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Executive Summary

1 Executive Summary

At first glance, variable speed drives (VSDs) for electric motors in industrial applications
with a constant load profile don’t seem to be beneficial for the energy efficiency due to
the unavoidable additional losses in the VSD. At second glance, drives with VSD allow
more freedom in the system selection process and thus an increase in the system ener-
gy efficiency, as well as better dimensioning to the required operating point. In pump
systems in particular, a precise adjustment of the pump to the operating point is im-
portant to reduce energy costs. Also, fan systems often have reduced energy efficien-
cies due to oversizing. For both applications VSDs can help to dimension the systems
properly and save energy.

The energy saving potential by improving constant load systems with the help of VSDs
in the European industry is investigated and quantified in this study.

The main results of the study are:

=  Per unit, energy savings up to 12 % are possible. The individual saving poten-
tial depends on the specific application and its requirements.
= Around 50 % of the pump systems and 40 % of the fan systems across the
entire market operate at constant load and would benefit from utilizing VSDs.
= The total saving potential for both applications in the average scenario is
19.6 TWh/year or 4.05 % of the annual electric motor consumption for pumps
and fans in the EU (Figure 1):
o Pumps: 15.7 TWh/year (6.4 % of consumption pumps)
o Fans: 3.9 TWh/year (1.6 % of consumption fans)

Saved energy in TWh

clean water -
building booster
wastewater, 1,7 sets, 1,7

air - industry, 2,3

clean water - drinking ,
1.4

clean water -
clean water - industry, clean water - swimming | wastewater (with solids),
46 heating cooling, 3,8 | pool, 1,4 11 refrigerant, 0,3

air - building , 1,3

Figure 1: Energy saving potential distribution several applications
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2 Introduction

As calculated in a previous study, 46 % of the electricity in the European union is con-
verted by electric motors [1]. Out of this fraction, 70 % is used in pump, fan and com-
pressor applications [1]. The combined power of all units sold annually of these three
applications is estimated to be 101.3 GW. The remaining 30 % of energy converted by
electric motors is used to drive other systems, for example conveyors and systems for
material handling and processing [2].

For pump systems, a precise adjustment of the pump to the operating point is im-
portant to reduce energy costs [3]. Rotational speeds predetermined by the grid fre-
guency and a limited number of available products often lead to systems that are not
well sized or adjusted mechanically. This reduces the energy efficiency of the pump
systems. In systems with VSDs, the rotational speed is a free parameter in the dimen-
sioning process and enables the selection of a pump that operates closer to its ideal
operating point and has an increased efficiency.

Although the efficiency of fans is not overly sensitive to its operating point, oversizing is
an issue in constant flow systems. Due to safety margins or peak load requirements up
to 50 % [4] of the systems are oversized. Fans with a variable speed drive can reduce
this oversizing and meet the requirements of peak load or minimum flow at different
conditions simultaneously.

The scope of this study is the quantification of the energy saving potential of electric
drive systems that operate under constant load conditions when driven by a VSD. The
focus will be on pump and fan applications in the European market.

At first, the calculation methods and the efficiency model will be explained. After that,
the different influences on the efficiency model and the energy saving potential of the
pump and fan applications are explained. Finally, the overall energy saving potential is
presented.

Introduction
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Methodology

3 Methodology

For the calculation of the energy saving potential, a workflow and different efficiency-
reduction models are developed. The individual steps are presented and explained in
the following chapter. The workflow is shown in Figure 2.

All applications Absolute saved energy in TWh/year
Per application Total energy saving potential in % Annual energy consumption in TWh/year

1
Share of c.onstantnlf:ad Energy saving potential with
sl 5 VSDs in a constant load unit

Different scenarios

(Market) share of the installed
power in %

For each application
and power class

Number of units

Figure 2: Calculation workflow

3.1 Market allocation

As mentioned in the introduction, the main applications for electric motors in Europe
are pumps, fans, compressors, conveyors and “others”, like material processing and
handling machines [2]. Therefore, this study just like the previous study, will focus on
pumps, fans and compressors. The following applications and respective subclasses
have been identified [2, 5-7].

* Pumps
e Clean water pumps:
Drinking water
Building pressure booster
Heating cooling
Industry
e Swimming pool
* Wastewater pumps
Wastewater pumps with liquid
Wastewater pumps containing solids
¢ Fans
* Air
Building
Industry
* Refrigerant and HVAC applications
e Compressors
* Refrigerant applications
HVAC (heating, ventilation, air condition)
Industrial cooling
e Compressed air

To be able to calculate the net energy saving potential, the power class of the motors is
important. Additional to the division into applications, the motors are listed in power
classes (Table 1), according to EN 50347 [8].

10|31
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Methodology

Table 1: Electric motor standard power classes according to EN 50347 [8]

0.37 [0.55 (075 |[1.1 1.5 2.2 3 4 5.5
7.5 11 15 185 |22 30 37 45 55
75 90 110 132 160 200 300 450 750 1300

3.2 Application quantification

The data on the numbers of units sold were categorized in groups of different applica-
tions within the power classes. As reference, mostly preparatory studies for EU regula-
tions were used. These studies exist for different consumers of electricity and involve
analyses about the market and the energy consumption of the several applications as
well as the impact of different energy saving measures. When numbers of the recent
years weren't available, they were extrapolated linearly with the growth rate of the
year 2020, which was available most of the times.

Since the change in efficiency within a group of applications may differ throughout the
power classes, it is necessary to consider what proportion of the energy consumption
falls to which power class.

For this purpose, the share of the installed power piustan ©f the units sold is calculated.
The product of the sold units ng,,; and the power P is divided by the sum of this value
for the entire application. The formular for this calculation is show below:

Nsoraq * P

Dinstall = =5 —————— With i = number of powerclass (1)
meta Zl'zfl(nsold,i P)

The scope of this study is the analysis of units with a constant operating point. To ex-
clude the share of units with a variable load cycle, the installed power is multiplied by
the share of constant flow units. As only part of the market is considered, the energy
saving potential is reduced when compared with the total energy consumption for
electric motors.

3.3 Estimation of changes in energy efficiency

The main benefit of a variable speed drive in constant load point applications lays with-
in the independence from the grid frequency and therefore the free selection of the
speed for the application. It is possible to select a different unit that has an increased
efficiency at the desired load point, compared with a unit that runs with constant
speed and might not have the best efficiency at the required load point. To calculate
the energy saving from this increase in system efficiency, the efficiency of the conven-
tional system nqate With constant speed is modeled by multiplying the efficiency de-
crease factor fi,ss With the basic best point efficiency nggp. It is shown in the formular
below. The efficiency decrease factor fi,s can vary between different applications and
contains different effects that influence the efficiency.

)

Nstate = NBEP " fioss

The general assumption is, that the use of a VSD avoids these modeled efficiency loss-
es. Because the VSD has losses too, the energy saving potential is reduce by the effi-
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Methodology

ciency nysp that occur in the VSD. To calculate the energy saving potential, an energy
saving factor eg,ye is calculated from the two different efficiencies (2):

_ Jross @

€save = 1
Nvsp

3.4 Estimation of the energy saving potential

The energy saving factor eg,y. is then multiplied by the share of installed power pinstau
and the share of constant flow units for the several applications and power classes
sheon to calculate the total energy saving potential e;:q; that can be saved from the
consumed energy.

28

€total = Z DinstaiLi * €save,i * Shcon,;  With i = number of powerclass 3)
i=1

With the total energy saving potential e;,:q;, the absolute value of saved energy in
TWh/year is calculated.

First, the overall energy consumption is extracted from the references for pumps [5]
and fans [5] and compressors [9-11]. The relative energy consumption within the sev-
eral applications is calculated from the sub-application specific references. This propor-
tion is then multiplicated with the energy consumption for the application class, result-
ing in the total energy consumption for every sub-application.

The energy consumption is multiplied with the total energy saving potential applica-
tion-wise to calculate the absolute value of saved energy.

1231
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Pump_applications

4 Pump applications

As described in chapter 3, the following pump applications are investigated:

e Pumps

o Clean water pumps:
= Drinking water
= Building pressure booster
= Heating and cooling
= Industry

o Swimming pool

o Wastewater pumps
= Wastewater pumps with liquid
= Wastewater pumps (containing solids in the fluid)

4.1 Quantification and market potential
4.1.1 Market data and installed power

The sales figures for pumps are mainly taken from the preparatory study for the pump
ecodesign regulation [5]. The study aims mostly on pumps for clean water and
wastewater applications. Sale numbers for pumps in heating and cooling applications
are estimated from [12].

The numbers are illustrated in Figure 3. In 2020, the number of pumps relevant to this
study are estimated to 2.5 million units. Most units sold are swimming pool pumps,
pressure booster sets and pumps for industry applications, each with a market share of
25 %. When looking at the installed power (Figure 4), the share of the swimming pool
pumps decreases to 8 %, the share of pressure boosters to 18 %. Especially for the
swimming pool this is an indicator that there are many low power units in the market.
The share of installed power for the other applications increases. The greatest increase
between market share and share of installed power happens for wastewater pumps
(14 % and 5 %) and for heating and cooling applications (19 %), showing that units
with higher powers are used in these applications.

Installed power in kW

Sold units
42290 110.975 482.470
% 4% 5% 850.047
0,
220.111 \ 2.621.343 9%
9%~ 613.308 79, o
o 25% o = drinking water
swimming pool
= wastewater (liquid)
43.958 = industry
10% = building/ pressure booster
GEHED 1803521 5% " wastowator (wih solid)
620.311 25% 19%
25%
742.763
T 8%
Figure 3: Sold units for pumps  Figure 4: Share of installed power for pumps
Fraunhofer Motor system energy efficiency Alexander Schréder 13|31
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Pump applications

4.1.2 Market potential — constant load units

The share of units that run in a load cycle with constant load is presented in Table 2 for
pump applications. The share of constant load units can vary within the power. The
shown numbers are the mean value for an application.

Around 50 % of the drinking water pumps, building pressure booster sets, pumps in
heating/cooling application and industry pumps operate at a constant load cycle [5].
The exact share of applications running with constant loads varies between 40 and
90 %.

Most of the swimming pool pumps run with constant flow, leading to a share of con-
stant load units of 97.1 % [5]. The reason for this is the load cycle. This is defined by
the rate at which the pool volume passes through a filter. Only in a short time of the
load cycle, a higher pump power is required for the filter cleaning.

Also, many wastewater pumps operate at constant speed, due to the typical load cy-
cles. An example is to pump off a defined sewage reservoir in a certain time. Pumps
with on/off control are common for this. Beside that wastewater pumps often must
handle water with solid particles, which can cause a clogging of the pump at low flow
rates. These functional requirements limit the share of variable flow load cycles, leading
to a share in constant load of 91.5 % for wastewater pumps and 98.1 % for
wastewater pumps that must handle solids. [5]

Table 2: Share of constant load applications in average pump applications

pumps
clean water water sewage industry

drinking | building/ pres- | swimming | heating " cevater | wastewater

water sure booster pool cooling (with solids)

56.0 % 36.3 % 97.1 % 54.3 % 91.5 % 98.1 % 52.9 %

4.2 Energy efficiency change model

The efficiency of a pump for a constant load cycle is reduced by different effects that
occur with fixed speed. The effects are the following:

* Limitations in variety of specific speed and the available pump classes
* Constant load cycles with shares in partial load

* Qversizing of pumps

Efficiency decreases through impeller trimming

An explanation for the effects is given in the following chapter. They occur in clean
water pumps and partwise in wastewater and swimming pool pumps. Therefore, the
model and the parameters are explained for clean water pumps. Assumptions that vary
for wastewater or swimming pool pumps are explained in the text. Parameters and the
calculation models for different pump applications are given the chapters 4.2.2 to
4.2.4.

1431
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4.2.1 Model efficiency - general effects
4.2.1.1 Efficiency of different pump types and sizes

The shape and geometry of the impeller of a centrifugal pump varies with the flow and
pressure requirements for its applications. It can also be described by its specific speed
ng shown below. This number is dependent on the flow Qggp and the pressure Hggp in
the best efficiency point and the rotational speed n of the pump.

NI “4)

0,75
HBEP

ng=n

For a given volume flow, the efficiency of a pump varies with the specific speed. This is
illustrated in Figure 5. Dependent on the type of pump, the best-point efficiency reach-
es the maximum between specific speeds of 30 and 60 /min [3]. Regarding energy
efficiency, the selected pumps should operate in this range.

1.0
0.9 —
— 3 x —H
e g — l L
éﬁaf e
E: ] 5 S
L 7‘=“ ‘_,__.--"" ]
07 ¢=* o] — "
AT L L ——Q=10ms —
Dﬁj Fd _r.-f"'" —_—— =1 mils
VA Ve —a— 0 =03 md's
1—T —— =01 mis
0.5 / —x—0 =003 mi/s
7 ——0Q =001 m3/s
0.4 | —— = 0,005 m3/s
10 20 30 a0 50 &0 i 80 g0 100

Figure 5: Pump efficiency over specific speed [3]

When the flow and the pressure are given requirements from the applications, the
speed is the only remaining parameter to influence the specific speed and with that the
efficiency of the pump selected. In constant load applications without frequency invert-
er, the speed is fixed with the multiples of the grid frequency. The result is a limited
number of pump types and sizes in the market. The available pumps might not be in
the best efficiency range. This can be improved when the rotational speed is a free
parameter in the selection process. More products for an application are available and
pumps can be selected that are closer to the maximum efficiency.

To model this efficiency, it is assumed that 25 % of the pumps have a specific speed of
ng = 50 /min, 50 % of ng = 40 /min and 25 % of n; = 30 /min. The efficiencies are
evaluated from Figure 5 for the different volume flow rates. Since the volume flow rate
and power of a pump are related with the pressure, it is assumed that the correlation
of efficiency and power is the same as efficiency and flow rate.

When speed is a free parameter, the specific speed of pumps can be varied and with
that the efficiency. The estimation is that the specific speed distribution of pumps with
VSDs improves to 50 % of units with ng = 50 /min and 50 % with ng = 40 /min. With
the known efficiency for the specific speeds and the distribution, an average efficiency
is calculated. The values are presented in Table 3.

Fraunhofer Motor system energy efficiency Alexander Schréder
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Pump applications

Table 3: Best-Point efficiencies with different specific speeds

Power in ns =50 | ng =40 | ng =30 average average

kW in 1/min | in 1/min | in 1/min | efficiency efficiency

fixed speed | with VSD
0.37 73 % 71 % 68 % 71 % 72 %
0.55 74 % 72 % 69 % 72 % 73 %
0.75 74 % 73 % 70 % 72 % 74 %
1.1 75 % 74 % 71 % 73 % 74 %
1.5 76 % 74 % 72 % 74 % 75 %
2.2 77 % 75 % 73 % 75% 76%
3 77 % 76 % 73 % 76 % 77 %
4| 78 % 77 % 74 % 76 % 77 %
55 79 % 78 % 75 % 77 % 78 %
7.5 80 % 78 % 76 % 78 % 79 %
11 80 % 79 % 77 % 79 % 80 %
15 81 % 80 % 77 % 80 % 81 %
18.5 82 % 80 % 78 % 80 % 81 %
22 82 % 81 % 78 % 81 % 81 %
30| 83% 82 % 79 % 81 % 82 %
37 83 % 82 % 80 % 82 % 83 %
45 84 % 83 % 80 % 82 % 83 %
55 84 % 83 % 80 % 83 % 84 %
75 85 % 84 % 81 % 83 % 84 %
9 | 85% 84 % 82 % 84 % 85 %
110 | 86 % 85 % 82 % 84 % 85 %
132 86 % 85 % 83 % 85 % 86 %
160 | 87 % 86 % 83 % 85 % 86 %
200 | 87 % 86 % 84 % 86 % 87 %
300 | 88 % 87 % 85 % 87 % 88 %
450 | 89 % 88 % 86 % 88 % 89 %
750 | 90 % 89 % 87 % 89 % 90 %
1300 | 91 % 91 % 88 % 90 % 91 %

4.2.1.2 Efficiency within the load cycle

Although the operation flow of the pumps is called as constant, it is not constant all
the time. In the definition of the Minimum Efficiency Index (MEI), a load cycle is defined
for pumps that operate at constant flow [13]. At a certain share of the cycle time the
pump operates in part load or overload. The efficiency is reduced about the values
from Table 4 in this time.

Table 4: Efficiency changes in the load cycle of MEI [13]

Load name Part load Full load Overload
Share of time 25 % 50 % 25 %
% of Qsep 75 % 100 % 110 %
Factor efficiency 94.7 % 100 % 98.5 %
16| 31 Fraunhofer Motor system energy efficiency Alexander Schroder
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offen



Pump_applications

With this load cycle the average efficiency decreases. It is assumed that the efficiency

reductions are eliminated, when the unit is driven with variable speed in the partial
load and overload time periods.

4.2.1.3 Efficiencies in oversized system

In the selection process of a pump, the correct sizing is very important. When a unit is
too large, a throttling valve is used to increases the pressure of the pump. Then the
pump volume flow decreases and matches the requirement. When the pressure and
volume flow deviate from the BEP the efficiency decreases. Strongly oversized units
lead to a higher energy consumption and increased energy costs, especially in high
power units [3]. Due to a limited number of units and sizes on the market, almost every
pump is oversized. With a VSD the flow adjustment with the throttling valve is obsolete
and the energy losses that occur in the throttling valve can be saved.

According to [3] the normalized efficiency ratio of pump —Th_ can be modeled as func-

Nhmax

tion of the normalized flow. The formular is presented in (5) and Figure 6 with the
variable g* as the normalized flow with 1 for the BEP flow Qg

T 1 _06-(q"=1)2—0,25(q" — 1)° ®
Nhmax
1.20
T.lh/n.hmax 1

100 L =a sl nfhoys
.- -|r1'.lﬁ'=+-m mny
[ e ' ol

0.80 :- : I'J- n .

0.60 |

04 0.6 0.8 1.0 12 g 14 16

Figure 6: Pump efficiency dependent from the flow ratio [3]

If the flow in oversized systems can be reduced by adjusting the speed, the pressure
(head) will also be reduced. Since the pump power requirement is the product of flow
and pressure, the energy saving potential is calculated directly from the pressure differ-
ence. The pressure py at flow control with a VSD is calculated using the control curve
(6) where p, is the pressure at the BEP and Q,, is the actual flow deviating from the BEP
[14]. This approach is according to the standard EN 17038-2 [15]. The formula is used
for all systems with the with normalized values for the pressure and the normalized
flow g* as variable parameter.

D (6)

D1
Px = 2 + 2 Qx
The adequate sizing of a pump is settled on the individual product level. To cover this
range of unknowns, three scenarios are developed that assume different shares of
oversizing.
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Pump applications

4.2.1.4 Efficiency losses by impeller trimming

To size pumps for the desired load point, impeller trimming is a common method. In a
pump with a trimmed impeller, the diameter of the impeller is decreased up to 80 % to
reduce the flow. Compared to an oversized pump with the original diameter, the effi-
ciency at the desired load point increases, although the overall efficiency decreases. The
effect of impeller trimming is illustrated in Figure 7 [16]. The dotted line shows the
impact of impeller trimming on the efficiency  and pressure ratio H/Hge. In the exam-
ple, the efficiency of the trimmed impeller is better than the original at flow ratios of
less than 80 %.

140

—— Original D
0. H g 2
@ ) === Trimmed D
120
BEP
100
SIS ST (@, H')
ES TR
& i \BEP'
) Do
T 60
sl
£ (@, (@Q,n)
20
0
0 20 40 60 80 100 120 140

Q/Qpep (%)
Figure 7: Effect of impeller timming on the pressure (black) and efficiency (red) [16]

The effect of the impeller trimming on the efficiency can be expressed as a value that is
subtracted from the efficiency. It is determined with a formular (7) and considers the
ratio of the trimmed and original diameter D'/D and ¢, a characteristic number for the
type of the pump. For the calculation a diameter ratio of 0.85 and of ¢ = 0.2 are as-

sumed.
A77=6-<1—%,) @)

According to [5], 30 % of the clean water centrifugal pumps have a trimmed impeller.
Using a VSD can reduce the number of units with trimmed impeller, since the correct
sizing is done with the adjustment of the pump speed.

4.2.1.5 VSD efficiency

When a VSD is added to a motor driven system. The losses increase with the efficiency
of the VSD. The loss in the VSD is considered as factor that decreases the pump effi-
ciency. According to [1], the efficiency of VSDs is in the range of 95 - 99 %. For the
calculation model the efficiency of different VSDs on the market has been evaluated
[17]. The values are between 96.7 % for small powers and increase up to 98.6 % for
units with a power of 75 kW. The values for all powers are shown in Table 5.
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Table 5: VSD efficiency [17]

Unit ii)/\\;ver n Efficiency
0.75 96.70 %
1.1 97.63 %
1.5 97.40 %
2.2 97.60 %
3 97.70 %
4 97.80 %
5.5 97.90 %
7.5 97.90 %
11 97.90 %
15 97.80 %
18.5 97.80 %
22 97.80 %
30 98.30 %
37 98.40 %
45 98.60 %
55 98.50 %
75 98.60 %

4.2.2 Model efficiency - clean water pumps

Clean water pumps are used in drinking water distribution applications, as pressure
boosters in buildings, in industry applications, as well as for heating and cooling appli-
cations. As shown in chapter 4.1, they account for the majority of sold units and of the
installed power. All the effects that have been explained in the previous chapter influ-
ence the efficiency of this type of pumps with the presented parameters.

Because the oversizing has a large influence on the energy saving potential, it is calcu-
lated in three scenarios with different oversizing factors. The scenarios describe the
state of the art. They are named as good state, average state and bad state scenario.
The good state scenario assumes, that all pumps are sized well and operate at 90 % of
the BEP flow. In a market with limited size and type variations, all units are a little bit
oversized. In contrast to the first scenario, the average state and the bad state consider
that oversizing is power dependent. Due to the increasing energy costs, high power
units are better sized [3].

In the average state scenario, the smallest pumps operate at 80 % BEP flow and the
units with a power of more than 45 kW at 90 % BEP flow. Between these values the
share of BEP flow is calculated with a logarithmic function. This value is within the rec-
ommended sizing range of 80 - 110 % BEP flow [18].

In the bad state scenario, the share of BEP flow varies from 70 % to 90 % with the
same power limits as in the average state scenario. Also, a logarithmic function is used
for the calculation between the smallest units and the units with more than 45 kW.

With the efficiency influences from the previous chapter and the three scenarios, the
resulting efficiency factors and pressure reduction factors are calculated and shown in
Table 6.
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Table 6: Scenarios and efficiencies for clean water pumps

State name % of BEP | Efficiency decrease | Pressure reduc- | Energy saving
flow factor by oversizing | tion factor potential
Good state 90 99 % 95 % 6.6-7.9%
Average State | 80 — 90 98 - 99 % 90-95 % 76-13.8%
Bad state 70-90 95-99 % 85-95 % 7.6-20.7 %

4.2.3 Model efficiency — wastewater pumps

As shown in chapter 4.1, wastewater pumps account for around 20 % of the installed
pump power. More than 90 % of the wastewater pumps operate at a constant load
point. When regarding the typical functional requirements of wastewater pumps, they
often must handle water with different conditions. Also, water with mud and solid
particles is possible. Due to these requirements, clogging of the impeller plays a signifi-
cant role in the design of a wastewater pump. In general, the reliability and safety have
a higher priority, while energy efficiency is secondary. There is a great variation of dif-
ferent impellers, each with different characteristics regarding efficiency and the content
of gas, sand and other particles. The type and the efficiency of the impeller is depend-
ent on the requirements. [5]

The selection of a different impeller with a general higher efficiency at a higher speed,
as mentioned on section 4.2.1.1 won't work as well for wastewater pumps. Also, im-
peller trimming doesn’t play a significant role for wastewater pumps. Due to the re-
quirements, the wastewater pumps often have safety margin, even when they are well
sized. This safety margin can be reduced, when the speed is adjustable so the pump
can react on variations in the load. Regarding the model for wastewater pumps the
following aspects are used to model the energy efficiency changes. The VSD efficiency,
the efficiency losses due to oversizing and the variation in the load cycle are taken into
consideration. As for the other applications, there will be three scenarios, with different
levels of oversizing. The good state scenario assumes that all pumps operate at 90 %
of the BEP. In the average state scenario, the units are operating at 80 to 90 % of the
BEP, dependent on the unit power. In the bad state scenario, the units operate at 70 to
90 % of the BEP. The efficiency decrease values and pressure reduction factors for the
different scenarios are listed in Table 7.

Table 7: Efficiency decrease factors and enerqgy saving potential for wastewater pumps

State name % of BEP | Efficiency decrease | Pressure reduc- | Energy saving
flow factor by oversizing | tion factor potential
Good state 90 99 % 95 % 39-58%
Average State | 80 -90 98 -99 % 90 -95 % 58-11.2 %
Bad state 70 - 90 95-99 % 85-95 % 5.8-18.5 %

4.2.4 Model efficiency - swimming pool pumps

A typical operation cycle of a swimming pool pump is the turnover rate of the pool
volume through a filter in a certain time. Beside this constant load, the pump needs an
increased flow in the short time the filter is cleaned. Many pumps are sized to handle
the peak load and then operate most of the time at a constant partial load. A pump
with at least two different speed levels could reduce the energy demand in the most of
time [19]. This effect is modeled with oversizing from 90 to 50 % in the good state,
average state and bad state scenarios. Most of the swimming pool pumps operate at
low powers 4.1.1 with generally lower efficiencies than centrifugal pumps [5]. Smaller
units with increased speed, as mentioned for clean water pumps in section 4.2.1.1
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won't lead to increased unit efficiencies. As well impeller trimming is not suitable for
the small power swimming pool pumps. For the efficiency model only the load cycle

variation and the effect of oversizing is taken into consideration. The parameters with
the energy saving potential are listed in Table 8.

Table 8: Efficiency decrease factors and energy saving potential for swimming pumps

State name % of BEP | Efficiency decrease | Pressure reduc- | Energy saving
flow factor by oversizing | tion factor potential
Good state 90 99 % 95 % 3.9-58%
Average State | 70 95 % 90 -95 % 17.7-193 %
Bad state 50 88 % 85-95 % 32.8-341%

4.3 Energy saving potential

Pump_applications

The energy saving potentials of the several applications are multiplied with the installed
power. A summation delivers the energy saving potential for every application. When
multiplied with the share of constant load for each power class, the relevant energy
potential regarding the total energy consumption of an application is calculated. Multi-
plying the relevant energy saving potential with the electricity consumption delivers a
final value of saved energy in TWh/year. These results and the electricity consumption
of each application are shown in Table 9 and Table 10 for the different applications.
The values for the electricity consumption of pumps were taken from [5] for the overall
motor consumption from [1] and [20].

When looking at the clean water applications, the unit energy saving potential is
around 11 % on average, due to the same units in use of the different applications.
The reason for differences is the distribution within the power class. Around 50 % of
the units operate at constant load, leading to a relevant energy saving potential of 6 %
for the drinking water, heating/cooling and industry applications. Building pressure
booster have more units at variable load, leading to a relevant energy saving potential
of 4.4 %.

The highest energy saving potential in total with 6.24 TWh/year in average is coming
from industry applications due to the highest energy consumption of the clean water
pump applications.

The swimming pool pumps are often constant flow units that run far away from the
BEP point. This leads to a relevant energy saving potential of 17.9 % in the average
scenario. However, annual electricity of 1.38 TWh can be saved in swimming pool
pumps, which is in the same range as for the other applications. The reason therefore
is, that the energy consumption of swimming pool pumps is much lower compared to
the other applications. Wastewater pumps have a relevant energy saving potential of
around 8.4 % in the average scenario. This leads to total energy savings of 1.74 TWh
for pumps with liquid wastewater and 1.05 TWh for pumps that operate with solid
content wastewater.
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Table 9: Energy saving potential in % and TWh for clean water pumps

drinking building/ water heat- | .
water pressure ing cooling industry
booster
Unit energy saving potential in %
Scenario | Good state 7.67 % 7.49 % 7.67 % 7.64 %
with % Average state 11.09 % 11.76 % 11.11 % 11.44 %
BEP flow | Bad state 14.72 % 16.36 % 14.77 % 15.50 %
Relevant energy saving potential in % (with share of constant flow units)
Scenario | Good state 43 % 2.7 % 4.2 % 4.1 %
with % Average state 6.1 % 4.4 % 59 % 6.0 %
BEP flow | Bad state 8.0 % 6.2 % 7.8 % 8.0 %
Total energy saving potential in TWh

Energy consumption (TWh) 22.5 37.8 64.2 77.7
Scenario | Good state 0.97 1.04 2.68 3.15
with % Average state 1.37 1.66 3.81 4.64
BEP flow | Bad state 1.80 2.34 5.02 6.24

Table 10: Energy saving potential in % and TWh for wastewater and swimming pool pumps

offen

with variable speed drives

Swimming Wastewater Wastewater
pool pumps (liquid) | pumps (solid)
Unit energy saving potential in %
Scenario with % Good state 4.90 % 5.25 % 5.30 %
BEP flow Average state | 18.46 % 9.15 % 8.53 %
Bad state 33.45 % 13.32 % 11.94 %
Relevant energy saving potential in % (with share of constant flow units)
Scenario with % Good state 4.8 % 4.8 % 52 %
BEP flow Average state | 17.9 % 8.4 % 8.4 %
Bad state 325 % 12.3 % 11.8 %
Total energy saving potential in TWh
Energy consumption in TWh 7.7 20.7 12.5
Scenario with % Good state 0.37 0.99 0.65
BEP flow Average state | 138 1.74 1.05
Bad state 2.49 2.54 1.47
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5 Fan applications

As shown in chapter 3.1, fans are used for the following applications:

o Air
* Building
* Industry
*» Refrigerant and HVAC applications

5.1 Quantification and market potential
5.1.1 Market data and installed power

As in the previous study, the numbers of sold units for the fans buildings and industry
applications are taken from the preparatory study for the fan ecodesign regulation [6].
The source numbers are from the year 2005, an estimation to 2020 is done with an
average market growth rate of 3.5 %. As shown in Figure 8, 72 % of the sold units are
fans for industry applications, 28 % for non-residential building ventilation. With 73 %
and 27 %, the share of installed power is nearly the same as the share of sold units
(Figure 9).

The number and average power for the fans in refrigeration units are taken from [11].
These fans are part of professional cooling machines and process coolers. The power of
these units is in the range of 50 kW to several 100 kW, while the fan power for these
units is in the range of 3 kW to 20 kW. Since only industrial applications are examined,
the small power fans of refrigerators and freezers for non-professional end users are
excluded.

Compared to the other fan sub-applications, the share of sold units and installed pow-
er of fans in refrigerant applications is smaller than 1 %.

Sold units Installed power in kW
25.400
147.000
0% 0%

® non-residential building
Hindustry
refrigerant

39.28%.555 54.202.747
2% 73%

Figure 8: Sold units for fans Figure 9: Share of installed power for fans

5.1.2 Market potential — constant load units

According to [21], 40 % of the air fans in the building and industry sector operate at
constant load. For fans in refrigerant applications, this number are 70 %. The estima-
tions for these numbers are from the year 2001. Due to progress in technology and
requirements it is possible that more units operate in variable load. This means that the
share of constant load applications might be lower, especially for the fans in refrigerant
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applications. Nevertheless, as no more recent figures are available, these figures are
used in this study. This also keeps the calculation consistent with the previous study.

Table 11: Share of constant load applications in average for fan applications

air ventilation refrigeration

building industry

40 % 40 % 70 %

5.2 Energy efficiency change model

The energy efficiency model for fans is much simpler than for pumps. Increasing the
speed of a fan generally increases the losses, as the power consumption is cubic to the
speed. Unlike pumps, fans don't benefit from the effects of friction reduction at a cer-
tain speed range. The approach of using smaller fans with higher speeds for the same
load point will increase the losses for fans. In addition, mechanical adjustments such as
impeller trimming are not used for fans.

Although the energy consumption of the fan system itself won't benefit from a VSD,
energy can be saved if the fan system is oversized. In some pump applications, fans can
be oversized if an inappropriate product is selected for an application, or if the fan has
a safety margin. Also, minimum requirements over a long period of time can result in
fans running partially oversized.

An example is given in [22]. In this case, a 7 % energy saving can be achieved in a con-
stant load fan system by using a VSD. The filter becomes dirty during the operating
time, which increases the pressure drop. To meet the minimum flow requirement at all
filter conditions, the fan runs generally at a higher speed. With a VSD, the fan runs at
reduced speed when the filter pressure drop is low and increases speed when the filter
becomes clogged to provide the required airflow. The different load points with and
without a VSD are shown in Figure 10. In general, the savings will depend on the duty
cycle and the condition of the filter.

1.2
Fan performance curve —
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Relative volumetric flow
Figure 10: Pressure drop at different filter states and volume flow [22]

According to references [4], 25 to 50 % of the fan units are oversized. The energy
saving in better sized fan units ranges from 5 % to 20 % in different references [23-
25]. In the example shown above [22], with 7 %, the saving is within this range.
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To cover the range of potential energy savings and the proportion of oversized units,
these figures are included in three scenarios. As with pumps, the scenarios describe the
current state. A good state assumes that 25 % of the units are oversized and that an
energy saving of 5 % is possible for an oversized unit. In the average state, the propor-
tion of oversized units is increased to 50 % and the energy savings per oversized unit is
10 %. For the bad state scenario, it is assumed that 50 % of the units are oversized
and that 15 % of energy savings are possible in the oversized unit.

The VSD efficiency is included as well, with the same values as listed in Table 5. All
assumptions and the saving potential for all scenarios are shown in Table 12.

Table 12: Assumption for oversizing and energy saving potential for fans

- share of over- | SN<'9Y saving energy saving
efficiency VSD | ~. . without over- .
sized units sizing potential
Good state 25 % 5% 04-0.9 %
Average state 96,7 - 98,6 % 50 % 10 % 35-44 %
Bad state 50 % 15 % 6.0-6.9 %
5.3 Energy saving potential

The calculation of the energy saving potential for fans is like that for pumps. For each
application, the individual energy saving potential is multiplied by the installed power
and the proportion of constant load units in the different power classes. This relevant
energy saving potential is then multiplied by the energy consumed, which is known for

fans from [6].

As shown in Table 13, industrial fans have the largest average energy saving potential
with 3.9 % and 2.3 TWh per year. Building fans have the same energy saving potential
in percentage terms, but due to the lower total energy consumption, the total energy
saved is 1.3 TWh on average. Compared to the air fans, the refrigerant fans have a
lower installed power and energy consumption and within the smallest energy saving

potential.

Table 13: Energy saving potential in % and TWh for fans

air fans: air fans: refrigeration
building industry
Unit energy saving potential in %
Scenario with % of | Good state 0.7 % 0.7 % 0.7 %
oversizing & energy | Average state 3.9 % 3.9 % 4.0 %
saving potential Bad state 6.5 % 6.5 % 6.6 %

Relevant energy saving potential in % (with sh

are of constant flow units)

Scenario with % of | Good state 0.3 % 0.3 % 0.5 %
oversizing & energy | Average state 1.6 % 1.6 % 2.8 %
saving potential Bad state 2.6 % 2.6 % 4.6 %
Total energy saving potential in TWh
Energy consumption in TWh 82.4 146.8 11.2
Scenario with % of | Good state 0.2 0.4 0.1
oversizing & energy | Average state 1.3 2.3 0.3
saving potential Bad state 2.1 3.8 0.5
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6 Compressor applications

6.1 Quantification and market potential
6.1.1 Market data and installed power

The numbers of sold units are taken from the preparatory studies for the European
ecodesign regulations for refrigerant/HVAC [11], refrigerant/ professional cooling [12]
and compressed air systems [9].

For compressor applications, most units sold are used in HVAC applications. Due to the
relatively low unit power, the share of installed power in HVAC (74 %) is lower than
the share of units sold (98 %). In compressed air and cooling machine applications,
powers of more than one hundred kW are possible. The result are shares of installed
powers of 5 % and 21 % respectively, while the share of units sold is close to 1 %. All
numbers are visualized in Figure 11 and Figure 12.

Sold units Installed power in kW

122.000 31.757
1% 1%

770.659
5%

mrefrigerant HVAC
m refrigerant cooling machines
compressed air, pneumatic, gas

Figure 11: Sold units for com- Figure 12: Share of installed
pressors power for compressors

6.1.2 Market potential - constant load units

The load for refrigerant and HVAC applications depends on the seasonal effects, such
as outdoor temperature or the cooling demand. Due to these external influences, the
load is variable within a certain period. Load cycles in these applications are a signifi-
cant share of variable load and the savings have already been calculated in the previous
study.

In addition, many of the units are already equipped with a VSD. In particular, the com-
pressors in HVAC applications mostly operate with a VSDs to match the power to the
cooling demand [11, 26].

For high power refrigerant applications, there are multiple compressors units that oper-
ate without a VSD. The several compressors are switched on and off according to the
cooling demand. Due to this seasonal load, these units operate at variable load and
already are treated in the previous study.

Compressed air applications have also a high share of variable load applications. Ac-
cording to [9], 62 % of the units operate at a variable load cycle. As mentioned in the
previous study, there are several ways of load control beside a VSD.

In addition to the load cycle, compressed air packages consist of more parts and are
more complex than pumps or fans. For example, there are more components such as
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gears between the motor and the compressor itself, resulting in a higher compressor

speed. The higher speed is independent from the grid frequency. Due to a wide variety
of products on the market, there is a high chance to select a product that meets the
application requirements. According to manufacturers, constant load units don’t bene-
fit from VSDs [27]. In constant load units, the additional VSDs will introduce additional
losses and reduce the efficiency.

For this reason, there are no energy savings for VSD compressors in constant load ap-
plications and no savings calculations can be made. The remaining applications con-
tributing to the total energy savings are fans and pumps.
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potential

7 Final results: Total energy saving potential

In this section the total energy saving potential is calculated with the share of energy
saved from the different sub-applications. The energy consumption is calculated and

multiplied by the percentage saving potential and finally summarized to give the total
savings.

7.1 Energy consumption

According to [20], the total electricity consumption in the EU in 2021 has been 2776
TWh. Electric motors consume 46,3 % of the electric energy, which lead to a consump-
tion of 1285 TWh.

The energy consumption and the total savings of the several sub-applications have
already been listed with the share of saved energy in Table 9, Table 10 and Table 13 in
the previous chapters.

7.2 Energy saving potential

Using the savings from the sections 4.3 and 5.3, the total energy saved is calculated.
The values are given in Table 14. Pumps have a significant higher energy saving poten-
tial (15,7 TWh), compared to the fans (3,9 TWh) in the average state scenario. In total,
19,6 TWh could be saved. The reason for the increased energy saving potential is that
the energy consumption of pumps is more sensitive to higher oversizing. Especially in
terms of head the rightsizing by using VSDs results in a higher saving potential.

Table 14: Total saving potential and share of consumed energy

Pumps Fans Total
Total energy saving potential in TWh
Good state 9.8 0.7 10.5
Scenario | Average state 15.7 3.9 19.6
Bad state 21.9 6.5 28.4

Share of saved energy
(based on total fan & pump consumption)

Good state 4.0 % 0.3 % 2.18 %
Scenario | Average state 6.4 % 1.6 % 4.05 %
Bad state 9.0 % 2.7 % 5.87 %

The energy saving potential can be expressed as CO, emission savings. Therefore, the
CO; of the European electricity mix is multiplied with the energy saving potential. In the
average state scenario, 5.4 Mega-tons of CO, can be saved. It is 0.16 % of the total
emissions in the EU. The values are presented in Table 15.
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Table 15: Energy saving potential expressed in COz emissions

Final results: Total energy saving

potential

Pumps Fans Total
Total energy saving potential in TWh
Good state 2704910 190493 2895403
Scenario | Average state 4306185 1080974 5387158
Bad state 6024042 1780961 7805003
Share of annual EU CO, emissions

Good state 0.08% 0.01% 0.08%

Scenario | Average state 0.12% 0.03% 0.16%

Bad state 0.17% 0.05% 0.22%

7.3 Conclusion

In conclusion, fans and pumps in constant flow operation can benefit from a VSD. This
is the case when the variable speed allows the use of units that meet the application
requirements more precisely and are better sized. It also allows the selection of a wider
range of products with better overall energy efficiency when speed is an independent
design parameter. Another benefit is load flexibility: Although the application runs
mostly at constant load, there may be periods when the output flow is slightly higher
or lower than usual. A VSD avoids the loss of efficiency during these periods. In gen-
eral, potential savings are reduced by the energy losses of the VSD itself. Despite the
additional losses caused by the VSD itself, there is an overall energy saving potential for
pumps and fans. As explained in section 6.1.2, compressor systems don’t benefit from
VSDs in constant load operation.

The efficiency model was used to calculate the energy saving potential in three scenari-
os. In the end the total savings are 19.6 TWh pear year for the average state scenario,
10.5 TWh for the good state scenario and 28.4 TWh for the bad state scenario. In the
previous study, the energy saving potential of pump, fans and compressors with varia-
ble load has been analyzed. In this study the total savings in the average scenario were
6 times higher (121 TWh).

Because of the relatively small savings, a law requiring the use of VSDs in constant load
applications would not be practicable. Nevertheless, the use of VSDs can increase the
energy efficiency of motor driven systems, particularly at an individual level. Greater
penetration of VSDs in these applications could be achieved, through information cam-
paigns and knowledge sharing. The applications can also benefit from other ad-
vantages such as flexibility and new control and monitoring capabilities that a VSD
provides [7].
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