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Abstract

An innovative calculation methodology is proposed in this paper which retains the accuracy of sophisticated computer
simulation programs, such as DOE 2.1, but maintains the simplicity of simplified building energy calculation methods, such as
the Modified Bin method.

The entire calculation procedure is discussed and followed by a full-scale experiment on a VAV (Variable Air Volume) system
which successfully demonstrated its effectiveness. This method is now proposed to be adapted as the main part of the national

building energy code or PACS index in Taiwan. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

A VAV system automatically supplies less air to the
indoor environment when the cooling load is reduced
and thus saves energy. There have been a lot of sophis-
ticated and detailed computer programs, such as DOE
2.1, to evaluate this energy saving effect on a seasonal
or annual basis. However, there is a need to establish
an efficient calculation method, for use by engineers
using handheld calculators, to estimate the energy sav-
ings potential quickly while not losing accuracy com-
pared to detailed computer simulation results or a full-
scale experiment.

The goal of this study is to establish such a method-
ology, and involves a full-scale experiment to validate
the.entire process.

2. Theoretical analysis

The accumulated energy use of a VAV system,
denoted as Q, is the multiplication of the actual power
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consumption, P,, under a specific load fraction, X,
and its hours of operation, g(x). Or, in equation form:

|
Qu=) P.-gx) Q)
=0

Following this, many calculation methods were devel-
oped, including the bin method, which correlated line-
arly power consumption, P, directly with outdoor
temperatures. Since it is true that it takes more energy
to cool down a building when the weather is hotter
than heat it when the weather is colder, the linear
assumption is over-simplified.

P, represents a fraction f(x) of the rated power con-
sumption at full load Pn, and can be denoted as:

P.‘r =P, 'f(x) (2)

The f(x) can be obtained from an experiment by
recording P, at each load fraction, X, and establishing
the characteristic curve.

Re-arranging Eq. (1), we can write:

|
Gy = Pnjofm g(x) dx @3)

This is the equation which all sophisticated simulation
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programs, such as DOE 2.1, adapted for doing energy
calculations.

3. The significance of defining a mean-value X, from
J(x)

I

Qi = Py-f(X),- J o(x) dx

0

4)

By applying the Mean Value theorem, a critical partial
load factor, X,, can be found, so that Eq. (3) becomes:

Where 0< X, <1

The significance, of Eq. (4) is that f(x) and g(x) are
decoupled. The integration term represents the total
operation hours under a specific load fraction, X, or
the area under the g(x) curve shown in Fig. 1, which
can be readily obtained from computerized weather
data.

In conventional designs, a constant air volume
(CAYV) system is used, where P, power is always con-
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Fig. 1. The relationship of power consumption vs operation time %
power consume P./Py.

sumed no matter what the load fraction X is. Eq. (4)
depicts an important point that the Pq -folg(x) dx
energy should have been consumed in a CAV system,
if VAV is not used. Here f{X.) represents an energy
savings potential or ‘discounted’ rate for VAV vs CAV
systems.

For a VAV system, its characteristic curve f(x) can
be found experimentally, and then correlated with the
partial load factor X in a second-order polynomial
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Fig. 2. Layout of the full-scale experiment with CAV vs VAV systems in NSYSU test building,
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Fig. 3. Experimental results of the controlled indoor environment of the VAV system.

form, or:
S(x) = bo + b x + byx? )
Therefore, through plain calculations:
|
[rorar
o= — = J f(x) dx (6)
[ dv 0
JO

which closes the problem. That is, the integration of
the /() curve across the entire operation range gives
the results for X..

4. Full-scale experiment

In order to provide a detailed quantitative analysis
of the energy savings effect of a typical VAV system

under local weather conditions, a full-scale experiment
has been performed in the NSYSU test building. This
test building has a size of 17 x 12 x 10 m. and com-
prises two identical rooms facing west and supplied
with separate HVAC systems, one room with CAV
and the other with VAV. These two rooms, with a size
of 3 x 4 x 5 m, simulate typical offices in the Taiwan
area. The layout of the experiment is shown in Fig. 2.

The indoor environment was set at 26°C + 2°C with
uncontrolled relative humidity. The indoor climate and
power consumption of each system was monitored at
10 min intervals each. The VAV system is a typical
air-duct type with a VAV control box and by-pass
duct leading to ambient conditions.

When the VAV box reduces the air supply volume
to the indoor conditioned space, the by-pass air
volume is recorded and converted into power savings
accordingly.

A successful experimental result was obtained. Fig. 3
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Table |
Normalized power consumption of the VAV system in various load
fractions

Load fraction X Power consumption P/P,

adequate dehumidification capacity when the VAV sys-
tem supplies less air. This leads to an important point
when designing a VAV system in hot and humid areas
such as Taiwan and Southeast Asia, in that enhancing
dehumidification is an important design consideration.

0.110 0.11
0.151 0.15
e o 5. Results and discussion
0218 0.22 .
0.231 0.23
0.240 0.24 5.1. Finding the f(x)
0.249 0.25
0.289 0.30 The VAV system was experimented under various
0.273 0.28 . e . .
0.303 0.3] partial load conditions X, with power consumption P,
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Fig. 4. The correlation f(x) curve in this experiment.
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Fig. 5. VAV vs CAV power consumption comparisons.

It was then estimated that the energy savings potential,
or 1 — f(x), in this VAV system is as high as 49.7%.

5.3. Energy savings effect

It is interesting to note, in Fig. 5, the typical VAV
vs CAV power consumption comparison in this exper-
iment for four different days implying different types
of weather. The first day was rather hot, so the VAV
system saved around 20-25% of the energy when the
load factor shifted from 20 to 50%, and approached
the CAV figures at 16:00, where the VAV system was
operating at full capacity and had essentially become a
CAY system. The second day had milder weather. The
VAV system saved 35-40% of the energy and again
approached the peak at 16:00. The third day was hazy.
The VAV system saved up to 40-45% of the energy.
On the fourth day, another hazy day with indoor oc-
cupancy cut in half, the power savings were as great as
45-50%, as expected.

This was a successful validation of the calculated
results using the innovative method developed in this

study. In addition, the normalized power consumption
curve as derived from experiment, is generally appli-
cable to all VAV systems with the same performance
characteristics, and has great potential for engineering
aplications.

6. Conclusion

The VAV system is an eflicient and widely adapted
air-conditioning system. In this study, an innovative
methodology for estimating the energy savings effect
was developed. A full-scale experiment was performed
to validate this calculation procedure by finding the
characteristic curve f(x). and X, which implied that the
energy savings effect could be as high as 49.7%.

The experiment was conducted for a year where
four typical weather types were tested. The results indi-
cated that the energy savings range from 30 to 50% as
expected in hot and humid areas such as Taiwan, and
with wide engineering application potentials.




