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1.

ANTECEDENT OF THE RESEARCH WORK

The population and residential buildings represent almost 40% of the total energy
consumption in Hungary. Their share is similar in the EU countries and if the buildings used
in the industrial and transport sector are also taken into consideration, this figure even reaches
50%. The major part of this 50% is used for air conditioning. From the point of view of
sustainable development and international agreements (Kyoto protocol) the reduction of
carbon dioxide emissions and energy consumption is an important issue. The energy
consumption of air handling units can be calculated in two ways. In the case of working air
handling units the actual consumption data can be exactly determined by measurement. But
according to Directive 2002/91/EC on the energy performance of buildings (EPBD) it is also
important to determine the expected energy consumption of buildings in the designing phase.
The timeliness of this research theme shows that the actual available calculation procedures
are only rough estimates for analysing the energy consumption of air handling units. There are
not exact and unambiguous methods. The aim of the actual calculation procedure is the
classification and they take not into consideration the heat- and humidity load of the
conditioned space.
2.

GOALS

In our time the explosive spread of the air conditioning systems herein the air handling
units is a global phenomenon. With the help of them such air states can be supplied in the
spaces of the building which can provide the pleasant comfort sensation of the people or the
easy operation of the installed technology. Previously the main consideration of the tenders
for the reviewing of air-conditioning system designings and constructings was the investment
cost. In the international circles the energy efficient operation and quality management gain
bigger and bigger ground. One of the ways to beating down the investment cost is the
abandonment of the supplementary costs, the low quality of the material consumption and the
installation of the not expedient elements. All these raise the energy consumption and the
opportunity of the uneconomical operation. To supplant the unwanted effects the „Life Cycle
Cost” principle is taken into consideration during the reviewing of the tenders. On this wise
the investment and operation costs are together taken into consideration for the whole
operation term of the equipment. The operation costs include the energy consumption of the
air handling unit, the maintance costs, the cost of the preservation and the annuity cost. In this
case the importance of the quality management and the energy efficient operation is higher
than the exclusive application of the investment cost. The spread of this attitude is specially
important, because in the immediate future come to fore the „low energy buildins”, the „super
low energy buildins” and the „passive buildings”.
In additional the statistical data attest that the active cooling is applied by residental and
public buildings on much boareder front. By these buildings the ventilation proportion is
significantly increased in the whole energy consumption. There are similar problems by the
operation of posterior thermal insulated buildings. In this case the energy consumption of the
ventialtion system is a major proportion of the energy consumption of whole building services
[Magyar Tamás, 2003; Mikko Nyman, Carey J. Simonson, 2005; Kjell F., William L., 2005].
My research work is linked with this theme, in which I set myself an aim to work out a
calculation procedure to determine the energy consumption of air handling units.
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3.

METHODS OF INVESTIGATION

During the building energetic calculations the building and the building servies have to
be estimated. The energy consumption of the air handling units has to be determined among
others. The solution of the problem is harder task, because the energy consumption changes
steady during the year. Therefore simply equations can be not used. In my research work I
aspired to the real energy consumption of the air handling units. I used the method based on
the probability theory, because this procedure takes into consideration the most efficiently the
changing of the ambient air state during the year, which changing determine above all the
whole energy consumption of the bulidings and building services.
I worked out new physical and mathematical models to determine the energy
consumption of representative constructed air handling units. For my research work I used the
the ambient temperature and enthalpy duration curves (Figure 1.). The correctness of the
developed new scientific method was attested by two years energy consumption of three
building complexes (altogether six data), where the energy consumption of the air handling
units is the part of the whole energy consumption of the buildings.
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Figure 1. Ambient temperature duration curve from October until
March (Budapest, measured temperatures between 1964-1972)
[Kiss Róbert, 1980]
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4.

NEW SCIENTIFIC RESULTS
- 1. Thesis -

I worked out new physical models to determine the energy consumption of the air
handling units.
I took into consideration the changing of the ambient air state by the ambient
temperature and enthalpy duration curves. The developed new method is suitable to determine
the energy consumption of the air handling units that include preheater, rehetaer, cooler, heat
recovery unit, adiabatic humidfier. With the developed method there is possibility from the air
handling combination built air handling unit to determine the annual, monthly energy
consumption in continous working, daytime (07-19 hours) and nightly (19-07 hours)
operation.
The publications for the thesis: [P2, P3, P4, P6, P8, P10]
Physical model of fresh air supplied air handling unit can be seen in the heating period
on Figure 2. and in the cooling period on Figure 3.
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Physical model of saved energy with the heat recovery unit can be seen in the heating
period on Figure 4. and in the cooling period on Figure 5.
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Physical model of the air handling unit with energy recovery operation can be seen in
the heating period on Figure 6. and in the cooling period on Figure 7.
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Physical model of the air handling unit with air recirculation operation can be seen in
the heating period on Figure 8. and in the cooling period on Figure 9.
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- 2. Thesis -

Based on the physical models I worked out new mathematical models to determine the
energy consumption of the various constructed air handling units.
On the basis of the ambient temperature and enthalpy duration curves to determine the
areas that represent the energy consumption and energy saved of the analysed air handling
units I used approximation mathematical procedure (spline-interpolation), and based on the
consequently so determined areas I developed the mathematical equations. I worked out the
mathematical modells on the basis of all physical modells.

The publications for the thesis: [P13, P14, P15]
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The mathematical models of the energy consumption of the fresh air supplied air
handling unit:
The energy consumption of the preheater:

QEF = ρ ⋅V&EF ⋅

hEF

∫ F (h)dh [kJ/year]

(1)

K

hKM

The energy consumption of the reheater:
hUF

QUF = ρ ⋅ V&UF ⋅ ∫ FK (h )dh [kJ/year]

(2)

hEF

The energy consumption of the cooling coil:

QH = ρ ⋅V&H ⋅

hKM

∫ [1 − F (h)]dh [kJ/year]

(3)

K

hSZ

The electrical energy consumption of the compressor in the light of the energy
consumption of the cooling coil:

WH =

QH
[kJ/year] or [kWh/year]
SEER

(4)

The mathematical models of the energy consumption of air handling unit with heat
recovery system:
The energy consumption of the preheater:

QEF = ρ ⋅ V&EF ⋅

tN
 tN

& ⋅  F (t )dt − F (t )dt  [kJ/year]
F
(
h
)
dh
−
c
⋅
ρ
⋅
V
K
pl
EF
K
HV
∫
∫
∫
hKM
tHVM
tKM

hEF

(5)

The energy consumption of the reheater:
hUF
tT
 tT

QUF = ρ ⋅ V&UF ⋅ ∫ FK (h )dh − c pl ⋅ ρ ⋅ V&UF ⋅  ∫ FK (t )dt − ∫ FHV (t )dt  [kJ/year]
hEF
tN
tN


(6)

The energy consumption of the cooling coil:
QH = ρ ⋅ V&H ⋅

hKM

tKM

t HVM



∫ [1 − FK (h )]dh − c pl ⋅ ρ ⋅ V&H ⋅  ∫ [1 − FK (t )]dt − ∫ [1 − FHV (t )]dt  [kJ/year]

hSZ

 tT

tT



(7)

The negative sign term on right side of the (5-7) equations mean the heating and cooling
energy saved with the heat recovery unit. The electrical energy consumption of the
compressor can be calculated by the (4) equation.
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The mathematical models of the energy consumption of air handling unit with energy
recovery system:

The energy consumption of the preheater:

QEF

= ρ ⋅ V&EF ⋅

hEF

∫ F (h )dh [kJ/year]
HV

(8)

hHVM

The energy consumption of the reheater:
hUF

QUF

= ρ ⋅ V&UF ⋅ ∫ FHV (h )dh [kJ/year]

(9)

hEF

The energy consumption of the cooling coil:
hHVM
 hT

&
QH = ρ ⋅ VH ⋅  ∫ [1 − FK (h )]dh + ∫ [1 − FHV (h )]dh [kJ/year]
hT
hSZ


(10)

The electrical energy consumption of the compressor can be calculated by the (4)
equation.

The mathematical models of the energy consumption of air handling unit air
recirculation operation:

The energy consumption of the preheater:
t EF

QEF

= c pl ⋅ ρ ⋅ V& friss ⋅ ∫ FK (t )dt [kJ/year]

(11)

t KM

The energy consumption of the reheater:
tUF

QUF

= c pl ⋅ ρ ⋅ V&SZ ⋅ ∫ FN (t )dt [kJ/year]

(12)

tN

The energy consumption of the cooling coil:
hKVM
 hT

&
QH = ρ ⋅VH ⋅  ∫ [1 − FK (h )]dh + ∫ [1 − FKV (h )]dh [kJ/year]
 hSZ

hT

(13)

The electrical energy consumption of the compressor can be calculated by the (4)
equation.

9

The moisture consumption of the steam humidifer:
τ

τ

0

0

[

]

mg = ρ ⋅ V& ⋅ ∫ [xki − xkülsı (τ )]dτ =ρ ⋅ V& ⋅ ∫ xki − x külsı dτ [kg/year]

(14)

If the amount of the moisture in the air before the steam humifidier is not equal with the
ambient air moisture (for example: because of air recircuation):
τ

mg = ρ ⋅ V& ⋅ ∫ [xki − xbe ]dτ [kg/year]

(15)

0

The energy consumption of the steam humidifer:
QG = mg ⋅ hg = mg ⋅ (ro + c pg ⋅ t ) [kJ/year]

(16)

The energy consumption of the ventilator:
τ

V&vent ⋅ ∆pö
dτ [kWh/year],
η vent .η mot
0

Wvent = ∫

(17)

The energy consumption of the pump:
τ

V&sziv ⋅ H
dτ [kWh/year],
η .η mot
0 sziv

Wsziv = ∫

(18)

- 3. Thesis I controlled the developed new scientific method with measured energy consumption
data of operating air handling units. For the controlling I used measured energy
consumption data of separated years (2002, 2005 and 2006) in the case of two hotel
building complexes and an office building. In the selected years the operation
characterictic and the caseload of the buildings was average correlate with the building
type. On the basis of the underlying six independent measured energy consumption data
the difference of the calculated and the measured energy consumption values was
between -11,7 and +11,7 %. During the controlling I used data of 30 pieces of various
constructed air handling units.

The publications for the thesis: [P7, P9, P13]
During the energetic evaluation I compared the calculeted and measured energy
consumption of separated years (2002, 2005 and 2006) in the case of three building
complexes.
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Office building (2002)
Office building (2005)
Hotel 1 (2005)
Hotel 1 (2006)
Hotel 2 (2005)
Hotel 2 (2006)

Measured value Calculated value
[kWh/m2year]
[kWh/m2year]
426
476
539
437
455
444
441
422
418

Difference [(C-M)/M]
[%]
11,7
-11,7
4,1
2,4
-4,3
0,9

Table 1. The measured and the calculated energy consumption
In Table 1. can be seen that on the basis of the underlying six independent measured
data the difference of the calculated and the measured energy consumption values was
between -11,7 and +11,7 %. During the energetic analysis the difference of the calculated and
the measured energy consumption values poved that the new theoretical procedure is right.

- 4. Thesis The new developed calculation procedure, based on the probability theory, is also
suitable for comparative energetic analysis and the saved energy analysis of various
constructed air handling units. On this wise there is possibility to make comparative
energetic analysis, energetic optimization in the case of the worked up different
conceptions by the buidling service engineer.
With the developed new scientific method there is possibility to evaluate the operation
cost, each energy saving method and by those the amount of energy saved. The results that are
determined by the new calculation method, are important not only for the designing engineers
with respect to the energy conscious designing and the making of the energy performance
certificate of buildings, but also for the investor, because the operating cost influneces the rent
cost. On the basis of the investment and operation costs there is also method to make
evaluation by „Life Cycle Cost”. On the basis of the scientific results till now the annual
energy consumption of the air handling units could be estimated only approximately, in this
manner there was also not possibility for Life Cycle Cost analysis.
The publications for the thesis: [P11, P12]

- 5. Thesis I estimated the actual applied national method to evaluate the energy consumption of air
handling units. I analysed the energy consumption determining procedure of the actual
method. On the basis of the new scientific results, I worked out, I determined the
necessary correction factors (k1; k2). In this manner the corrected sizing procedure is the
following:

E hő =

Qhő ⋅ k1 ⋅ ehő
; [kWh/m2 year]
k 2 ⋅ AN
11

where:

k1 [-]

the relationship of the sensible heat and total heat load ( k1 = Q& total / Q& érezhetı );
the value of it depends on the type of the air conditioning system, in the case
of the analysed air conditioning system it can be determined (in general it is
between 1,2-1,5).

k 2 [-]

the seasonal energy efficiency ratio of the air conditioning system (SEER) a
the value of it depends on the type of the air conditioning system, in the case
of the analysed air-conditioning system it can be determined (in general it is
between: 2,5-4,5).

The values of the above mentioned two factors are exactly determinable in the case of
the applied air conditioning system. In this manner, the value of the energy consumption is
only the 0,25-0,6 fold of the value according to the actual applied national method. It is in
evidence that the difference is significant.
The publications for the thesis: [P5, P7]

- 6. Thesis I made an energetic comparison of the new scientific method and the actual applied
international analyser calculation procedures. The results showed that the actual
applied international methods are suitable for determining the energy consumption
only in some cases.
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The publications for the thesis: [P1, P5]
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Figure 10. The net heating energy consumption of
the analysed air handling units
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Figure 11. The net cooling energy consumption of
the analysed air handling units

5.

SUMMARY, UTILIZATION OF THE RESULTS

During my research my objective was to work out a generalized calculation procedure
which is suitable for the analysis of the energy consumption of air handling units based on the
probability theory. Considering that the construction of the air handling units and the air
handling processes are very complex, I worked out the physical and mathematical models that
describe exactly the complex air handling processes. The new method was applied in case of
30 pieces of different operating air handling units. The comparison of the calculated and the
actual energy consumption proved that the new theoretical procedure is right. Based on the
new calculation method I worked out proposal for the actual national method to specify the
herein applied procedure.
With the developed energetic analysis procedure can already be determined the exact
annual energy consumption of the air handling unit in the design phase before the investment
realization. The new method is also suitable for analysing the energy saving of the various
constructed air handling units. In this manner an optimal decision can be made in the design
phase. By choosing the lowest energy consumed air handling unit, a significant energy saving
(30-60%) can be achieved during the whole lifetime of the system.
To apply the results of the research work additional researches might be done in this
field. To analyse the energy consumption of the air handling units fast, exact and efficiently, a
computerised simulation PC program was made by Dr. László Kajtár and József Gräff. After
the development of the marketable version of the PC program, the application of the new
calculation method will be come possible also for the designing engineers.
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SYMBOLS IN THE THESIS BOOK
c pg [kJ/kgK] specific heat capacity of water vapor at constant pressure,
c pl [kJ/kg°C]
EF [-]
UF [-]
FHV (h) [-]

FHV (t ) [-]

FK (t ) [-]
FKV (h) [-]

FN (t ) [-]

hEF [kJ/kg]
hHVM [°C]
hKM [kJ/kg]
hKVM [kJ/kg]
hN [kJ/kg]
hSZ [kJ/kg]
hT [kJ/kg]
hUF [kJ/kg]
H [Pa]
H [-]
HV [-]
k1 [-]
k 2 [-]
l1 [mm]
l2 [mm]
ro [kJ/kg]

specific heat capacity of air at constant pressure,
sign of the preheater,
sign of the reheater,
air enthalpy curve after the heat recovery unit, which can be drawn by the
efficiency of the heat recovery, the outgoing air and the ambient air
enhaply curve,
air temperature curve after the heat recovery unit, which can be drawn by
the efficiency of the heat recovery, the outgoing air and the ambient air
temperature curve,
duration curve of the ambient air temperature,
air enthalpy curve after the air recirculation, which can be drawn by the
the air recurculation ratio, the enhaply of the outgoing air and the
ambient air enhaply curve,
temperature curve of the preheated, recirculated and humidified air,
the enthalpy of the air after the preheater,
the enthalpy of the air after the heat recovery unit az sizing state,
the ambient enthalpy in sizing state,
the enthlapy of the air after the air recirculation at sizing state,
the enthlapy of the air after the adiabatic humidifier
the enthalpy of the supply air,
the enthalpy of the outgoing air,
the enthalpy of the air after the reheater,
lift of the pump
sign of the cooling-coil,
sign of the heat recovery unit,
the relationship of the sensible heat and total heat load,
the seasonal energy efficiency ratio of the air conditioning system,
the arm that proportionals with the temperature difference of the
recirculated air and preheated air,
the arm that proportionals with the temperature difference of the
recirculated air and outgoing air,
specific latent heat of water vaporization (value of it is if t = 0 °C
temperature r0 = 2501 [kJ/kg]),

t EF [°C]
t HVM [°C]

tUF [°C]

air temperature after the preheater,
air temperature after the heat recovery unit at sizing state, which value
depends on the efficiency of the heat recovery, the outgoing air and the
ambient air temperature,
the tamperature of the air after the reheater,

t [°C]

the air temperature,

t HVM [°C]

the temperature of the air after the air recirculation at sizing state,
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t KM [°C]
t N [°C]
tT [°C]
t SZ [°C]
V&
[m3/h]
friss

V&EF [m3/h]
V&UF [m3/h]
V& [m3/h]
H

ambient air temperature at sizing state,
air temperature after the adiabatic humidifier,
the temperature of the outgoing air,
the temperature of the supply air,
the fresh air volume flow,
the air volume flow in the preheater,
the air volume flow in the reheater,
the air volume flow in the cooling coil,

V&SZ [m /h]
V&sziv [m3/s]
V& [m3/s]

the supply air volume flow,

xbe [gr/kg]

the amount of the moisture in the air that enters into the steam
humidifier,
the amount of the moisture int he air after the steam humidifier,

3

vent

x ki [gr/kg]
x külsı [gr/kg]

∆pö [Pa]
ρ [kg/m3]

ηmot
η sziv
ηt
ηvent
τ [h]

the water volume flow by the pump,
the air volume flow by the ventilator,

the amount of the moisture in the ambient air. The average value of it in
heating period based on the ambient duration curves in the daytime and
also at night is: 2,99 gr/kg,
the pressure losses of the air handling system,
the air density,
the efficiency of the motor (ventilator, pump),

the efficiency of the pump,
the efficiency of the heat recovery unit,
the efficiency of the ventilator,
the operation time of the pump and ventilator.
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