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Abstract

Energy saving is one of the most important
environmental factor during the process of building
realization. During this process building planner has
to analyse several factors influencing the final
effective decision concerning this problem. There are
several factors and criteria for effective selection of
building machines. In our contribution, the proposed
optimizing method is presented and the ability of
machines to realize designed building process with
minimizing of energy consumption (environmental
aspect) is analysed. This method are implemented into
two different construction processes: optimal
selection of machine groups for soil excavations and
optimal selection of the building elevators for vertical
transport of building materials during the
construction finished processes. Selected scientific
methods and theories of problem solution can be
divided into these groups: theory of system (creation
of building machine selection method), optimizing
method (analysis of mechanized building process
from the point of minimum energy consumption),
queuing theory (application during the mathematical
modelling of mechanized soil processes), method of
scientific analysis (analysis of factors influencing final
decisions), method of scientific synthesis (creation of
optimizing method implemented into building
processes and possible application in construction
sector). The effectiveness of implementation of these
methods is increased by software support for both
model examples. Results of our research work are
shown, that with using automated system we can find
optimal machine group for defined process very
quickly and by this way during the process of building

planning to increase the effectiveness of building
machines selection especially form the point of energy
minimization.
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1 Introduction

The optimal selection of machine or machine group
for building processes is a very important role of building
planner during the process of building planning. During
this process building planner has to analyze several
factors influencing the final effective decision
concerning this problem.

During the process of building planning planner has
to analyze suitable selection of building machines and its
group for effective proposal of mechanized building
processes.

There are several criteria for selection of building
machines. In our contribution there are analyzed: the
ability of machines to realize designed building process
(quality aspect) and minimizing of energy consumption
(cost and environmental aspect).

In our research work were implemented several
theories and methods. The most important were the
theory of systems [1] and principles of optimizing
method [2], method of scientific analysis and synthesis.
These methods were implemented into optimal selection
of machine groups for earthwork excavations and
optimal selection of building elevators from the point of
minimal energy consumption with software support.
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Applications of these methods and software will
increase effectiveness of building machines selection
from the point of its energy consumption minimizing.
There are several authors who analyzed similar problems
[3,4,5,6,8,9] concerning the optimal machine selection
methods and their environmental impact to construction
company effectiveness.

2 Energy Machine Selection Optimizing
(EMSO) Method

EMSO Method is based on the theory of systems [1]
and optimization theory of the process [2].
The “EMSO Method” consists of the three phases (Figure
1) — Entry phase, Decision phase and Optimization phase.
An analysis of all these phases except entry is examined
by Figure 1 [7]:

ENTRY PHASE

Characteristics of building process
Definition of final product
Basic data collection to solve
problem

. §

DECISION PHASE
15t elimination criterion

Ability of machines or machine
groups to fulfil basic contract
requirements

: 1

OPTIMIZING PHASE
Final criterion

Minimizing of machine or machine
groups energy consumption

Figure 1. EMSO method phases and criteria

-the input universe of the system: that is the set of the
machines submitted for analysis in the given phase,

-the criterion, according to it is the input universe of the
system of given phase analyzed,

-the procedural steps being necessary to realize the
appreciation of the input universe of the system
according to the criterion of the given phase,

- the output universe of the system: that is the set of the
transport means fulfilling the criterion of the given phase.
The entry phase contains delimitation of problem and
objectives necessary to be reached by evaluating, for
example the type of building works, characterization of
the final product of the mechanized building process,
input information necessary for solving of the problem
and so on.

The preparatory phase characteristics:

The input universe of the system is the set of the transport
means being suitable for a given type of the building
works.

The criterion (1% eliminating) — production rate aspect
(time required for the realization of the final product or
quantity of production in determined time)

The procedural steps:

- the construction of the verbal — graphic model of the
real system,

- the choice of the variants of building machines for
realization of the final building product,

- the selection and the choice of the model variables, their
definition, symbol, dimension, quantification with the
source of the quantification,

- the formulation of the particular mathematical relations
of the model,

- the construction of the mathematical model for
appreciation of variants of machines to the 1% eliminated
criterion,

- the wverification, quantification, numerical solution
using software, interpretation and implementation of the
created mathematical model.

The output universe of the system — the set of the
machines performing the requirements for realization of
the final product.

The optimizing phase characteristics:

The input universe of the system is the output universe of
the decision phase.

The optimization criterion - the minimizing of the
machines energy consumption for realization of the final
product of the building process.

The proceeding steps:

- the selection and choice of the decision variables, their
definition, symbol, dimension, quantification with giving
of the source of the quantification,

- the construction of the mathematical model of the
criterion of the optimization,

- the verification quantification, numerical solution using
software, interpretation and implementation of the
mathematical model of the criterion for optimization.
The output universe of the system — the machine with the
minimal energy consumption for realization of the final
product of the building process.
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In our contribution, the optimizing phase of EMSO
method in two different model examples is analyzed:
optimal selection of machine groups for earthwork
excavations and optimal selection of building elevators
from the point of minimal energy consumption with
software support.

3 Model Example N.1: Excavation and the
Removal of the Soil at the given distance

Basic input data:
Final product of building process — building pit: width
(50 m), length (90 m), depth (3,5 m), soil type and class
— sandy soil, the 2" class of cohesion (according to
Slovak National Standard STN 733050), required work
capacity V, = 15 750 m 3, transport distance L= 4 km,
required time of duration of works T= 14 400 min. (30
shifts), season of year of realization of works — April,
May, kind of road surface — mastic asphalt, plane on the
whole length.
Comment: presupposition of approximate identical
operation of machines during shifts, time for lunch and
inspection of machines at the beginning and the end of
shift have not being included in time of shift duration.

The input universe of the system of the decision phase
is being created by 3 types of depth shovel excavators:
DH 411, DH 621, Cat 225 and 3 types of folding transport
means: T 148 S1, T 815 S3, S 706 MTSP 24. The same
transport means were applied to every type of the
excavator. There are 9 variants of the excavator machine
group together with the transport means and in every

variant we used from 1 to 13 pieces (pcs) transport means.

For the evaluation of the machine groups in the
optimization phase the concept of queuing theory is being
applied. In our contribution are shown final mathematical
models (1) of optimizing phase. All data necessary for
equations 1 and 2 can be found in Gasparik (2013) — see
references.

The mathematical model of the optimizing criterion
is in form as follows:

MS:Tsk-Tps—l-Vp_l-[Tmri Asmr‘ +Tpri Spr‘ +(Tcaj Scaj +

+|—naj Asnaj + Lpaj .Spaj)-NaJ] (1'm—3) (l)
for i=1, 2, 3; j=1,2,3; Ni:=1.2,...,13,
where

MS - specific F.C. of machine group, excavator +
transport means by the required volume of the works
(I.m3),

Tsk- duration of work of machine group by earthworks of
required volume (min.),

Tps - duration of operation of machines during a shift
(min.shift1),

Tme - time of excavator manoeuvre (min.shift?),

Smr - fuel consumption of excavator at manoeuvring
(LLminh),

Tor - duration of work regime of excavator except time of
manoeuvring (min.shift),

Spr - fuel consumption of excavator in operating regime
(I.minh),

Tea- duration of waiting regime of transport mean during
running engine (min.shift2),

Sca - fuel consumption by waiting regime of transport
mean (1.min%),

Lna - length of road covering by transport mean with a
load, from place of loading to place of unloading
(km.shift?),

Lpa - length of road covering by transport mean without
of load, from place of unloading to place of loading
(km.shift™)

Sna- fuel consumption of transport mean by driving with
a load (1.km),

Spa - fuel consumption of transport mean by driving
without a load (1.km™).

Input data concerning the consumption of fuel were
given by producers of excavator and transport means.
The best energy saving machine groups of each kind are
being compared in Figure 2. The most advantageous
solution for the realization of output and removal of earth
at given distance from the point of view of minimizing of
fuel consumption is at analysed model example a choice
of the machine group Cat 225 + 6 pcs of T 148 S1.
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Figure 2. Machine group (excavator-trucks) variants
evaluation from the point of minimum consumption of
fuel for variants A — | : see Figure 6

The Machine Selection software was created by co-

author M.Gasparik as a software support for method
described in this contribution. Machine Selection is a
desktop application, built in Java.
“Complete Fuel Consumption Table” shows fuel
consumption in litres of combination consisting by 1
excavator and 1 to 13 vehicles by realization of desired
earthworks volume. This part of result screen is displayed
on Figure 3.
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Figure 3. Result screen, Complete Fuel Consumption
Table section

4 Model Example N.2: Building elevator
selection

This “EMSO method” was applied into building
elevator selection for vertical transport of building
materials during the finished processes in term of
minimum consumption of electrical energy.

Input data: 9 floored building object (see Figure 4),
operational project of building object.
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Figure 4. Analysed building object for optimal
selection of building elevator

Input universe of system in optimization phase:
- building elevator: WBT 5-600,
- building elevator: VS5,
- building elevator: VS 6.01,
- building elevator: NOV 500,
- building elevator: NOV 1000 A.

Criterion: optimization — minimization of consumption
of electric energy of elevators in a process of vertical
transport of materials to building object.

Procedural steps:

1.  Experimental method of measuring value of electric
current, which is withdrawn by construction
elevator’s electromotor during its operational mode.

2.  Experimental measuring work was done on specific
constructions in Bratislava (Slovakia), in the
presence of expert for elevators. The elevator was
continually burdened by 50 kg (1 bag of cement)
until maximum loading capacity. The values of
electric current flowing through phase conductor of
three phase line and withdrawn by electromotor of
elevator during continual loading in both direction
(upwards and downwards) are measured by clip-on
ammeter.

3. Results of experimental measuring of electrical
current values which were withdrawn by
electromotor of elevators during operational mode.
Above mentioned measuring work  was
implemented on all analyzed types of elevators.
Results of measurements are recorded in tables and
also graphically illustrated.

4. Construction of mathematical model of optimality
criterion

The content of this point is to construct
mathematical model of consumption of electrical
energy of elevator for tonometer of transported
materials.

The foundation for calculation of measuring
consumption of electrical energy of elevator are
experimental measured intensities of electric
current withdrawn by its electromotor.

The consumption of electrical energy of elevator for

tonometer of transported material could be
calculated as follows:
_ 3 ut
E= s om [Whitm] 2

where

U — nominal line voltage of three-phase distribution
system in volt (380 V),

I — real intensity of electric current withdrawn by

electromotor of elevator in ampere,

v — transport velocity of elevator in meter per second,

m - load mass transported by elevator in tonne.

Note:

1. At work there is analyzed case, when elevators are

going in upward direction they are loaded, however in

downward direction they are not loaded by materials.

From measured and calculated variables we can observe

different combinations.

2. In case of operational-personal elevators NOV 500 and

NOV 1000 A, service is necessary in elevator’s cage, that

is why we consider empty (without load) elevator’s mass
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100 kg and elevator load capacity is changing in case of X =70 % (figure 6), Ec [Wh/tm] (Figure 6)
NOV 500 to 400 kg and in case of NOV 1000 A to 900
kg.

The overall consumption of electrical energy of m
elevators for transport of material to 1 m elevation
(tonometer) and its return to initial position we can

calculate as follows: 10
Ec = En + Epg [Whitm] (3)
1)
where
. . = LEGEND:
En - the consumption of electrical energy of elevator for 2w r e
tonometer of transported material in upward direction in Z --vVs-5
m® —4— VS -6.01

watt hour per tonne and meter (Wh/tm), e oV 500
Epd - the consumption of electrical energy of elevator for Pl % NOV'10004

tonometer of transported material in downward direction
not loaded by materials in Wh/tm.

Graphical interpretation of dependence of overall
electrical energy consumption to transport material by
elevators Ec. [Wh/tm] is illustrated on Figure 5 and

graphical interpretation of dependence of overall °m TR T PR T M L S
electrical energy consumption of elevators Ec [Wh/tm] on m(t)

percentage extraction their load capacity is illustrated on
Figure 6.

Figure 5. Graphical interpretation of dependence
of overall electrical energy consumption to

o . . transport material by elevators for tonne and
5. The determination of final electrical energy meter E¢ [Wh/tm]

consumption of particular types of elevators after
overall work performance E, [Wh].

For approximate calculation of Ey [Wh] overall il
mass of materials ABP, which is transported by elevator -
to particular floors M; [kg], where i = 1, ...,n, is LE30,
determined. 0 e
Based on characteristic of different materials types, B | :ﬁmgm
average value of percentage extraction of load capacity % v — ﬂm
of elevator x is estimated, subsequently based on this 3 \ \
value the Ec [Wh/tm] is defined from figure 6. § L \ \\
The resulting electrical energy consumption of ~ 9 \ \
elevators Ey, [Wh] is calculated as follows: - § '\
9 \\ N
=B izt Mj - hy - 1073 [Wh] (%) A \\ N,
SNy
.| S
where » -~
Ec¢ - overall electrical energy consumption “k” type of 0 TTEe= ==
elevator for transport of 1 tonne material to 1 m height RN
[Wh/tm], where k=1,...,p, " 2 3 o w ® ® % 9

=l

M; — mass of material, which is transported to “i” floor
[kg] ,wherei=1, ..., n,

hi- height of “i” floor [m], wherei=1, ....n, Figure 6. Graphical interpretation of dependence of

overall electrical energy consumption of elevators E.
[Wh/tm] on percentage extraction their load

Model example: .
capacity.

M; =10 000 kg fori=1, ...,9 (typical floor)
hi1=3m, hy=6m, hg =27 m (Figure 4)
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The solution of model example is shown by Figure 7.

60000
54000 @ WBT 5-600
50000 BVsS
41850 V56,01
ENOV 500
40000 -
WNOV 1000 A
=
230000
- 22950
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I 24975 I

Building elevator variants

20000
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0

Figure 7. A comparison of elevator variants in term of
overall electrical energy consumption during the process
of wvertical transportation of building materials to
analyzed building object.

Output universe of system - NOV 1000 A (see Figure 7).

4.1 Elevator Selection Optimizing (ESO)
method application with software support

Above analysed model example can be effective
solved using Elevators Energy Consumption software as
a web solution based on html, php and javascript to
compute energy consumption of several elevators and
choose the best choice (the one with lowest energy
consumption). The main screen is divided into 3 parts:
Building Inputs, Elevator Inputs and Results.

4.1.1 Building Inputs

In this section (Figure 8) user enters number of floors of
a building, typical floor height and typical height,
delivered to the floors. For each floor, user can specify
its own height or weight, needed to delivery.

4.1.2 Elevator inputs

This part (Figure 9) serves to specify number of elevators
(from 1 to 5), their names and E. constants, assigned to
capacity values, varying from 25 to 100 percentage.

0 E|evat0 rS energy consumption

BUILDING INPUTS | “ELEVATORINPUTS  RESULTS
Floors | @ B TypicalFloorHeight | 3/m  Typical Weightper Floor | 10000 kg Draw Table:
Floor Floor Height m Total Height m Weight per Floor s
1 3 3 10000
3 6 10000
3 9 10000
‘ 3 12 10000
5 3 15 10000
6 3 18 10000
1 3 il 10000
8 3 % 10000
9 3 2a 10000
Figure 8. Building inputs
° e | evatO rS energy consumption
BUILDINGINPUTS | ELEVATORINPUTS | RESULTS
Display Elevators: 1@ 28 3@ 4@ 5@
Blevatorl Blevator2 Elevatord Blevatord Blevators
NOV 500 NOV 1000A

x(%) WBT 5600 Vs5 VS601

100 1 25 1 % 94

Figure 9. Elevator inputs - values of E; [Wh/tm]

4.1.3 Results

In Results section (Figure 10), user is asked to choose
capacity for each elevator and after clicking the button
Draw Results he gains result values of total energy
consumption (Ey). Elevator with the lowest consumption
(the winner) is marked green.



34" International Symposium on Automation and Robotics in Construction (ISARC 2017)

@ elevatorsceg rsmsn

BUILDINGINPUTS  ELEVATORINPUTS | RESULTS
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NOV 1000A 70 (g 13 17550

Figure 10. Results section

5 Conclusion

The most-important factor in this “EMSO” method is that
it is able to eliminate machine variants with high energy
consumption during the process of building planning. By
using a software it gives information about energy
consumption of machines when considering their use in
the final product of the building process (earthwork
excavation, vertical transport of building materials) and
gives the possibility to make fast decision for the choice
of the energy optimal machines in a short time. At the
same time it is necessary to stress that by this method the
machines are being evaluated from one point of view
only (energy consumption), which, it is true, is one of the
most meaningful views of this time, but it needs not be
crucial in every case. Therefore, it is necessary when
proposing an elevator to take the point of view to
minimize the energy consumption as a part of the multi-
optimal proposal. For a practical application of the
proposed “ESO” method it is necessary to improve the
quality of input data, especially energy information. This
data involved in our contribution were obtained by
experimental measurement. The producers of building
machines and elevators can offer this data shown in our
contribution as a basic information concerning their
excavators, transport means and elevators and using
software building planner can very easy and fast select
energy optimal variant of building machines. The volume
of savings of the operating expenses possible to be
obtained already in the preparation phase of building
realization by this “EMSO” method are not negligible,
vice versa, it shows the disclosure of reserves that are
available in the choice of machines for excavation
process and elevators for vertical transport of building
materials.
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