is carried out using a constant 
velocity and constant accumulator volume of 16 liters, while varying the load 
and the lifting height. Contrary to the similar measurement set with the DHRS, 
this set was measured while using a constant preload pressure of 120 bars for 
all the measurements.    

 

Table 13: Measured energy consumption reductions. v=0.3 m/s, ppre=120 bar, Vaccu=16 l  

 Load [kg] 

 500 1000 1500 

Free lift zone 
(0 – 2.5 m) 

11 % 26 % 35 % 

Full lift range 
(0 – 5 m) 

12 % 29 % 38 % 
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The highest consumption reduction, 38 per cent, was measured from the full 
lift range using the largest payload. The power usage and energy consumption 
graphs of this lift-lower-lift cycle are shown in Figure 58. 

 

Figure 58. Measured power and energy consumption over the test cycle. IHRS; mload=1500 
v=0.3 m/s, h=5.0 m   

The energy consumption reductions of measurement set two are presented in 
Table 14. In this set the lifting height was constant and the measurements were 
carried out with three velocities for three loads each.  

 
Table 14: Measured energy consumption reductions; h=1.6 m, ppre=80 bar  

 Load [kg] 

Velocity 
[m/s] 

500 1000 1500 

0.4 8 % 15 % 28 % 

0.3 13 % 23 % 37 % 

0.2 22 % 32 % 39 % 

The measured energy consumption reduction with IHRS varied from 8 per 
cent to 39 per cents. The electric power usage and the energy consumption for 
the measurement with the highest consumption reduction is illustrated in 
Figure 59. 
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Figure 59. Electric power usage and energy consumption of the IHRS; mload=1500 v=0.2 m/s, 
h=1.6 m 

The calculated effective total efficiency of the energy recovery system, derived 
from this measurement set, is illustrated in Figure 60. The effective total 
efficiency, defined by equation 5.16, describes the ratio of how much of the 
potential energy of the payload and mast structure was recovered during the 
lowering motion compared to the energy consumption reduction of the 
consecutive lifting motion. 

 

Figure 60. Efficiency of the indirect recovery system, single preload pressure setting (Hänninen 
& Pietola 2013) 

The measurement results of set three are presented in Table 15. These 
measurements were conducted with four different preload pressure settings. 
The accumulator volume was set to 16 liters in this set. 
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Table 15: Measured energy consumption reductions. h=2.5 m, mload =1000 kg, v=0.3 m/s. In per 
cents 

Preload pressure [bar] 

60 80 100 120 

27 % 27 % 26 % 26 % 

Based on these measurements, the system operated with a nearly constant 
efficiency, regardless of the preload pressure setting. In order to illustrate the 
differences in the system behavior with respect to different preload pressures, 
the power and energy graphs with the lowest and the highest preload pressures 
are presented. The graphs, when using a preload pressure of 60 bar, is shown in 
Figure 61.  

 

Figure 61. Power and energy consumption with a 60 bar preload pressure 

When examining the power graph it can be observed that the power usage in 
the assisted lift is approximately halved for the duration of the first half of the 
phase. The corresponding graphs for the measurement with a 120 bar preload 
pressure is depicted in Figure 62.  
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Figure 62. Power and energy consumption with 120 bar preload pressure 

The power usage distribution with this higher preload pressure differs highly 
from the previous. The power usage in the assisted lift drops nearly to zero for 
the duration of approximately one quarter of the cycle. Even though the 
distribution of the assisting power differs between these two cases, the total 
energy consumptions after the cycle are practically equal, as presented in Table 
15. This indicates that the system adapts extremely efficiently to different 
pressure levels between the mast system and the accumulators, as designed.  

In the fourth measurement set the total volume of accumulators was varied by 
disabling some of the accumulators. The tested volumes were 4, 8 and 16 liters 
and the preload pressure was set to 60 bars. The results are presented in Table 
16.  

Table 16: Measured energy consumption reductions. h=1.6 m, mload =1000 kg, v=0.3 m/s, 
ppre=80 bar. In per cents. 

Volume [l] 

4 8 16 

27 % 27 % 26 % 

These results further verify, that when operated within the boundaries of 
possible transformation ratios, the system efficiency remains relatively constant 
regardless of the accumulator parameters.  

To summarize, the measured energy consumption reductions with the IHRS 
ranged from 8 to 39 per cents being highest when using high loads and low 
operating velocities. The corresponding calculated effective efficiencies of the 
recovery were between 19 and 75 per cent. In addition, unlike the DHRS, the 
system efficiency was effectively unaltered by variations in the accumulator 
parameter values, i.e., variation of either the volume or the gas preload pressure. 
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6.3.1 Thermal imaging of the accumulators 

Extensive study into the thermal properties of the accumulators has been 
excluded from this study due to the factors presented in Chapter 3.1.1. The 
strategy to minimize the efficiency decline caused by the thermal flux exiting the 
accumulators during holding phase is realized in this study by using sufficiently 
large accumulator volumes and short holding times. This strategy was validated 
by analyzing thermal images of the accumulators. The majority of the tests were 
conducted with 16 liters of accumulator volume and using an operational height 
of 1.6 meters. These parameter values were analyzed to result in minimal 
temperature increase in the outer walls of the accumulators.   

The images, Figure 63, are from a measurement set with the indirect 
recovery system, with using all four accumulators and altering the lifting height. 
The images are taken after lowering the load and charging the accumulators 
with lifting heights of 1.6 m, 2.5 m and 5 m. In addition, one thermal image is 
shown as a reference for “cold” accumulators, i.e., non-charged accumulators. 
The oil side is in the lower partition of the accumulators. 

  

  

Figure 63. Thermal images of the accumulator package after loading (v=0.3 m/s, load=1500kg), 
lifting heights from left to right, top row 5 m and 2.5 m, lower row 1,6 m and non-charged 

reference. (Hänninen & Pietola 2014) 

The Figure 63 verifies the said premise, as the temperature increases are 
negligible when using the 1.6 meter and 2.5 meter lifting heights.  

Since the energy consumption measurements with the IHRS also covered a 
measurement set where the used accumulator volume was altered, the effects of 
the increased compression ratio were also selected to be measured via thermal 
imaging. The used accumulator volumes were 16, 8 and 4 liters. The thermal 
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images of the charged accumulators from this test set are depicted in Figure 
64.  The image for the test with 16 liters is not shown, since the temperature 
increase in the gas volume was very minute. The oil temperature in this set was 
approximately 40 °C.  

  

Figure 64. Thermal images of accumulator package after loading, left 8 liter of total volume, 
right 4 liters, v=0.3 m/s, load=1000kg, h=1.6 m. (Hänninen & Pietola 2014) 
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7. PROPOSED ACCUMULATOR 
CONCEPTS 

The studied direct recovery system exhibits high efficiency when applied to a 
suitable machine and work cycle. The efficiency of this system could be further 
improved by novel accumulator concepts, both in variable load and non-
variable load scenarios. In this chapter two new accumulator concepts are 
proposed, one for each of the load scenarios.    

7.1 Adaptable digital hydraulic accumulator (ADHA) 

The effective utilization of direct recovery on work cycles containing highly 
variable workloads necessitates the usage of variable counterforces in the 
recovery device. The most straightforward solution would be to use multiple 
accumulators with differing preload pressures, as presented in Chapter 5.3.  
However, taking into account the flow losses in the controlling valves and the 
additional space requirements of the accumulators, a solution by changing the 
accumulator design should be studied.  

There are some known concepts for accumulators that incorporate multiple 
chambers with different piston areas in the oil side, for example (Stauch et al. 
2012). The variable piston areas being on the oil side leads inevitably to different 
total oil volume with the usage of each area combination, or alternatively, to a 
complex design and large physical dimensions. As an energy storage device in 
reach truck, the variable oil volume of these devices creates difficulties since the 
oil volume of mast is constant and the accumulator oil side volume should be 
greater with all area combinations.         

The accumulator concept proposed here is equipped with multiple switchable 
areas in the gas volume which allows the oil side volume to remain constant, 
thus facilitating simpler sizing to the testbed platform. The switchable areas 
enable the matching of the accumulator pressure to the load induced pressure 
with different loads thereby increasing the recovery efficiency. The piston group 
consists of a central piston and opposing piston pairs with the same piston 
areas. The center piston and each of the pairs can be switched to compression 
mode or to breathing mode, depending on the need for total opposing force. In 
the breathing mode the pressure on the gas piston’s piston side is equal to the 
pressure on its rod side.  The operation principle is illustrated in Figure 65. 
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When the valve, depicted in the gas side piston, is open the gas pressure in the 
piston side creates force F2,1 with surface area A2,1 and from the opposing side 
the annular surface with area A2,2 creates force F2,2. Effectively, with the valve 
open the resulting force is created by the cross-section area of the rod. When the 
valve is closed in fully retracted position and the extension, i.e., the charging 
phase begins the pressure in the rod side diminishes rapidly due to the 
expanding volume and thus the force F2,2 is removed. The speed of 
depressurization depends on the dead volume in the rod side chamber and 
therefore the volume should be minimized.      

  

Figure 65.  Simplified operational principle ADHA 

The force balance equation for a single gas side piston is: 

    2,2rod  gas,1,2gas2,21,21,1oil1,1 ApApFFApF ⋅−⋅=−=⋅=  (7.1) 

Excluding the center piston, the arrangement of the pistons to opposing piston 
pairs is necessary in order to have the reduced force vector of the pistons 
running perpendicularly through the radial center point of the accumulator. The 
total number of different switching combinations can be defined with 

    nc 2=  (7.2) 

where n denotes the number of switchable areas. For example, a five piston 
design with n=3 (one center piston and two pairs) leads to eight different area 
combinations. Similarly seven pistons, i.e., n=4, leads to 16 combinations.  

A version with five gas side pistons was selected for a more detailed analysis. 
The basis for the dimensioning of the accumulator was to cover the pressure 
range of the test bench reach truck. The oil side volume was matched to the 16 
liters used in majority of the measurements with the conventional piston type 
accumulators. The oil side pressures for all switching combinations were 
calculated by using equation 7.1 and the gas side pistons were dimensioned to 
yield oil side equivalent pressures with a relatively constant step size. With the 
valves on, the paccu,rod was assumed zero, i.e., the dead volumes in the gas piston’s 
rod sides were assumed to be zero.  

A1,1 A2,1A2,2

F2,1
F2,2

F1,1

Valve



 

90 
 

The selected gas piston diameters were 55 mm for the center piston, and 
63 mm and 80 mm for pairs one and two respectively. All the rods have a 
diameter of 35 mm and the oil side piston has a diameter of 200 mm. The 
resulting oil side force balance pressures with different switching states are as 
presented in Figure 66, when the gas pressure is set to 200 bar.  

 
 

 

 

Figure 66. All combinations for pistons in compression mode and the resulting oil pressures 

The CAD model of the concept is illustrated in Figure 67. On the oil side the 
construct consist of a shell and of an endplate entailing the oil channel. The shell 
is attached to a center unit. The gas side piston rods are connected to the oil side 
piston, and the rod side volume of the oil piston is vented to atmosphere via a 
bore in the center unit. The five gas side piston cylinder tubes are installed 
between the center piece and gas side endplate. The total gas volume within 
these tubes is 9.2 liters. 

 
 

Figure 67. CAD-model of the digital accumulator concept 

The gas side endplate is outfitted with channels that connect the piston side 
volumes to the 11 liter common gas volume located outside of the inner tubes 
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and limited by the outer gas side shell. In order to reduce the maximum gas 
compression ratio an additional 7.6 liter gas volume was added to the design 
bringing the combined static gas volume to 18.6 liters and the total gas volume 
to 27.8 liters. At maximum, with all valves closed, this yields to a compression 
ratio of 1/1.5.    

The valves that control the passage between the main gas volume and the rod 
side volume of the gas pistons was illustrated in Figure 60 to locate in the 
pistons. While the realization of this construct is possible, it is not the most 
effective solution. A more feasible realization is accomplished by designing the 
valves to attach to the center piece between the oil- and gas-side portions of the 
device as illustrated in Figure 68.  

 

Figure 68.  Center unit entailing the valves, gas channels, cable feedthrough and rod sealings 

 
The valves are located in the atmospheric rod side of the oil piston. This 

location removes the risk of pressure related damage to the coil portion of the 
valves, in case their casing is not sufficiently vented. In addition, it allows a 
straightforward feedthrough of the valve’s power cables. The gas channels in the 
center piece are realized with multiple bores. In case of the gas piston pairs, the 
rod side volumes have bores in the pockets parallel to the pistons’ motion axis. 
These bores intersect with two perpendicular bores that connect each rod 
volume with its pair and in addition to the valve’s end port. The side ports of the 
valves are connected with two bores for each to the common gas volume located 
between the gas cylinders. The arrangement for the center piston follows the 
previously described scheme, but due to dimensional restrictions the rod side 
volume connection port is drilled directly to the wall of the rod’s hole. Since the 
pressure in the rod side is at maximum equal with the pressure in the piston 
side the pressure on the valve’s end port is never greater than the one in the side 
port. This ensures the proper operation of the valves, i.e., the valve will not open 
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due to a pressure induced force overcoming the opposing spring force of the 
valve’s poppet. The gas channels are illustrated in Figure 69.                

 

 

Figure 69.  Center unit, gas channels 

Since the sliding surfaces for the gas side pistons are located in the five inner 
tubes, the outer shell can be thermally insulated. This would reduce the thermal 
flux from the gas to the shell after compression and consequently to the 
surroundings, thus increasing the time constant of thermal discharge. This 
translates to increased efficiency in cases where the discharge cycle occurs 
before the device reaches thermal equilibrium. The insulation could also be 
realized through changing the material of the shell, as described in Chapter 
3.1.1. Furthermore, the additional gas volume at the end of the accumulator 
enables installation of a device for increasing the thermal inertia and therefore 
reducing temperature buildup during charging which leads to increased 
efficiency. 

The accumulator concept is aimed for increasing the recovery efficiency of the 
direct hydraulic recovery circuit under mixed loads conditions. Initial 
simulations were carried out utilizing the simulation model presented in 
Chapter 4. The conventional accumulator with a volume of 16 liters was 
simulated using three different loads with the preload pressure setting 
optimized for the median load of 1000 kg.  A two meter lifting height was used 
with a fork velocity of 0.4 m/s. These result were compared to the ones achieved 
with the simulated concept accumulator. The sealing frictions are the largest 
uncertainty factor of this concept. In this preliminary simulation they were 
estimated with static forces calculated through pressure forces. For the oil side 
piston and compressing gas side pistons the used frictional force was four per 
cent of the force created by the pressure and one per cent for the non-
compressing pistons.  Using these estimates, the overall hydro mechanical 

Gas channels to 
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efficiency of the device is 0.92-0.94, depending on state. The results of the 
simulations are presented in Table 17. 

 
Table 17: Simulated energy consumption reductions, in per cents. v=0.4 m/s, Conventional: 

Vaccu=16 l, preload pressure of conventional optimized for 1000 kg load 

 Load [kg] 

 500 1000 1500 

Conventional 0 % 50 % 38 % 

ADHA 36 % 46 % 46 % 

 
With the 500 kg and 1500 kg loads, the ADHA was more efficient than the 

conventional accumulator. The much higher frictional losses of the ADHA 
makes it less efficient with the load for which the conventional accumulator was 
optimized for. However, the larger gas volume of ADHA slightly reduces the 
difference. The concept was designed specifically to this energy recovery 
scenario, i.e., the load remaining unaltered during lifting/lowering motion. The 
adaptability to alternative scenarios or systems depend on the intended usage 
cycle since the device is not intended  for usage in cycles that has load variances 
within one phase. For example, if the load reduces during compression cycle 
this concept can adapt to it but it creates high internal energy losses.  

7.2 Low pressure gain hydraulic accumulator (LGHA) 

The previous accumulator concept was targeted for increasing the efficiency 
of the direct recovery system under variable load conditions. However, for 
constant load scenarios, it is less efficient than conventional piston accumulator 
due to greater sealing frictions. The greatest losses of a DHRS in constant load 
work cycles are indirectly induced by the change in the gas pressure during the 
charging of the accumulator. When the work cycle is such that the DFCU 
operates with A-edge only, as shown in Figure 41, the charging phase can be 
simplified to process depicted in Figure 70. The operating principle of the 
system has been discussed in Chapter 5.2.  

 

 

Figure 70.  Simplified charging phase of DHRS 
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In order to allow charging, the gas pressure of the accumulator (pgas) must 
remain smaller or equal compared to the sum of load induced cylinder pressure 
(pcyl), pressure losses in transfer line (ptr), minimum throttling losses (pthr_min) 
and the pressure needed to overcome the accumulator piston friction (pred,μ)  
during the whole charging cycle; equation 7.3.  

    μ  red,thr_mintlcylgas ppppp +++≤  (7.3) 

The optimal preload pressure setting is such that the pressure at the end of 
the charging phase (pgas,2) is equal to the sum in equation (7.3) with the 
throttling losses at minimum level, that is, valve fully open. At the start of the 
charging, the lower gas pressure level in the accumulator (pgas,1) must be 
compensated with higher throttling losses (pthr), and as such the pressure build-
up during charging translates to direct losses. In order to reduce losses, pressure 
build-up should be minimized. Simplest way to realize this is by increasing the 
accumulator volume. However, with a mobile target application the physical 
size of hardware should be minimized. An optimal solution for this application 
would be an accumulator with zero pressure build-up, i.e., an accumulator with 
the force created by the energizing component being constant. In addition to the 
strain energy accumulator introduced in Chapter 3.1.3, one instance of a 
constant force accumulator is described in a patent application by (Drake & 
Oeland 1971). The constant force in this spring-type accumulator is created by a 
rolled ribbon of spring steel. This type of springs can exert relatively low forces 
compared to their physical size, which makes them unapt energizing 
components for high pressure hydraulic systems. According to the application, 
the accumulator was devised for submersed vehicle’s hydraulic system to create 
a constant over pressure compared to the external water pressure. Since the 
pressure differential is not required to be very high, the force from the spring is 
sufficient for said application. In addition to rolled ribbon spring, constant force 
could be accomplished with a conical compression spring with a variable pitch. 
This spring type could be manufactured for higher force levels than the previous 
one, even though commercially available springs of this type are typically for 
low force levels. The conical shape however would create challenges in 
dimensioning to facilitate a spring with a high enough spring force coupled with 
a sufficiently long stroke. Another known method for creating a constant force 
accumulator, in this case a pressure accumulator, is simply to actively regulate 
the pressure within the gas volume, as in patent (Shen 1980). This active 
pressure control requires external energy in form of pressurized nitrogen, 
making it unsuitable for energy recovery purposes.    

To realize an alternative concept suited for high forces and exhibiting low 
pressure build-up behavior with only moderate increase in the physical size of 
the device, an accumulator concept was devised. The accumulator is based on 
two connected gas volumes with opposing gas pistons connected via a rod. The 
oil volume is located in the rod side of the larger diameter piston. In the LGHA 
the force created by the primary gas side piston is opposite the force created by 
the oil side pressure, similarly than in the typical piston type accumulator. In 



 

95 
 

the LGHA however, the primary gas side force F1 is partly countered with a 
secondary force F1C created by the opposing gas piston, Figure 71.      

 

 

Figure 71. Operation principle of low gain accumulator 

Due to the joined gas volumes in the LGHA, in compression the countering 
force increases in direct proportion to the force created by the primary gas 
piston, and more importantly, the reduction in volume in the primary gas side 
is compensated by an increase in the secondary side by the ratio between the 
gas piston areas. This reduces the compression ratio within the gas volume per 
input oil volume compared to regular piston accumulator, and therefore reduce 
the pressure increase.  

The gas exchange channel can be designed to be either internal or external. 
The variant with an internal gas exchange channel through the piston rod leads 
to a more compact design with no external piping. However, it limits the options 
for sizing the accumulator. This is due to the fact that the internal channel 
reduces the rigidity of the rod which must be compensated with a larger rod 
diameter to avoid buckling. This consequently reduces the volume of the oil 
chamber.  

In order to compare the concept to regular piston-type accumulators, an 
instance of the concept targeted for 50 bar oil side pressure was dimensioned 
and designed. The volume of the oil chamber was designed to be 4 liters. The 
diameter of the primary gas piston is 100 mm. The diameter of the secondary 
piston is 86 mm, which results to the surface area being approximately 0.75 
times of the area of the primary piston. The piston rod was dimensioned to have 
a diameter of 35 mm. For a real prototype the dimensioning should be verified 
with stress analysis. The CAD-model of the preliminary design is illustrated in 
Figure 72.      
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Figure 72.  CAD-model of LGHA concept 

With these dimensions, for achieving an initial oil side pressure of 50 bars the 
gas preload pressure must be 169 bars.  The oil side pressure behavior of the 
concept was compared by means of simulation against differently sized 
conventional piston type accumulators.  The simulation model assumes 
isothermal ideal gas compression and the piston frictions are neglected. The 
concept is compared against three regular pressure accumulators with different 
nominal sizes: one with similar oil side volume, one with similar physical size 
and one with similar pressure behavior. The oil side pressures for each are 
presented in Figure 73 using an input flow of 10 l/min from empty to 3 liters 
of oil volume. 

 

   

Figure 73.  Simulated pressure build up comparison 

Based on the simulations, the low gain accumulator with a 4 liter oil volume 
has similar pressure build-up characteristic than a conventional accumulator 
with 25 liters of volume. The largest trade off with the LGHA is the requirement 
for a higher gas preload pressure which limits the maximum usable system 
pressure. With the given dimensions, the maximum system pressure is 60 bars 
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using a preload gas pressure of 200 bars. The effective oil side pressure with any 
given preload pressure could be increased by reducing relative area ratio of the 
gas pistons. This, however would increase the pressure gain and therefore 
reduce the effectiveness of the device.  

The simulations were carried out assuming isothermal gas compression. If the 
compression would occur with a higher polytrophic constant the conventional 
25 liter accumulator would exhibit smaller thermal losses during charging and 
holding than the LGHA since denser gas has higher thermal conductivity. In 
addition, the increase in frictional forces brings forth a slight reduction in the 
efficiency of the LGHA.        
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8. DISCUSSION 

In this chapter, the three different hydraulic energy recovering circuits and their 
performance are discussed.  In addition, in the final sub chapter, the discussion 
topic is slightly broadened as the suitability issues of the studied recovery 
systems to different fork lift types are discussed.  

8.1 Direct hydraulic recovery system 

The reference measurement against the simulated system was done with the 
initial DHRS configuration without the later improvements. When comparing 
the measured and the simulated energy consumptions in the multiphase work 
cycle, there appears to be a relatively significant 52 kJ deviation. A major part 
of this can be explained by the power consumption of the truck’s electric devices 
that were excluded from the simulation model. This current consumption was 
measured to be about 3 amperes which yields roughly to a total energy 
consumption of 29 kJ over the 200 second cycle duration. The consumption is 
caused by auxiliary devices such as fans, electronic controllers and a display. 
The measurements indicated that the power consumption using the constructed 
multiphase cycle was reduced by 10 per cent with the DHRS compared to the 
original baseline system, while the simulations suggested a reduction of 15 per 
cent. However, when the energy consumptions in simulations are compensated 
with the 29 kJ additional consumption caused by auxiliary devises, the 
reduction suggested by simulations drops to 13 per cent. The remaining 
difference was caused by throttling losses that were not included in the 
simulation model, majority of them caused by the two displacement type flow 
sensors in the flow pathway. As a part of the system update, described in 
Chapter 5.2.1, the sensors were removed from the system, and the flowrates 
were derived from the measured fork position assuming zero leakage.    

In the measurements described in this thesis with this system type, the used 
accumulator volume of 16 liters was sufficient for maintaining the thermal 
losses in the accumulators relatively small due to a relatively low compression 
ratio. If a significantly lower volume had been used, the thermal losses of the 
accumulator would have become more significant and the reduction of these 
losses would have required attention. The methods for the reduction of the 
thermal losses were discussed in detail in Chapter 3.1.1. 

Since the system’s energy reuse strategy is based on pressurizing the pump 
inlet port, a valve must be installed in order to block the volume flow from the 
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accumulators escaping to the tank when reusing the stored energy. The valve 
selected for this task was a check valve with a low opening pressure. This 
arrangement, however, is untypical for hydraulic circuits and created a large 
enough pressure loss to the suction line of the pump to cause cavitation in the 
pump when using high lift velocities. In the test setup this was compensated by 
using an auxiliary pump to create a small pressure to the pump input line.  This 
pressure produced was measured to be roughly 0.8 bars which corresponds to 
a maximum external assistance power of 60 W. This is very small compared to 
the corresponding lifting power of 12 kW. Furthermore, in a non-test platform 
application the auxiliary pump setup would be replaced with a pressurized tank 
or a low pressure accumulator.     

Based on the 10 per cent consumption reduction achieved using the 
multiphase cycle with variable loads, and more importantly on the analysis of 
the effectiveness of the system in relation to the preload pressure of the 
accumulators, the effect of the preload pressure on the efficiency was found to 
be very significant. The analysis was presented in Chapters 5.2.2 and 5.2.3.  

One approach to improve the efficiency with variable loads would be to 
actively optimize the preload pressure to the lowered loads. However, in order 
to realize this strategy effectively, the following work cycle should be known and 
in addition the loads should remain relatively constant for a sufficient duration. 
Such cases can be found for example in industrial warehouses and material 
handling tasks in industry. When operating in mixed goods warehouses with 
variable loads, it would not be prudent to alter the preload pressure setting to 
match every task because this would increase the overall energy consumption 
in the form of pressurized gas. In such an operating environment, a more 
adaptable recovery system topology should be considered instead of the direct 
recovery system. In addition to the indirect recovery system, which will be 
discussed in Chapter 8.3, the adaptation could be achieved by the switchable 
multiple area accumulator concept described in Chapter 7.1. 

When operating in constant load scenarios the DHRS was measured to be 
highly effective. The energy consumption measurements using load-wise 
optimized accumulator preload pressure settings for each payload resulted in 
energy consumption reductions between 26 and 53 per cent compared to the 
baseline machine. The calculated effective total efficiencies of the energy 
regeneration system were between 50 and 91 per cent, with the system being 
most efficient with high loads and low velocities. These consumption reductions 
were gained from measurements while operating only on one of the mast stages. 
Since the two mast stages have differing structural masses, the system pressure 
level with constant payload changes between the two stages. Therefore, the 
accumulator preload pressure will not be optimal for both stages. To 
compensate for this, the recommended approach would be to use two 
accumulator banks. This approach will be discussed in Chapter 8.2.  

The largest losses in the recovery phase with this system type, excluding the 
losses caused by unoptimal accumulator parameter settings, are throttling 
losses occurring in the DFCU. These could be downscaled by substituting some 
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of the used chokes with ones having a larger diameter. The cost of this strategy 
is a reduced control precision of the lowering velocity.     

Technically the maturity level of the studied system type is ready for 
implementation to a non-test bench reach truck if the auxiliary pump unit is 
substituted with a pressurized tank or a low pressure accumulator, as previously 
described. Recommendations for future research directions concerning this 
recovery topology include research on the multichamber accumulator for 
enabling effective usage in mixed good warehouses encompassing also the 
research on optimizing the thermal characteristics of the concept accumulator. 
The used DFCU is constructed by taking multiple commercial 2/2-valves and 
installing them alongside with the throttling orifices to a large machined block. 
This approach makes the current generation DFCU both physically large and 
expensive. Therefore, research on redesigning and minimizing the DFCU would 
be highly beneficial, especially in mobile applications. Such research has been 
carried out for example in Tampere University of Technology (Linjama et al. 
2014) and in our research group in Aalto University (Lantela et al. 2014). Both 
these concepts are designed as integrated devices, i.e., the valve elements are 
embedded into the block.  

8.1.1 Accumulator parameter optimization and sizing  

The efficiency of this system architecture was found to be heavily dependent 
on the set preload pressure of the accumulators. For determining the optimal 
setting for with different operational parameter values, a Simulink based 
optimization model was created. Based on the validation measurements, the 
created simplified model was found to be fairly accurate for preload pressure 
optimization. The difference in the positions of loss minima on the preload 
pressure axis was approximately 3.5 bar as illustrated in Figure 42. Majority of 
this error is caused by the throttling losses between the DFCU A-edge and the 
accumulators in the test system including losses in hoses, in the accumulator 
divider block and in pipings. In addition to these, the accumulator piston 
friction was not included in the model. For future utilization of the model, these 
losses should be factored in to the next revision of the model.     

In addition to the previous losses, the created analytical model has some 
simplifications, which can bring about some inaccuracies to the energy loss 
calculations with some operating parameter values. One of these is the 
assumption of isothermal charging and discharging of the accumulators. Based 
on the energy consumption reduction measurements and thermal imaging, this 
assumption is fairly accurate when using large enough accumulator volumes. 
However, with decreasing accumulator volumes, the error of this assumption 
increases as the true value of the polytropic constant increases. To increase the 
accuracy of the model with small accumulator capacities, the polytropic 
constant should be adaptable and the hold times should be factored in. Another 
factor that causes some inaccuracies is the possible changes in the operating 
parameters in some of the system’s components that were excluded from the 
model. For example; with a different hydraulic assistance power the power 
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requirement of the pump varies, thus shifting the operating point of the 
induction motor and therefore changing its efficiency.  

The model was found be effective for assessing or optimizing the accumulator 
volume for a system with known operational work cycle parameters. From the 
example shown in Figure 43, it can be observed that with the given parameter 
values the additional benefit of increasing the accumulator volume drastically 
decreases after the volume of 12 liters. 

8.2 Dual preload pressure DHRS  

The difference in the reach truck’s structural masses between the two mast 
stages results in different system pressure levels between the stages with a 
constant payload. The simplest method for compensating the losses created by 
unoptimal preload pressures is to use two banks of accumulators with differing 
preload pressure settings. The system topology selected for the measurements 
in this study uses commercial 2/2-valves for switching these banks based on the 
load position. 

   The measured consumption reductions, using both lifting stages with a 
lifting height of 5 meters, ranged from 20 per cent to 32 per cent. The lowest 
reduction was achieved with a 0.4 m/s travelling velocity while using a payload 
of 500 kg and the highest with 1500 kg with fork velocity of 0.2 m/s. The system 
outperformed the single preload pressure DHRS in this two stage operation only 
when lifting the load of 1500 kg. Even though this system operates with optimal 
preload pressure settings in both lifting stages, the efficiency increase brought 
about the previous, is offset by the increased throttling losses. Therefore, the 
reduction of the throttling losses created by the bank switching valves was found 
to be the main target when increasing the efficiency of this system type. The 
selected and used valves had the lowest throttling losses found in their class. 
Therefore, one possibility would be to switch to larger components size.  

However, a more effective solution would be to remove the valves altogether. 
This can be realized for example, by outfitting the system with a third metering 
edge to the DFCU, illustrated in Figure 74. In addition to the extra metering 
edge, the secondary accumulator bank must be equipped with a second 2/2-
valve V2 for reusing the collected energy.    
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Figure 74. Hydraulic circuit of proposed 3 metering edge dual preload pressure DHRS 

The depicted circuit with an auxiliary pump is an adaptation to the test 
platform that has been used here. If applied to a non-test machine, the auxiliary 
circuit could be substituted for example with pressurized tank. If the 
accumulator volumes would be doubled from the used 8 liters per bank, the 
system performance in both lifting zones would be on par with the performance 
of the DHRS in single zone. 

8.3 Indirect hydraulic recovery system 

The hydraulic transformer based indirect hydraulic recovery circuit was 
devised for operating more efficiently than the DHRS when using variable loads, 
and a fixed preload pressure. The measurements of this system, with a constant 
preload pressure setting of 80 bar for all loads, indicated consumption 
reduction ratios between 8 and 39 per cent with the effective efficiency of the 
recovery system being between 19 and 75 per cent. These consumption 
reductions exceed the ones of the direct recovery with a fixed preload pressure 
in variable load operation, as expected. The system was not directly compared 
to the simulated transformer based system, since the system topology was 
revised, as described Chapter 5.4. However, the calculated weighted average is 
from measured consumption with the medium velocity in Table 14 is roughly 28 
percent, which is very close to the simulated reduction of 27 per cent. 

In this system type, the lowering velocity is set by controlling the pump’s 
displacement setting, i.e., swash plate angle, in order to create a torque 
equilibrium between the hydraulic machines, and hence this system does not 
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have velocity control related throttling losses. However, this system has four 
2/2-valves, two on the flow path when charging and two when discharging. This 
leads to greater total throttling losses compared to the direct recovery system. 
The efficiency of the indirect system is thus more dependent of the fork velocity 
than the efficiency of the DHRS, as indicated by Tables 9 and 14, presented in 
Chapters 6.1 and 6.3 respectively. As an example, the energy consumption 
reductions for both system types with a payload of 1000 kg is presented in Table 
18. Since the throttling losses depend on the flow rate, the relative effect on the 
consumption reduction is reduced with higher pressure levels. That is, the 
variances with a payload of 500 kg are greater and with 1500 kg lesser than the 
ones indicated by Table 18. 

 

Table 18: Energy consumption reductions measured with DHRS and IHRS. Payload 1000 kg. 

Velocity 
[m/s] 

DHRS IHRS 

0.4 41 % 15 % 

0.3 42 % 23 % 

0.2 45 % 32 % 

 
As with the DHRS the valves had the lowest pressure losses in their size class 

and thus the reduction of throttling losses would require either larger valves or 
multiple parallel valves.  

Unlike the DHRS, this system type enables the downsizing of the 
accumulators without direct losses. This is indicated in Table 16, where the 
energy consumption reduction figures are virtually identical for all sizes ranging 
from 4 liter to 16 liter. In addition, the efficiency dependence on the preload 
pressure was minimal, as indicated in Table 15 where the measured energy 
consumption reductions were between 26 and 27 % with all of the tested preload 
pressure settings. The effective adaptation can be observed from the power 
graphs of Figures 61 and 62, which are from measurements using preload 
pressures of 60 and 120 bars respectively. Even though the power usage 
distribution of the assisted lift differs highly between these two, the resulting 
energy consumption is virtually identical. As previously described, the thermal 
losses in an accumulator are induced by the heat generated during charging 
escaping to surroundings while holding the charge. Since this system type 
allows the usage of lesser accumulator volumes without direct losses, the 
thermal issues would become more significant, should the capacity be reduced.  

The hydraulic transformer utilized here was custom build from two hydraulic 
machines coupled with an overrun clutch. This strategy was adopted due to the 
unavailability of commercial hydraulic transformers. In addition, it also enabled 
the utilization of the existing hydraulic pump/motor. The usage of the overrun 
clutch enabled the individual operation of the pumping unit without forcing the 
motoring unit to operate when no assisting hydraulic power was available. An 
alternative implementation with a similar functionality would have been a 
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clutch that can be actively engaged and disengaged. While this would allow 
more options for controlling the system it would add to the system complexity.  

In addition to creating the transformer using typical piston type hydraulic 
machines, there are some other emerging technologies for creating a hydraulic 
transformer. Two examples of such devises are the Innas Hydraulic transformer 
(Vael et al. 2000) and a digital transformer (Bishop 2009). 

Unlike the DHRS the maturity level of this system type is not yet sufficient for 
implementation on an actual production machine. The lifting phase, including 
the delivery of the stored energy, operates smoothly and responds well to 
operator set velocity commands. The main challenge however for future 
research on this system type is the controllability of the descending velocity. 
There were multiple factors contributing to the challenges with the 
controllability, largest of them being the indeterminacy of the response of the 
pump’s swash plate angle to the setting command when in standstill and the 
compliance of the system. Part of this indeterminacy is caused by the significant 
position dependent torque variances of both the hydraulic motor and the pump, 
which in terms is caused by the relatively small number of displacements 
elements, which in this case are pistons. The calculated displacement variance 
of a five piston machine such as both the motor and the pump used in the test 
setup is illustrated in Figure 75, as a function of the rotational position. 

 

Figure 75. Calculated displacement variance of an ideal and symmetric displacement machine, 
with 5 displacement elements  

The maximum displacement variance for either of the machines is 
approximately 5 per cent, peak to peak compared to the machine’s nominal, i.e., 
average displacement. Since the transformer contains two machines in series, 
connected with a clutch that disengages and encages at arbitrary angle positions 
of the machines, the combined torque can vary at maximum 5 per cent of the 
nominal to either direction. The effect of this variance could be reduced by 
switching to machines with higher odd numbered displacement element counts. 
An alternative or supplementary strategy that should be studied, is the 
implementation of a proportional valve for creating a more controllable start for 
the descending motion. 
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A second large contributor to the difficulties in controlling the descent velocity 
was the compliance of the system. This is mainly caused by the long hoses 
feeding the lift cylinder of the free lift zone. The issue could be facilitated by 
using hoses with higher yield modulus, however, the most effective solution 
would be to switch to a predictive model based controller.  

8.3.1 Lifting efficiency  

In addition to the efficiency improvements through energy regeneration, this 
system architecture has an inbuilt ability to reduce the energy consumption in 
the lifting motion. In the baseline machine, the lifting velocity is controlled by 
adjusting the rotational velocity of the electric motor driving the pump. Since, 
in addition to the rotational speed of the electric motor, also the pump’s 
displacement per rotation can be continuously varied in this system, majority of 
the desired lifting speeds can be achieved through multiple different setting 
combinations of the previous. The efficiency of the electric motor is a function 
of the rotational speed and the torque demand. For the pump, the efficiency 
depends on the rotational speed, pressure difference between the input and the 
output port and on the swash plate angle setting. 

The possible machine settings of rotational velocity and displacement 
fulfilling any arbitrary lifting velocity, i.e., pump output flow, can be determined 
by finding the boundary limits for the said settings. The minimum displacement 
can be determined by selecting the maximum rotational velocity, and minimum 
rotational velocity by selecting maximum displacement. The combinations 
fulfilling the flow demand forms a line between these boundary values in the 
displacement-rotational velocity plane. Furthermore, the pressure caused by 
the lifted load must be measured either directly or indirectly and the efficiency 
maps of the pump and the electric motor must be known. With these the 
efficiency can then be optimized for any lifting velocity when no assisting torque 
is available. The assisting torque can be incorporated to the optimization 
routine by calculated torque values based on a secondary pressure 
measurement at the input of the hydraulic motor. This strategy was not 
implemented during the study, however, it is recommended for future study.  

8.4 On the adaptability  

This chapter gives overall recommendations on the adaptably of the studied 
recovery circuits to different fork lift types and cycle types. In addition, the 
required hardware modifications are summarized and estimates of best 
scenario payback times are presented.   

 For the machine type-wise assessment of the effectiveness of the two recovery 
systems, the most obvious method would be to use a standardized energy 
consumption cycle for the comparison. According to VDI 2198 (VDI 2002), 
which is the only found standard encompassing energy consumption 
measurements for fork lifts, the cycle consists of lifting and lowering with 
machines’ rated maximum load to a specific height with predetermined driving 
patterns in between for a machine type specific number of cycles per hour. The 
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cycle is illustrated in Figure 76. For example for a reach truck the number of 
cycles is 60 with a driving distance of 30 meters and the used lifting height is 2 
meters. 

 

Figure 76. VDI 2198 consumption cycle  (VDI 2002) 

However, when taking into account the fact that the largest differences 
between the two studied recovery systems are induced from the variance of the 
payload, it becomes evident that the utilization of this standard cycle is not best 
suited for comparing their efficiencies. By using this cycle, the DHRS with an 
optimized preload pressure would yield better results on any machine type. 
Therefore, the adaptability is analyzed based on machine type’s common 
characteristics and its typical operating environment.  

8.4.1 Additional Hardware Requirements and Cost  

In real world applications, the impact of additional costs plays a significant 
role in assessing the implementability of the recovery circuits to different lift 
truck types. The exact manufacturing costs and profit margins naturally fall in 
the category of business secrets and therefore cannot be used for analysis. 
However, using known retail prizes of trucks and components, some 
estimations on the adaptability can be drawn based on the cost ratio between 
the base platform and the required additional hardware of the recovery circuits.   

The additional hardware requirements of the DHRS are given in Table 18. In 
the test setup the flow control was realized with a DFCU, which is also the 
component with the most uncertainty in the estimate of cost. This is due to the 
fact that these types of valves are relatively new and there are no known mass 
produced versions available. The currently available DFCUs are based on 
customer specific blocks outfitted with commercially available 2/2-valves which 
makes the current retail prizes relatively expensive. On the other hand, with a 
custom design and by integrating relatively simple actuating elements to the 
structure itself the prize with mass production would decrease to a fraction 
compared to current designs. The cost estimates in Table 19 are based on 
consumer retail prices except the price of the DFCU which is an estimation of a 
mass produced custom designed DFCU. 
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Table 19: Additional hardware required for the direct recovery system. (*) Depends on the mast’s 
oil volume, i.e., mast size, (**) Pump has to allow input port pressurization 

Additional 
components 

Quantity 
Cost 

estimate 
[€] 

Redundant 
parts 

Pressure 
accumulator(s) 

16-32 liters 
of total 

volume(*) 

1000-
2000 

none 

DFCU 

1 equipped 
with 2 

metering 
edges 

500 
lowering 

spool valve 

Pump 1(**) 300 
Original 

pump 

2/2-valve 1 150 none 

Pressurizable 
tank 1 400 Standard 

plastic tank 

 

  Alternatively, the DCFU could also be replaced with two spool type valves 
complemented with a leakage free 2/2-valve for containing the recovered 
energy. Since the stored energy is reused by reducing the pressure difference 
between pump ports, the pump has to be changed to a type which allows the 
pressurization of the inlet port. This has been done by replacing the original gear 
type pump with a piston type pump/motor. Because the velocity control of 
lowering motion is covered with the DFCU, the lowering hardware of the 
original system topology becomes redundant and can therefore be removed 
from the design. Both systems also require a tank that allows a minor 
overpressure 

  Compared to the DHRS the IHRS requires more hardware component 
upgrades to the standard system, shown in Table 20. The main pump has to be 
switched to a variable displacement unit and the hydraulic transformer requires 
also a hydraulic motor and an overrun clutch.  
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Table 20: Additional hardware, indirect hydraulic recovery system. (*) Depends on the mast’s oil 
volume, i.e., mast size 

Additional 
components 

Quantity 
Cost 

estimate 
Redundant 

parts 

Pressure 
accumulator(s) 

16-32 liters of 
total volume* 

1000-
2000 none 

Variable 
displacement pump 1 1000 

Original fixed 
displacement 

pump 
2/2- valve 4 600 none 

Hydraulic motor 
+overrun clutch 1 400 none 

Pressurizable tank 1 400 Standard 
plastic tank 

 
 Based on Tables 19 and 20, and taking the savings from redundant 

components into account the estimated additional costs for direct and indirect 
system are roughly 2050–3050 € and 3200–4200 € respectively. The current 
average electricity price for industrial consumers in Europe is roughly 12 c/kWh 
(Eurostat 2015).  Let’s assume a mid-sized warehouse truck operating in a 
warehouse containing 1000 kg loads with an averaged lifting power of 1 kW, 
composed of 10kW lifting power usage, lasting 10 per cent of the total cycle 
duration, would be fitted with direct recovery system. Based on results 
presented in Chapter 6.1, this would reduce the power consumption of lifting by 
40 percent thus creating 4.8 cents of saving in direct electricity costs per hour. 
With round-the-clock operation this would lead to savings of 420 € p. a. and to 
payback time of roughly 5–7 years. Since the indirect system has greater costs 
and somewhat lower efficiency the payback time taking only direct energy costs 
into account is longer than with the direct one.  

The direct energy costs are not the only factor that can affect payback time. In 
battery powered trucks lesser energy consumption can also diminish the need 
for extra batteries and recharging infrastructure. In addition, either the battery 
pack could be smaller and therefore less expensive or alternatively the mean 
time between battery replacements could be increased if using the standard 
battery pack. The latter is due to the charging-discharging cycles becoming less 
frequent.   

8.4.2 Suitability to different Fork Lift and Warehouse Types  

 
This chapter includes an assessment of the suitability of the recovery systems 

to a few select fork lift and warehouse types. Fork lifts are usually categorized 
by the type of their typical work application or by an essential function or ability 
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of the machine. There are many subtypes of non-driven fork lifts, e.g., walkie 
stacker. Many of them have relatively low load and/or lifting heights and hence 
they are not the best candidates for the studied recovery systems. Furthermore, 
when comparing the build costs of the recovery to the costs of the fork lifts, it 
can be estimated that the cost of the base machine should be at least in the range 
few tens of thousands. Naturally with large volume purchases the cost of the 
recovery circuit components would drop significantly but also the direct build 
costs of the base machine are significantly lower than selling prices.  

Order pickers are trucks that have pallet handling capability but are often used 
for gathering sub pallet-sized order batches. The cabin and the operator are 
lifted alongside the forks to hand-collect items, thus in many cases these 
machines are characterized by a relatively high moving structural mass when 
comparing to payload. This leads to relatively constant load to be lifted and thus 
on average the direct hydraulic recovery system is more effective in this machine 
type than the indirect one. 

As described in previous chapters, reach trucks are versatile fork lifts for pallet 
handling and are typically used in narrow aisle warehouses. Because this fork 
lift type can be used in a variety of tasks and the structural masses are in many 
cases relatively low compared to the payload, the adaptability of the studied 
recovery circuits depends on the warehouse characteristics. For warehouse 
operation with constant load, e.g., industry, the DHRS is more suitable and for 
variable load warehouses the IHRS would be the more suitable solution.    

As reach trucks, very narrow aisle trucks are designed for operating in narrow 
aisle warehouses, as distinct from the previous the aisle division for this type 
can be much less. They can be divided to two main types which are articulated 
very narrow aisle truck and guided very narrow aisle truck. The guided one in 
terms has two main subtypes for machines where operator either lifts alongside 
the forks or stays down. The one with operator lifting is targeted for warehouses 
which have also order picking tasks. As with the order pickers, the DHRS would 
be in many cases more effective, when adapted to this machine type. For the two 
remaining types, the indirect recovery system is generally a better suited 
solution. 

Automated guided vehicles (AGV) are autonomous robots that operate by 
performing predetermined work tasks. The bulk of AGVs are of type which 
handle only light loads and possesses very limited lifting range or have no lifting 
capability at all. These types of AGVs can be found for example in assembly lines 
delivering components or subassemblies. The AGVs relevant to this study are 
designed for heavy duty handling. As with the previous types the increasing load 
variance favors the indirect recovery system. However, many AGV systems 
handle specific and therefore constant loads. An example of a machine, for 
which the direct recovery system would be very suitable, is an AGV handling 
constant and heavy payloads, for example paper rolls. In addition, since the 
machines have to be preprogrammed, the upcoming work cycle must be known. 
Therefore even if the load changes at some intervals, the DHRS could be 
optimized over a long duration cycle.  
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For the non-warehouse lift trucks such as diesel powered counterbalance 
trucks, the similar considerations apply. The altered energy source changes the 
payback calculations, as does the higher locomotion energy requirement caused 
by higher rolling resistance. However, when concerning the suitability, the load 
variance is the largest contributor.  

The warehouse characteristics such as mean load, mean shelf height and usage 
ratio depend on the type of the warehouse. Industrial production and 
intermediate warehouses typically have high usage ratio, and therefore energy 
saving measures on the material handling equipment have a significant impact 
on the overall energy consumption. On the other hand, in lower usage ratio 
warehouses such as retail warehouses in which pallet handling is only 
intermittent the impact would be lower.  
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9. CONCLUSIONS 

In order to reduce the energy consumption of a machine without reducing its 
performance, it can be outfitted with more efficient components, the system 
topology can be redesigned or an energy regenerating system can be 
implemented. The studied reach truck utilizes flow controlled actuation of the 
lifting function and furthermore the lifting motion is typically operated without 
simultaneous operation of the other hydraulic functions. This circuit type, 
especially when operating a single actuator at a time, is very efficient thus 
making the implementation of an energy recovery system the most viable 
solution for significantly reducing the energy consumption of the machine.      

Based on the initial analysis, covering multiple different energy storage types 
and recovering system layouts, three system types; two hydraulic ones and an 
electric system, were further investigated by means of simulation. The system 
simulations using a multiphase variable load work cycle indicated that the 
indirect hydraulic recovery was the most effective system by a substantial 
margin. However, prior analysis indicated that the direct hydraulic recovery 
system would be efficient when applied to a cycle with relatively constant loads. 
Therefore, both of the hydraulic systems were selected for further study by 
designing and implementing them on a full scale reach truck test platform for 
measurements.   

The efficiency of the DHRS was found to heavily depend on the preset gas 
pressure level of the hydraulic accumulator or accumulators. For this, a 
mathematical model of hydraulic energy losses was created and implemented 
using Simulink, to enable fast calculations for evaluating the effect of different 
parameters on the system’s effectiveness. These parameters include the 
parameters of the recovery system as well as work cycle related parameters. 
While the primary usage of this model was the optimization of accumulator 
preload pressure to a given load, it can also be used for analyzing the effects of 
the preload pressure setting as well as the effect of the accumulator volume to 
the efficiency of the recovery system. The model calculates the direct hydraulic 
losses in the recovery phase with the given system topology. Therefore, it cannot 
be used for assessing the overall system energy usage or total energy loss 
calculations. The functioning of this model was validated with measurements. 

The measurements with the DHRS using constant payload cycles and load-
wise optimized accumulator preload pressure settings yielded energy 
consumption reduction ratios between 26 and 53 per cent compared to a 
machine without an energy recovery and reuse system. The total efficiencies of 
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the energy regeneration system, derived from these measurement, ranged from 
50 to 91 per cent, being highest when operating with high loads and low fork 
velocities. Applying this recovery circuit to variable loads cycles without the 
option for preload pressure optimization, however, lessens the average 
consumption reduction to a level of 10–15 per cents, depending on the cycle.  

The indirect hydraulic recovery system was created for operating more 
efficiently under variable load conditions. The system was compared to the 
previous system while using a static gas preload pressure setting. The 
measurements resulted in consumption reductions ranging from 8 per cent to 
39 per cent. In the cycle with the highest consumption reduction ratio, the 
effective total efficiency of recovery system was 75 per cent. Load-wise weighted 
average consumption reductions ranged between 20–33 per cents depending 
on operating velocity, and thus clearly exceeding the efficiency of the direct 
recovery system in variable load working environment. 

The piston type hydraulic pressure accumulators used as energy storage 
devices in this study have two loss sources, piston sealing friction and thermal 
losses induced by heat flux to surroundings from the gas which is heated by 
compression. There are many known methods for reducing the thermal losses, 
some of which were described previously. In this study, however, they were 
controlled by keeping the compression ratio sufficiently low, i.e., by using a 
large enough accumulator volume. As energy storages, piston type 
accumulators are reliable components and relatively simple by construction. 
Especially the serviceable variant, which can be maintained by replacing the 
sealing elements instead of replacing the whole device, contrary to, e.g., electric 
batteries.  

The accumulators concepts proposed in this thesis to further increase the 
efficiency of the DHRS are both still on early stages of development. Based on 
the simulations with a 50 bar system pressure the low gain hydraulic 
accumulator with a four liter liquid volume has a pressure buildup characteristic 
equal to a 25 liter conventional one. This leads to smaller losses in the recovery 
system with constant load cycles than when using a conventional accumulator 
of similar physical size. One tradeoff is the concept accumulator’s larger 
physical size when comparing it to a conventional one with the same liquid 
volume. The 4 liter unit used here is roughly equal to a conventional 10 liter 
accumulator in size. Another tradeoff is the high actual gas pressure, which 
limits the maximum system pressure. The digital accumulator concept 
equipped with multiple switchable gas side areas was simulated against a 
conventional accumulator with similar oil volume. The simulation encompassed 
constant load lift/lower phases with three loads and the preload pressure of the 
conventional accumulator was optimized to the median load. As expected, the 
ADHA outperformed the conventional one with lowest and highest load by a 
clear margin. In the cycle with the median load the conventional was slightly 
more effective due to the higher frictional forces within the ADHA. 

In addition to the research on the proposed accumulator concepts, a beneficial 
future research target regarding the DHRS would be the minimization and 
packaging of the DFCU. For the IHRS the remaining main challenges are in the 
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controlling architecture of the fork’s lowering motion and in the reduction of 
throttling losses created by the 2/2-valves in order to increase the system’s high 
velocity efficiency. The enhancement of the thermal properties of the pressure 
accumulators, would benefit both the studied system types, but especially the 
IHRS when using small accumulator volumes.  
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Appendix B: Coefficient values used in simulation models 
 
 

Global variables 

B=780 MPa 
g=9.81 m/s2 

=860 kg/m3 

 

Pump/hydraulic motor 

Cf=0.09  

Ch=50  

Cv=130  

 
Hydraulic accumulator 
 
a=0.025102*101325/1e9 
A0=1.053642*101325/1e6 
b=0.0023277/1e6 
B0=.0407426/1e3 
c=728.41*101325/1e9 
C0=8059.00*101325/1e6 
N1=735.210 
N2=34.224 
N3=-0.557648 
N4=3.5040 
N5=-1.7339e-5 
N6=1.7465e-8 
N7=-3.5689e-12 
N8=1.0054 
N9=3353.4061 

=0.0001272/1e9 
=0.005300/1e6 
=15 s 
 





In many cases the implementation of a 
system for recovering energy that otherwise 
would be wasted is the most effective 
method for improving a machine's energy 
efficiency. In this study, the suitability of 
different types of energy regeneration 
systems for an electrically powered fork lift 
are investigated. The focus of the study is on 
hydraulic recovery systems that use 
pressure accumulators as energy storages. 
In addition to analytical and simulation 
based research, the study consists of 
measurements conducted with two different 
hydraulic recovery systems in a full scale 
reach truck test bench, as well as 
introduction and assessment of two new 
accumulator concepts. The research 
indicated that the efficiency and 
applicability of the studied recovery systems 
depend heavily on the machine's work cycle. 
However, based on the presented results and 
findings, a hydraulic recovery system can be 
designed to be an effective and viable 
method for recovering energy and thereby 
reducing the energy consumption of the 
machine. 
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