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a b s t r a c t

The flow resistance of air filters accounts for a significant share of the electric energy consumed by fan
systems. Due to their inevitable fouling, filters must be replaced periodically. This paper presents a novel
variable-speed-drive-based method for online determination of the cost-optimal time to replace the filter
of a fan system. The total cost of filtering per filtered volume of air is continuously calculated and when
its minimum is reached, filter replacement is recommended. As part of the calculation, the energy cost
related to the pressure drop of the filter is estimated using a variable-speed-drive-based filter pressure
drop soft sensor. In addition to a variable-speed-drive and manufacturers’ specifications for the fan
and filter, no extra equipment is required. As such, the method can be implemented as a programmed
feature in a variable-speed drive or in a remote control and monitoring system. Feasibility of the method
is verified with simulations and laboratory measurements, and the results suggest that it can realize a
lower life-cycle cost of air filtering than the so far prevalent practices of filter replacement timing.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fan systems account for approximately 19% of the global energy
consumption of electric motors [1]. Their main purpose is to trans-
fer process gases in industrial environments and to provide air flow
in heat, ventilation and air conditioning (HVAC) applications in the
municipal and commercial sectors. Particulate filtering is an essen-
tial task in most fan systems. In industrial environments, filters are
used to prevent particles from reaching equipment further down
the air stream, where they would cause fouling-related issues such
as reduced heat transfer capacity in heat exchangers. In HVAC sys-
tems, in addition to protecting process equipment, filters also serve
to make sure the occupants of ventilated spaces get clean air.

Depending on the application, up to 30% of the energy con-
sumed by a fan can be spent on overcoming the flow resistance
of a filter [2–4]. As it is their function to seize particles and contam-
inants from the air flow, filters inevitably become fouled over time.
Fouling increases the flow resistance of the filter, which can have
different effects on the operation of the fan and the rest of the sys-
tem downstream of the filter. When the fan is driven with a
variable-speed drive (VSD) to keep a constant flow rate, the fan’s
motor will consume more energy because its speed needs to be
increased to meet the flow rate setpoint as dirt accumulates on
the filter. For a fan driven at a constant speed, filter fouling will
reduce its flow rate, which in turn has effects further down the sys-
tem [2]. Less flow rate causes lowered heating or cooling power in
heat exchangers [4] and can lead to the air delivery falling short of
the required ventilation capacity. Regardless of the fan control
logic, fouling leads to more energy being spent on overcoming
the added fouling-induced flow resistance. This gradually increas-
ing operational cost and the aforementioned negative effects make
it necessary to periodically replace the filter with a new one. The
cost related to filter operation can be minimized by replacing the
filter with an interval that minimizes the total annual cost made
up of the filter’s annualized purchase, installation, and disposal
cost and the cost of the energy it consumes.

Numerous studies and policies have focused on the energy effi-
ciency of air filtration in HVAC systems [5–9]. Past research has
also covered the intelligent automation and condition monitoring
in HVAC. Notable examples include [10], where system faults are
detected with a system identification algorithm that employs
indoor and outdoor temperature measurements, [11], in which a
platform for the automatic detection of building occupancy is pro-
posed to ensure occupant comfort and to avoid energy waste by
unnecessary HVAC use, as well as [12] and [13], which discuss
the detection of numerous faults in air-handling systems. Despite

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2021.110904&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.enbuild.2021.110904
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:santeri.poyhonen@gmail.com
mailto:jero.ahola@lut.fi
mailto:markku.niemela@lut.fi
mailto:simo.hammo@lut.fi
mailto:pekka.punnonen@lut.fi
https://doi.org/10.1016/j.enbuild.2021.110904
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enb


S. Pöyhönen, J. Ahola, M. Niemelä et al. Energy & Buildings 240 (2021) 110904
continuous research into the energy efficiency and intelligent
maintenance of HVAC systems, a method for minimizing the total
cost of filtering with progressive fouling is yet to be suggested.

In practice, filters are typically replaced without specific focus
on the long-term energy consumption of filter operation. A com-
mon suggestion is to follow a schedule, where the length of the
recurring changeout interval is defined by the system operator,
often arbitrarily [14]. Another approach involves using pressure
transducers to measure the pressure difference across the filter
and comparing it with the final pressure drop recommended by
the filter manufacturer. Neither of these methods consider actual
operating conditions (e.g., fan energy consumption and filter foul-
ing rate) to an extent that would be required to minimize the cost
of filtering. As the current prevalent approaches to deciding when
to replace a filter do not tend to lead to the minimum filtering cost,
demand can be seen to exist for an inexpensive method for deter-
mining the optimal timing for filter replacement.

The recognition of the energy saving potential realizable by
variable-speed control [15–17] has accelerated the adoption of
VSDs in fan systems. In addition to enabling energy-efficient capac-
ity control, the VSD has potential to function as an intelligent pro-
cess sensor, data logger and analyzer. The signals continuously
provided and collected by the drive can be used for condition mon-
itoring purposes [18], and the increasing computational capability
and programmability of VSDs make analysis within the drive itself
possible. Several studies have focused on making use of these sig-
nals – often the relatively accurate motor shaft torque and rota-
tional speed estimates [19] – in methods for estimating energy-
efficiency metrics and detecting lifetime reducing phenomena in
fan, pump and compressor systems [20–23].

A VSD-based method for estimating the pressure drop caused
by the fouling of a fan’s filter was presented in [24], albeit with
no attempt to determine the optimal time to change the filter. This
paper presents a novel approach for the online determination of
the optimal replacement time of an air filter from the life-cycle
cost (LCC) point of view. The method presented here makes use
of the pressure drop estimates produced by the VSD-based soft
sensor presented in [24]. As such, execution of the method requires
the motor rotational speed and torque estimates from the VSD run-
ning the fan and the fan’s performance curves – no other extra
equipment is needed. When applied in fan systems where the
properties of air at the fan inlet correspond with those of atmo-
spheric air, the method requires access to real-time weather data.
It is used to calculate the density of air, according to which the fan
curves should be adjusted. To alert the system operator of the need
for filter replacement, the VSD providing signals for the method
should be connected to an HVAC or process automation system.
This connection can then be used to provide weather data to the
device executing the program of the method, whether it is the
VSD itself or a programmable-logic controller of the automation
system.

Previous studies have discussed the LCC of air filters from pre-
dictive and design points of view [5,25]. A real-time LCC-
optimization method applicable to an existing fan system, such
as the method presented in this paper, has not yet been suggested.
Compared to the current standard practices of determining filter
replacement timing, the method presented here can realize a lower
LCC of filtering by providing a more appropriate timing for filter
replacement.

The paper is organized as follows. In Section 2, the method for
determining the cost-optimal filter replacement time is presented
and its practical use is discussed. Section 3 includes simulations
and a sensitivity analysis to test the performance of the method
in principle. Section 4 includes an experimental evaluation of the
performance of the filter pressure drop estimation method. The
paper is concluded in Section 5.
2

2. Estimation of cost-optimal filter replacement timing

The presented method is based on the possibility to use a VSD
to estimate the pressure drop of a filter [24] and a calculation
procedure to determine the cost of filtering per filtered volume
of air resulting from filter replacement at any given time. As
parameters in the model for estimating the filter pressure drop,
the method requires the characteristic flow rate vs. total pressure
(QDp) and flow rate vs. shaft power (QP) curves of the fan that
delivers air through the filter. For the calculation procedure, the
total investment cost (cost of purchase, installation, and disposal)
per filter, price of electricity, and the efficiencies of the fan’s elec-
tric motor and the VSD are required as parameters. The fan
curves can be acquired from the manufacturer, typically upon
purchase. As inputs, the pressure drop estimation model requires
estimates for the fan shaft power and rotational speed, both of
which are provided by the VSD running the fan’s motor. No extra
instrumentation or equipment is needed for the method to
function.

The method can be implemented as an application program in a
VSD, which is made possible by the programmability of modern
VSDs. In practice, the method can be included as a preinstalled fea-
ture in a drive, similarly to how many existing drives are offered
with certain application-specific functions [26,27]. Otherwise, it
may also be possible for the drive user to implement the method
themselves: for some VSDs, a programming environment is pro-
vided by the drive manufacturer [28,29]. Alternatively, the method
can be implemented remotely within a maintenance diagnostics or
process control system, to which the necessary signals from the
VSD should be transmitted. Once implemented, the method works
in real-time and can notify the fan system operator when the time
of optimal filter changeout is reached.

In the following subsection, the sensorless method to estimate
the pressure drop of a filter is described. Then, the calculation pro-
cedure for the real-time determination of the optimal time of filter
replacement is presented.

2.1. VSD-based filter pressure drop estimation

The operating point of a centrifugal fan can be estimated based
on the characteristic QP and QDp curves of the fan and the VSD’s
estimates for the fan’s shaft power and rotational speed. The fan
curves apply for a certain rotational speed and inlet air density,
which can vary over time as a function of atmospheric tempera-
ture, pressure, and humidity. The fan curves can be adjusted to dif-
ferent rotational speeds and inlet air densities with the fan affinity
laws:

Q ¼ nest

n0
Q0 ð1Þ

Dp ¼ nest

n0

� �2 q
q0

Dp0 ð2Þ

P ¼ nest

n0

� �3 q
q0

P0 ð3Þ

where Q is flow rate, p is fan total pressure, q without subscript is
instantaneous density of air at the fan inlet, P is shaft power, nest
is the instantaneous rotational speed estimate from the VSD, and
the subscript 0 denotes the values at which the fan curves are avail-
able. The principle of the operating point estimation procedure at
constant density is illustrated in Fig. 1.

If a shaft power estimate is not directly available from the VSD,
it can be calculated based on the VSD’s motor torque and rotational
speed estimates with the equation:



Fig. 1. Estimation of the fan operating point based on the fan’s QP and QDp curves and estimates of the fan’s shaft power and rotational speed.
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Pest ¼ 2pnest

60
Test; ð4Þ

where Test is the torque estimate.
A fan always operates at the intersection of its QDp curve and

the pressure loss curve of the system that it delivers air through.
The total pressure loss of a fan system consists of losses caused
by ducts, flow-adjustment dampers, heat exchangers, filters, and
other system-specific equipment on the path of the flow. The sys-
tem curve defines the total pressure loss of all these flow-resisting
components as a function of flow rate. When no static pressure dif-
ference across the fan is present, the curve can be defined with the
equation:

Dp ¼ kQ2; ð5Þ
where p is the total pressure loss of the system, k is the dynamic
flow resistance factor of the system, and Q is flow rate. The flow
resistance factor can be calculated based on the estimated fan oper-
ating point:

k ¼ Dp

Q2 : ð6Þ

The pressure drop caused by a filter can be calculated with (5), if
the resistance factor of the rest of the system, k0, can be deter-
mined. This can be done by conducting an identification run
sequence (ID run) where the fan is run without the filter installed
and operating point estimation and (6) are used to determine k0.
Once it is defined, and a filter has been installed, the resistance fac-
tor of the filter can be continuously calculated using the instanta-
neous estimate of the total system resistance k:

kf ¼ k� k0: ð7Þ
In some fan systems, it may not be permissible to run the fan

without a filter due to a low tolerance to fouling in the down-
stream system. In these cases, it is possible to determine k0 by
recording the value of total system resistance k with a clean filter
and reducing from it the kf that can be calculated with (6) based on
the flow-rate-specific pressure drop given by the filter
manufacturer.

Successful operation of the pressure drop estimation method
requires that the total system resistance factor k changes over time
only because of the increase in the flow resistance of the filter due
to its fouling. When this condition is met, the pressure drop of the
filter, pf, can be continuously monitored with the equation:
3

Dpf ¼ kfQ
2 ¼ k� k0ð ÞQ2: ð8Þ
2.2. Detection of the cost-optimal time of filter replacement

The cost of air filtering can be minimized by replacing the
filter with a time interval that results in the minimum
total annual cost attributed to the operation of the filter, as
shown in [5]. In this study, it is proposed that the total cost
of filtering per filtered volume of air is used as the metric which
is to be minimized to achieve the lowest possible LCC of air
filtering.

The total expense of filtering can be divided into two types of
costs. Firstly, the filter purchase, installation and disposal costs
can be considered together as a lump cost that occurs once per fil-
ter. Secondly, when the fan delivering air through the filter is run-
ning, the filter consumes energy continuously by resisting the flow
and causing a pressure drop. The cost attributed to energy con-
sumption will increase as a function of operating time, as the fil-
ter’s flow resistance increases due to fouling. In the following,
the calculation procedure to determine the total cost of filtering
is presented.

The electrical power consumption attributable to the operation
of the filter at any given time t can be calculated with

PeðtÞ ¼ Dpf ðtÞQðtÞ
gðtÞ ; ð9Þ

where Pe is electrical power and g is the total efficiency of the
energy conversion chain from the mains electricity to the air flow.
The total efficiency is made up of the efficiencies of the fan (gfan),
its electric motor (gm), and the VSD (gVSD):

g ¼ gfangmgVSD ð10Þ

The efficiencies of the VSD and electric motor are assumed con-
stant and their values are available from their respective manufac-
turers. The fan efficiency, which is more sensitive to changes in the
device operating point than the motor and VSD efficiencies, can be
constantly estimated based on the fan operating point:

gfan ¼ DpestQ est

Pest
ð11Þ

In (9), pf can be substituted with (8), which results in the
equation:
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Pe tð Þ ¼ k tð Þ � k0ð ÞQ3
est tð Þ

g tð Þ

¼ k tð Þ � kð0Þð ÞQ3
est tð Þ

g tð Þ þ k 0ð Þ � k0ð ÞQ3
est tð Þ

g tð Þ ð12Þ

where k(0) is the total system resistance factor with a clean filter. In
(12), to distinguish between the baseline energy consumption of a
clean filter and the energy loss caused by fouling, the consumption
is further broken down into their respective two terms. The cost of
the energy consumed by the filter since its installation (thus, t1 = 0)
can be calculated with

Ce t2ð Þ ¼
Zt2
t1

ce tð ÞPe tð Þdt; ð13Þ

where Ce is the energy cost (€), ce is the price of electricity (€/kWh),
and t2 is the time the fan has been running since the last filter
changeout. When the filter is replaced, the resulting energy cost
of filter operation per filtered volume of air can be calculated with

CV ;e ¼ Ce t2ð Þ
Vðt2Þ ; ð14Þ

where V is the total volume of air delivered through the filter from
the time of installation to t2. The total volume can be calculated
using the VSD-based flow rate estimate Qest:

t2ð Þ ¼
Zt2
t1

Q est tð Þdt: 15Þ

The once-per-filter-occurring investment cost as a function of
delivered air volume, CV,f, can be calculated with

CV ;f ¼ cf
V t2ð Þ ; ð16Þ

where cf is the investment cost per filter, which is the sum of the
filter’s purchase, installation, and disposal costs.
Fig. 2. Flow diagram of th

4

After a clean filter is installed, the total cumulative cost per
delivered volume of air can be continuously monitored using the
presented method and recorded to detect when the cost is at its
lowest value. The time of optimal changeout is reached when the
volume derivative of the total volume-based cost is equal to zero,
or when dCV,tot/dV � 0. Interest rates and inflation have been omit-
ted from the calculation, because the life cycle of a filter in an
HVAC application is typically less than a year [5].

The method is presented as a flow diagram in Fig. 2. Before
application, parameters such as the fan curves and the investment
cost of a filter should be defined. In addition, due to short-term
variations in the used signals and, for instance, different flow rate
setpoints for different times of the day in variable-speed controlled
systems, local minima may be encountered in CV,tot. To prevent a
premature indication of the need for filter replacement due to local
minima, an approach is suggested in Section IV C.
3. Simulation

A MATLAB simulation script was written to demonstrate the
operation of the presented method. In the simulation, the filter cost
curves were generated for exemplary variable-speed and fixed-
speed fan systems. 18 months of fan operation was simulated.
The characteristic curves of the fan, the system curves, and the
fouling model used in the simulation model are shown in Fig. 3.
The fan used in the model is a Fläktwoods Centripal EU 4 MD
630 with nominal rotational speed, flow rate, total pressure, and
shaft power of 1449 rpm, 2.9 m3/s, 1190 Pa, 4.59 kW, respectively.
The progress of fouling and its effect on the flow resistance factor
of the system as a whole was defined as a function of volume of air
delivered through the filter, as shown in (c) of Fig. 3. The shape of
the fouling curve is based on the findings regarding filter loading
and the resulting pressure drop presented in [30]. The investment
cost per filter was set at 150 € and 0.15 €/kWh was chosen for the
electricity price. The chosen investment cost and flow resistance
factor of the filter were acquired from the specifications of a com-
mercially available filter belonging to the F8 class, which is one of
e proposed method.



Fig. 3. The characteristic curves of the fan and the system and the fouling model used in the simulation.
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the filtration efficiency classes defined in the EN779:2012 standard
[31,32], and a common one for filters used in HVAC applications.
The combined efficiency of the VSD and the electric motor, gmgVSD,
was set at 88% and kept constant throughout the operating range
of the fan in the simulation.

Simulation results are shown in Fig. 4. For the variable-speed
fan system, a flow rate of 1.9 m3/s was maintained by increasing
the fan’s rotational speed at a rate which compensated for filter
fouling. The fan’s maximum rotational speed was set to its nominal
speed, 1449 rpm. In this case, the cost-optimal changeout occurred
at 30.7 Mm3, or 187 days. The initial and final filter pressure drops
were 108 Pa and 251 Pa, respectively. For comparison, the point for
the changeout according to the filter manufacturer’s recommenda-
tion for the final pressure drop, 400 Pa, is also shown. It occurs at
46.7 Mm3, or 285 days. Furthermore, a general convention exists,
according to which filters should be replaced when their pressure
Fig. 4. Simulated cost curves and fan operating points. The grey arrows sho

5

drop from has doubled from the initial value [33–35]. Thus, the
time when twice the initial pressure drop is reached is also shown
(25.8 Mm3 and 157 days).

Results for the fixed-speed fan system are shown in Fig. 4. The
fan’s rotational speed was set to 1150 rpm to produce 1.9 m3/s
with a clean filter. Here, the cost-optimal changeout occurred at
35.8 Mm3, or 224 days. From the initial time to the time of the opti-
mal changeout, the filter pressure drop developed from 108 Pa to
253 Pa. The manufacturer’s recommended 400 Pa is reached at
59.5 Mm3, or 387 days. Twice the initial filter pressure drop is
reached at 29.3 Mm3, or 182 days.

In both cases, the actual optimal filter replacement time is
reached approximately 30 to 40 days after the filter pressure drop
has doubled, and several months before reaching the recom-
mended final pressure drop – supporting the idea that a predefined
pressure drop is unlikely to result in minimized life-cycle costs.
w the direction of the development of the operating points over time.
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4. Sensitivity analysis

The estimated optimal changeout time can be affected by
uncertainties in the input variables and parameters of an actual
fan system. In the following, the effects of varying air density, static
pressure difference across the fan, and uncertainty in shaft power
estimation on the accuracy of the presented method are analyzed
through simulation. In addition, the occurrence of local minima
in the filtering total cost (CV,tot) curve is studied. To avoid interpret-
ing a local minimum an indication of need for filter replacement,
an approach is suggested.

4.1. Fan inlet air density variation

The shaft power and fan total pressure values of the fan curves
are directly proportionate to the density of ambient air entering
the fan inlet, as expressed in the fan affinity laws of (1)–(3). In
the previous simulation, a constant density was used. However,
the density of atmospheric air varies over time, which leads to
uncertainty in the final output of the method if the fan curves
are not accordingly adjusted with the affinity laws.

Another simulation test was done to evaluate the error that is
caused by not correcting the fan curves to match changing atmo-
spheric air density and to determine whether fan curve correction
based on instantaneous density is required for the method to func-
tion properly. With respect to how atmospheric air is treated
before it enters the fan, two different systems were simulated. In
one simulation, air was not treated, and the properties of fan inlet
air were the same as those of atmospheric air. In the other, atmo-
spheric air was pretreated – depending on the season – by heating
or cooling it to 17 �C before entering the fan. For both systems, the
total cost calculation was done in two ways: first, based on actual
fan operating points – which corresponds to operating points esti-
mated based on fan curves that are corrected according to atmo-
spheric density – and second, based on operating points
estimated with non-adjusted fan curves that are given for the inlet
air density of 1.29 kg/m3. Weather data from the Finnish Meteoro-
logical institute was used to provide a time series of varying
Fig. 5. Density data used in the simulation.

Table 1
Actual and estimated optimal filter replacement times under different inlet air densities.

Variable speed

Fan inlet at atmospheric conditions P

Actual optimal replacement time (d) 171 1
Estimated optimal replacement time (d) 237 1

6

density to the simulation model. Fig. 5 presents the applied density
data.

The optimal filter replacement times of each simulation run are
listed in Table 1. When atmospheric air was treated by adjusting its
temperature to 17 �C before reaching the fan, the difference
between the actual and estimated optimal replacement days in
the fixed-fan-speed simulation was 22 days, which is approxi-
mately 10% of the actual 215 days. In the variable-fan-speed simu-
lation, a smaller corresponding difference can be seen. This
suggests that, for systems where fan inlet air is pretreated,
although correcting the fan curves based on instantaneous fan inlet
density should improve the accuracy of the presented method, it
may not be necessary for the method to produce reasonably accu-
rate results. On the contrary, if the properties of air at the fan inlet
are the same as those of atmospheric air, the results strongly sug-
gest it is necessary to correct the fan curves to match the instanta-
neous atmospheric density.

4.2. Fan static pressure difference and accuracy of shaft power
estimates

In addition to density variation, two other potential sources of
uncertainty exist: static pressure difference across the fan and
uncertainty in the VSD shaft power estimate. Rather than a
dynamic variable like the constantly changing density, these
effects can be expected to be more constant and static in nature.
As such, the sensitivity of the output of the presented method to
these variables is tested by using the variables’ expected maximum
and minimum values as constant offsets in the simulation.

HVAC systems are typically designed to maintain a slight
under- or overpressure in the ventilated spaces related to the
atmospheric pressure, which may have an impact on the output
of the presented method, since it is not considered in the method’s
calculations. Depending on the application, the designed static
pressure differential can be in the scale of ±30 Pa [36,37]. For this
study, a static pressure difference of ±50 Pa is chosen. In addition,
uncertainty in the shaft power estimate provided by the VSD
affects the accuracy of the fan operating point estimation and
can thus influence the estimated optimal filter replacement time.
For the uncertainty of the shaft power estimate, ±2% is chosen
based on the accuracy study of VSD estimates in [19].

The sensitivity analysis is done separately for both variables.
The simulation described in Section III is executed again with the
negative and positive extremes of the expected deviation as an off-
set in the chosen variable. Then, the relative error between the
resulting actual optimal changeout time and that estimated with
the presented method is calculated as follows:

E ¼ test � tact
tact

100% ð17Þ

where E is the relative error in the estimate for the optimal filter
changeout time, test is the estimated optimal changeout time and
tact is the actual optimal changeout time.

The results of the sensitivity analysis are shown in Fig. 6 where
the red bars represent error produced by positive and blue bars by
negative offsets in the variables. The absolute errors are also shown
on top of their respective error bars.
Fixed speed

retreated inlet air Fan inlet at atmospheric conditions Pretreated inlet air

94 206 215
83 264 237



Fig. 6. Results of the sensitivity analysis.
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In a real case, the error of the considered variables should lie
within the limits used in the present analysis. Comparing the
results of this analysis with the results of the simulation supports
the hypothesis that the presented method fares better at minimiz-
ing the filter cost than using either of the two pre-set pressure drop
limits, even in the presence of uncertainties in the considered
worst-case magnitudes.

4.3. Local minima in the temporal filter total cost curve

The method presented in this paper relies on monitoring the
total cost of filtering (CV,tot) to detect when it is at its lowest, which
serves as an indication of the optimal filter replacement time.
However, local minima can occur in the total cost as a result of
variation in conditions that affect the operation of the method.
The local minima should be dealt with so that they do not trigger
a premature indication for filter replacement. This could be
achieved, for example, with an averaging filter, as demonstrated
in the following. Fig. 7 illustrates the estimated (i.e. no density cor-
rection applied to the fan curves) cost curve of the previously done
variable-fan-speed simulation run, in which the density of pre-
treated fan inlet air was used. On the shown filtered cost curve,
each data point is equal to the average cost during the seven pre-
vious days. In the presented example, the local minima that would
have triggered premature filter replacement have been success-
fully removed.

This approach introduces a delay in detecting the optimal filter
replacement time. However, in the simulation presented in Fig. 7,
the length of the delay is small compared to the time from filter
installation to replacement, which makes it a promisingly feasible
way of preventing premature filter replacement due to local min-
ima that result from variation in air density.

Variation in inlet air density is not the only possible source of
local minima. Previous research suggests that an increase in rela-
7

tive humidity can change the flow resistance of a loaded filter
[38,39], which would affect the shape of the cost curve, possibly
introducing local minima. In addition, fluctuation in the particle
concentration of the filtered air can have a similar effect. Such,
and other unforeseen changing conditions could also be accounted
for by the previously proposed averaging filter. The magnitude of
such effects can depend partly also on the filter type and construc-
tion, and as such, the appropriate averaging time should be deter-
mined for each system separately. This can be done, for example,
based on cost curve data from a filter life cycle long enough to
record the cost curve beyond its global minimum.

5. Laboratory evaluation

Laboratory measurements with a fan test setup were carried
out to evaluate the accuracy of the filter pressure drop soft sensor,
which is integral to the presented filter replacement time opti-
mization method because it enables the calculation of the energy
consumption related to the filter. As opposed to the tests con-
ducted in [24], the present empirical analysis provides a more
thorough evaluation of the soft sensor’s accuracy in a greater vari-
ety of operating points.

5.1. Fan test setup

The test setup includes a centrifugal fan with straight ducts on
both the inlet and discharge sides. The fan’s motor is driven with
an ABB ACS880 VSD employing the direct-torque control (DTC)
method. A flow control damper is installed at the end of the
inlet-side duct to emulate the pressure drop caused by a filter.
The test setup is illustrated in Fig. 8 and the nominal specifications
of the fan and its motor are listed in Table 2.

The static pressure difference produced by the fan is measured
with pitot static tubes and a Rosemount 2051 C pressure transmit-



Fig. 7. On the left: the simulated filter cost curves. On the right: an enlargement of the area marked in the left graph, which better shows the total cost curve’s local minima
caused by fluctuation in fan inlet air density and includes the filtered total cost curve.

Fig. 8. Fan test setup used in the laboratory measurements.

Table 2
Specifications of the fan and its motor.

Fan Motor

Rotational speed
(rpm)

Power
(kW)

Flow rate (m3/
s)

Fan total pressure
(Pa)

Impeller diameter
(mm)

Rotational speed
(rpm)

Power
(kW)

Current
(A)

cosu

1449 4.59 2.90 1190 630 1450 7.5 15.7 0.80

Table 3
The measurement ranges and accuracies of the instrumentation used in the
laboratory tests.

Instrument Range Accuracy
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ter. One of the pitot static tubes in the output side is also used to
measure the total fan discharge pressure with a WIKA SL-1 pres-
sure transmitter. Flow rate is measured at the inlet side of the
fan with an Eldridge 9800MPNH flow averaging tube. The
manufacturer-supplied ranges and accuracies of the used measure-
ment instrumentation are listed in Table 3. The motor shaft speed
and torque are estimated by the VSD. Measurement data was
recorded with a PC running a LabVIEW-based measurement pro-
gram. An NI9215 analog input module was used for measurement
data readout.
Rosemount
2051C

0–
3000 Pa

±0.1% of range (±3 Pa), at ± 3r

Wika SL-1 0–
4000 Pa

±0.5% of range (±20 Pa), confidence level not
specified

Eldridge
9800MPNH

0–6 m3/
s

± (1% of reading + 0.042) m3/s, confidence level
not specified
5.2. Test results

To test the filter pressure loss estimator at a range of operating
points, the operating point of the fan was measured and estimated
8

at five different control damper positions and at seven different fan
rotational speeds, from 800 rpm with increments of 100 rpm to
1400 rpm. Fig. 9 shows the measured and estimated fan operating
points, as well as the measured characteristic curves at 1400 rpm.
The measured QP curve shown in Fig. 9 is a third-degree polynomial



Fig. 9. The measured and manufacturer’s characteristic fan curves and the measured and estimated operating points.

Table 4
Measured and estimated pressure drops added by closing the control damper.

Damper position 4 3 2 1

1400 rpm Meas. (Pa) 1284 1044 740 469
Est. (Pa) 1278 1059 715 494
Error (%) �0.5 1.4 �3.4 5.5

1300 rpm Meas. (Pa) 1108 893 643 405
Est. (Pa) 1098 908 597 414
Error (%) �0.9 1.8 �7.1 2.3

1200 rpm Meas. (Pa) 945 765 549 342
Est. (Pa) 931 768 509 370
Error (%) �1.5 0.5 �7.3 8.3

1100 rpm Meas. (Pa) 793 637 455 287
Est. (Pa) 778 642 424 296
Error (%) �1.9 0.8 �6.8 3.0

1000 rpm Meas. (Pa) 655 525 379 232
Est. (Pa) 645 538 362 268
Error (%) �1.5 2.5 �4.4 15.6

900 rpm Meas. (Pa) 531 425 299 189
Est. (Pa) 517 428 287 201
Error (%) �2.6 0.6 �4.0 6.3

800 rpm Meas. (Pa) 419 336 236 151
Est. (Pa) 407 336 234 162
Error (%) �2.9 �0.2 �0.6 6.9

S. Pöyhönen, J. Ahola, M. Niemelä et al. Energy & Buildings 240 (2021) 110904
fitted on the operating points at 1400 rpm with the least-squares
method. The QDp curve was defined similarly, albeit as a second-
degree polynomial. The measured fan curves and fan affinity laws
were used to estimate the fan operating points as shown in Fig. 1.

In the test, the most open position of the damper, referred to as
damper position 0, is chosen to represent a system with no extra
pressure loss. Damper positions 1 to 4 emulate operation with a
fouled filter. The measured and estimated pressure losses created
by closing the damper from position 0 to 4 are listed in Table 4.
Apart from one operating point, where the error was 15.6%, the
estimated pressure drop was within ±10% of the measured value.
In 21 of the tested 28 operating points, the error was within ±5%
of the measured value. The observed accuracy of the filter pressure
drop soft sensor supports its use as a basis of defining the optimal
filter replacement time.

6. Conclusion

In this paper, a novel VSD-based method for determining the
cost-optimal replacement time of an air filter in a fan system
was proposed. The presented method involves continuous estima-
9

tion of the filter’s energy cost and pressure drop using the fan’s
characteristic performance curves and the VSD’s estimates for the
fan motor’s rotational speed and torque. As such, the method
requires no extra equipment to function and can be implemented
as a programmed function in a VSD.

The presented method is an improvement over the current
prevalent practices of timing filter replacement. Current
approaches use either a calendar-based replacement schedule
(e.g. twice per year) or a filter pressure drop measurement and a
certain pressure drop limit to trigger filter replacement. A pre-set
replacement schedule or fixed pressure limit cannot realize the
lowest possible LCC for a filter. In contrast, the presented method
can determine the cost-optimal filter replacement time by contin-
uously estimating the pressure drop and energy use of the filter.

Simulations and sensitivity analysis were carried out to test the
performance and accuracy of the method. The simulation results
support the hypothesis that the presented method leads to a lower
filter LCC than using a pre-defined filter pressure drop limit.
Through simulation, it was also discovered that for the method
to function accurately in systems where the conditions of air at
the fan inlet correspond with atmospheric conditions, the fan
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curves must be corrected with the affinity laws to match the
instantaneous atmospheric density. In systems where inlet air is
pretreated to a certain set temperature, considering inlet air den-
sity in this way improves the method’s accuracy, but is not abso-
lutely necessary.

The accuracy of the filter pressure drop estimator was tested
with a laboratory test. In the test results, the estimated pressure
drop differed from the measured value by up to 16%. In most of
the tested operating points, the error was within ±5% of the mea-
sured value, which supports the use of the soft sensor in the con-
text of the filter replacement time optimization method
presented in this paper.

Plans for future research include testing the filter replacement
timing optimization and filter pressure drop estimation methods
in a case study of an actual variable-speed-driven fan system.
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