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It is often claimed, or implicitly assumed, that the 
energy use of controlled fans in ventilation systems 
decreases in part load conditions by the cube 

(3rd power) of the load. That means that the energy 
use decreases from 100% to 12.5% if the air volume 
flow rate of the ventilation system decreases from full 
to half load. An analysis ([1], [2] and [3]) based on 
a mathematical model leads to the conclusion, that 
there are in fact some cases for which this “cube law” is 
nearly valid, but also, that in other cases it is far from 
being valid. Formula and diagrams have been derived 
that show how the energy consumption reduces with 
decreasing load, in dependence of the chosen control 
function type and other decisive influencing factors. 
Additionally to this insight in the validity of the cube 
law and the mentioned formulae and diagrams, which 

also are useful instruments for the control designer, the 
analysis resulted in new hourly calculation procedures 
to calculate the energy need for fans, which will be used 
in the future EN 16798-5-1 (draft [4]) and EN 16798-
6-1 (draft [5]), belonging to the calculation standards 
in the new set of CEN/EPBD standards [6].

The article gives

•	 In the 1st part an overview of the analysis carried 
out to study the impact of control on the energy 
use for fans in ventilation systems

•	 and in the 2nd part the details to one of the results, 
i. e. the diagrams which supports the designer of 
control in the selection of a suitable fan control 
function type for a multi zone ventilation system.

REHVA Journal – October 201550

Articles



Overview of the analysis

The cube law
Under the “cube law” or the “cube law for fans” we 
understand here the idea that the energy use of a fan 
is proportional to the cube of the air volume flow rate 
or of the part load ratio of the ventilation system. We 
distinguish between two cube laws, the cube law for 
the fan gas power
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and the cube law for the electrical power use of the fan
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where (cf. Figure 1)
qV =	 air volume flow rate
R =	 flow resistance
ηF =	 efficiency factor of the fan and its drive
PF,el =	 electrical power use of the fan, i.e. the 

power input to the drive of the fan. 
PF,Gas =	 PF,el (according to [7] defined by (5)) if 

there were no losses in the fan and its 
drive, that means, if the efficiency factor 
ηF was equal to 1.

The cube law can be derived directly from the following 
equations (cf. Figure 1)
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where
ΔpR =	 pressure difference over the flow resistance R
ΔpF =	 pressure difference over the fan

The cube law for PF,Gas can also be formulated with 
dimensionless quantities
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qV,Fld          =	qV at full load = design value for qV

PF,Gas,Fld =	PF,Gas for qV = qV,Fld
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=  = part load ratio of the air volume flow rate

This cube law (7) is visualized as dashed curve in Figure 
7, and repeated also as dashed curve in Figure 8 and as 
solid curve in figures 9–11.

The cube law is an ideal law. In practice there are always 
more or less strong deviations from this ideal law. These 
deviations depend on the operation conditions, on the 
installed fan and its drive and on the applied fan control 
function type.

Some findings of the analysis:

•	 It is important to distinguish between
○	 Single zone ventilation systems, where the fan 

controls directly the air flow rate through the 
zone

○	 Multi zone ventilation systems, for which the 
air flow rate through a zone is controlled by 
dampers (often as part of VAV-boxes). The fan 
control allows to reduce the pressure in the air 
distribution network and by this to reduce the 
energy use of the fan

•	 For single zone ventilation systems it is important 
to distinguish between
○	 Continuous and staged (on-off, 2- stage, etc.) 

control
○	 Open loop and closed loop control

•	 For multi zone ventilation system it is important 
to distinguish the following fan control function 
types
○	 Control function type 0: No control
○	 Control function type 1: Constant pressure 

control over the fan
○	 Control function type 2: Constant pressure 

control over the air distribution network
○	 Control function type 3: Minimum pressure 

control
Figure 1. Node model, that is under lied to the cube 
law for the fan power use.
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•	 For multi zone ventilation systems it was possible 
to develop a relative simple mathematical model 
that allows deriving formulae that give for all 
control function types the normalized fan gas 
power as a function of a few parameters summa-
rizing the main influencing factors.

•	 The main reasons for the deviations from the ideal 
cube law are
○	 The fan efficiency factor ηF (fan inclusive its 

drive) is not constant. It generally decreases 
with reducing part load ratio.

○	 The air volume flow rate qV in single zone 
ventilation systems with on/off or multi stage 
fan drives is for commonly used open loop fan 
control functions, in contrast to closed loop 
control, usually higher than needed.

○	 The pressure drops over not completely open 
zone control dampers in multi zone ventilation 
systems causes in part load operation devia-
tions from the cube law.

•	 It is important to distinguish between the part 
load conditions of the ventilation system and that 
of the fan.

•	 The results of the analysis are valid also for pump 
control in hydraulic systems.

Results of the analysis:
•	 New hourly calculation procedures to calculate 

the energy use of fans (This result 
was the original motivation for the 
analysis)

•	 Simple instruments for the control 
designer, supporting him in selecting 
a suitable fan control function type: 
Formula and diagrams that show how 
the energy use of the fan reduces with 
decreasing load, in dependence of 
the chosen control function type and 
other decisive influencing factors

•	 Insight in the validity of the cube 
law

Application of the results:
•	 The results will be applied in the 

future EN 16798-5-1 (draft [4]) and 
EN 16798-6-1 (draft [5]), belonging 
to the calculation standards in the 
new set of CEN/EPBD standards 
[6]. The standard EN 16798-5-1 
will replace EN 15241:2007 [8].

•	 The results will be applied in the 
revision of the SIA 2044 standard 
[9].

Mathematical models underlying the 
analysis:
Figure 2 shows the node model on the ‘volume flow 
rate’-pressure- level, underlying the analysis for the case 
of a multi zone ventilation system with two zones.

An important assumption in the derivation of the 
hourly method is that the fan control loops converge 
to a steady state, or to a quasi steady state in the case 
of staged control, within one calculation time interval 
of one hour. More details to the mathematical models 
and the assumptions underlying the analysis are given 
in [1] and partially also in [2], [3] and [5].

Some design instruments for multi 
zone ventilation system control

The considered fan control function types:
Four different fan control function types are consid-
ered. Figures 3–6 show their control schematics for 
the case of two zones (each one with one room) and 
the case of the supply air fan. For all types the air 
volume flow rates of the zones are controlled by the 
local controllers CR1 and CR2 acting on zone control 
dampers. Shown is the case where these controllers 
serve to keep the CO2 concentration in the zone air 
close to a set-point value, but they could also be zone 
temperature controllers.

Figure 2. Node model underlying the analysis, shown for a multi zone 
ventilation system with two zones.
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The four considered fan control function types are:
•	 Control function type 0: No control of the fan (cf. 

Figure 3)
•	 Control function type 1: Constant pressure 

control over the fan (cf. Figure 4): The fan 
controller C1 controls the pressure difference over 
the fan on a constant set-point value

Figure 3. Control function type 0: No control of the fan.

Figure 4. Control function type 1: Constant pressure control over the fan.

Figure 5. Control function type 2: Constant pressure control over the air distribution network.

•	 Control function type 2: Constant pressure 
control over the air distribution network (cf. 
Figure 5): The fan controller C1 controls the 
pressure difference between the distribution 
network and the surroundings on a constant 
set-point value.
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•	 Control function type 3: Minimum pressure 
control (cf. Figure 6): The fan controller C1 controls 
the pressure difference between the distribution 
network and the surroundings close to the smallest 
possible set-point value. The smallest possible set-
point value is determined by an overlaying control 
loop with the controller C2, which controls the 
pressure difference over the distribution network 
such that the zone damper with the maximum 
opening will be close to completely open (in the 
model 100%, in practice e.g. 90%). There are three 
possible versions of this control function type: In 
the 1st version the controller C2 acts on the control 
loop for the pressure over the distribution network, 
as shown in figure 6, in the 2nd version the controller 
C2 acts on a control loop for the pressure over the 
fan and in the 3rd version it acts directly on the fan 
drive (C1 is no more necessary). Figure 6 shows that 
this control function type requires an information 
link between the zone controller and the central fan 
controller. Usually the communication network of 
the building automation system is used for this link. 
Simulation based investigations to this control func-
tion type can be found in [10] and [11].

Formula showing the relation 
between the fan gas power and its 
main influencing factors
It was possible to derive for each control function type 
a formula that give the normalized fan gas power as a 
function of a few parameters summarizing the main 
influencing factors. 

For the control function type 1 it is

PF ,Gas PF ,Gas,Fld = f 	 (8)

for 0 ≤ f ≤ 1

for the control function type 2

( )( )cfcfPP FldGasFGasF +⋅−⋅= 2
,,, 1 	 (9)

for 0 ≤ f ≤ 1

and for the control function type 3

( )( )2
max

2
,,, 1 fcfcfPP FldGasFGasF ⋅+⋅−⋅= 	 (10)

for 0 ≤ f ≤ fmax

where

f = 	 part load ratio of the total volume flow 
through the fan as defined above

c =	∆ pR,Fld / ∆pF,Fld

fmax =	

       =	 maximum part load factor fi of the zone 
air volume flows (maximum over zones)

       =	 f + Δf  if part load diversity Δf is the given 
input parameter

fi =	 qV,i / qV,Fld,i = part load factor of the zone 
air volume flow of zone i

qV,i     =	 volume flow rate in zone i

qV,Fld,i =	 qV,i at full load = design value for qV,i

Δf =	 f − fmax = part load diversity = a scale to 
measure the diversity of the part loads 
over the zones

The formulae are valid for any number of zones.

Figure 6. Control function type 3: Minimum pressure control – version 1.
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Diagrams supporting the designer in 
selecting a suitable fan control 
function type

The formulae (8)–(10) allow to draw the diagrams 
shown in figures 7–11. The parameter ∆pR,Fld/∆pF,Fld is 
the ratio of the design pressure difference over the zone 
branches to that over the fan. The curve parameter for 
the control function type 3 is the maximum part load 
factor fmax (left side of the figure), or alternatively the 
part load diversity Δf (right side of the figure).

Figure 8. Control function type 2:  
Load dependency of the fan gas power for 
different ratios of the design pressure difference 
over the zone branches to that over the fan.

Figure 7. Control 
function type 1:  
Load dependency  
of the fan gas power.

Figure 9. Control function type 3: Load dependency of the fan gas power for the case where the design pressure 
difference over the zone branches is small compared to that over the fan.

Figure 10. Control function type 3: Load dependency of the fan gas power for the case where the design pressure 
difference over the zone branches is medium sized compared to that over the fan.
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The diagrams in figures 7–11 show in which cases the 
cube law for the fan gas power is valid or nearly valid:

•	 For control function type 2 and 3, if the ratio 
of the design pressure difference over the zone 
branches to that over the fan is small. Type 3 does 
not bring a substantial improvement compared to 
type 2 in this case.

•	 For control function type 3, if the part load diver-
sity is small (the cube law is exactly valid if the part 
load diversity is zero).

The diagrams in figures 7–11 serve as a useful instru-
ment for the control designer, by supporting him in 
selecting a suitable control function type. Some rules 
for the selection from an energy point of view can 
directly been derived from the diagrams:

•	 For a ventilation system with a small ratio ∆pR,Fld/
∆pF,Fld i.e. for a ventilation system for that the 
design pressure difference over the zone branches 
is small compared to that over the fan (typically 
for the supply air pipe with a central air handling 
unit with a high flow resistance and short zone 
branches) the control function type 2 leads in 
part load operation to a fan energy need that is 
substantially lower than that of type 1. Control 

function type 3 does not bring a substantial 
improvement.

•	 For a ventilation system with a large ratio ∆pR,Fld/
∆pF,Fld i.e. for a ventilation system for that the 
design pressure difference over the zone branches 
is large compared to that over the fan (typically 
for the exhaust/extract air pipe and long zone 
branches) the advise for a selection depends on 
how often the system is in which part load and in 
which part load diversity. The more frequently the 
system is in part load operation with a small load 
diversity the more rewarding is it to prefer type 3 
to type 2 or 1. If the part load diversity is at most 
time large, then type 1 is sufficient. Type 2 and 3 
does not bring a substantial improvement.

Whether type 1 should be preferred to type 0 cannot 
be found out from the shown diagrams. That depends 
on the characteristic curves of the fan. If the curves in 
the operation area are flat, then the advantage of type 
1 compared to type 0 is not substantial.

A final selection of the fan control function type 
should also take into account other criteria as cost or 
for example the auto-tuning capability of the control 
function type 3, which can compensate for bad manual 
balancing of the pipe network. 
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REHVA Guidebook on  
Mixing ventilation
Mixing ventilation is the most common ventilation strategy in 
commercial and residential buildings. Introduced will be the new 
design guide that gives overview of nature of mixing ventilation, 
design methods and evaluation of the indoor conditions.  
The Guidebook shows practical examples of the case-studies.
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Improving the ventilation effectiveness allows the indoor air quali-
ty to be significantly enhanced without the need for higher air 
changes in the building, thereby avoiding the higher costs and 
energy consumption associated with increasing the ventilation 
rates. This Guidebook provides easy-to-understand descriptions 
of the indices used to mesure the performance of a ventilation 
system and which indices to use in different cases. 

NO: 2NO: 2  

Chilled beam systems are primarily used for cooling and ventila-
tion in spaces, which appreciate good indoor environmental quali-
ty and individual space control. Active chilled beams are con-
nected to the ventilation ductwork, high temperature cold water, 
and when desired, low temperature hot water system. Primary air 
supply induces room air to be recirculated through the heat ex-
changer of the chilled beam. In order to cool or heat the room 
either cold or warm water is cycled through the heat exchanger. 

NO: 5NO: 5  

Indoor Climate and Productivity in Offices Guidebook shows how 
to quantify the effects of indoor environment on office work and 
also how to include these effects in the calculation of building 
costs. Such calculations have not been performed previously, 
because very little data has been available. The quantitative 
relationships presented in this Guidebook can be used to calcu-
late the costs and benefits of running and operating the building. 

NO: 6NO: 6  

This Guidebook describes the systems that use water as heat-
carrier and when the heat exchange within the conditioned space 
is more than 50% radiant. Embedded systems insulated from the 
main building structure (floor, wall and ceiling) are used in all 
types of buildings and work with heat carriers at low temperatures 
for heating and relatively high temperature for cooling. 

NO: 7NO: 7  

Cleanliness of ventilation systems Guidebook aims to show that 
indoor environmental conditions substantially influence health and 
productivity. This Guidebook presents criteria and methods on 
how to design, install and maintain clean air handling systems for 
better indoor air quality. 

NO: 8NO: 8  

Hygiene requirement is intended to provide a holistic formulation of 
hygiene-related constructional, technical and organisational requi-
rements to be observed in the planning, manufacture, execution, 
operation and maintenance of ventilating and air-conditioning 
systems. These requirements for ventilating and air-conditioning 
systems primarily serve to protect human health. 

NO: 9NO: 9  

CFD-calculations have been rapidly developed to a powerful tool 
for the analysis of air pollution distribution in various spaces. 
However, the user of CFD-calculation should be aware of the 
basic principles of calculations and specifically the boundary 
conditions. Computational Fluid Dynamics (CFD) – in Ventilation 
Design models is written by a working group of highly qualified 
international experts representing research, consulting and de-
sign.  

NO: 10NO: 10  

Air filtration Guidebook will help the designer and user to unders-
tand the background and criteria for air filtration, how to select air 
filters and avoid problems associated with hygienic and other 
conditions at operation of air filters. The selection of air filters is 
based on external conditions such as levels of existing pollutants, 
indoor air quality and energy efficiency requirements. 

NO: 11NO: 11  

Solar Shading Guidebook gives a solid background on the phy-
sics of solar radiation and its behaviour in window with solar 
shading systems. Major focus of the Guidebook is on the effect of 
solar shading in the use of energy for cooling, heating and ligh-
ting. The book gives also practical guidance for selection, installa-
tion and operation of solar shading as well as future trends in 
integration of HVAC-systems with solar control. 

NO: 12NO: 12  

School buildings represent a significant part of the building stock 
and also a noteworthy part of the total energy use. Indoor and 
Energy Efficiency in Schools Guidebook describes the optimal 
design and operation of schools with respect to low energy cost 
and performance of the students. It focuses particularly on ener-
gy efficient systems for a healthy indoor environment. 

NO: 13NO: 13  

This new REHVA Guidebook gives building professionals a 
useful support in the practical measurements and monitoring of 
the indoor climate in buildings. Wireless technologies for mea-
surement and monitoring has allowed enlarging significantly 
number of possible applications, especially in existing buildings. 
The Guidebook illustrates with several cases the instrumentation 
for the monitoring and assessment of indoor climate. 

NO: 14NO: 14  

This guidebook is focused on modern methods for design, control 
and operation of energy efficient heating systems in large spaces 
and industrial halls. The book deals with thermal comfort, light and 
dark gas radiant heaters, panel radiant heating, floor heating and 
industrial air heating systems. Various heating systems are illus-
trated with case studies. Design principles, methods and modeling 
tools are presented for various systems. 

NO: 15NO: 15  

This guidebook talks about the interaction of sustainability and 
Heating, ventilation and air–conditioning. HVAC technologies used 
in sustainable buildings are described. This book also provides a 
list of questions to be asked in various phrases of building’s life 
time. Different case studies of sustainable office buildings are 
presented.  NEW 
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