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Abstract

At the new institute building of Fraunhofer ISE, both mechanical and free night ventilation is used for passive cooling of the offices. The
results from a long-term monitoring show, that room temperatures are comfortable even at high ambient air temperatures. In two offices,
experiments were carried out in order to determine the efficiency of night ventilation dependent on air change rate, solar and internal heat
gains. The aim is to identify characteristic building parameters and to determine the night ventilation effect with these parameters. The
experiments (one room with and one without night ventilation) are evaluated by using both a parametric model and the ESP-r building
simulation programme. Both models are merged in order to develop a method for data evaluation in office buildings with night ventilation
and to provide a simple model for integration in a building management system.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ness of mass and night ventilation in lowering the indoor
daytime temperatures. Givoni derives a simple model for
Night ventilation potential for improving comfort has the daytime maximum temperature from an extensive data
mainly been investigated by numerical means. Santamourisanalysis. This model does not take the user behaviour and
and co-workergq34,35] introduced an integrated method internal heat gains into account. Blondeau e{@l.carried
to calculate the energy contribution of night ventilation out full-scale measurements in a three level office building.
techniques to the cooling load of a building. Kolokotroni The data evaluation deals with both comfort criteria and
and Aronis[26] states that both free and mechanical night energy balance. Blondeau points out that the modelling of
ventilation reduces the plant capacity and the energy con-heat transfer coefficients in building simulation programmes
sumption in air-conditioned office buildings. is difficult and emphasises that further research is necessary
This paper focuses on a full-scale experiment and its eval-to characterise the building potential for night ventilation.
uation. Kolokotroni et al[25] used temperature/humidity- Herkel et al[21] used a similar approach in order to evaluate
charts for data evaluation of results from a simulation in the night ventilation efficiency with data from a long-term
order to generate a pre-design tool for summer cooling with measurement. The experiments, which are evaluated in this
night ventilation for office buildings in moderate climates. paper, have been designed against this background.
Geros et al[17] carried out an experimental evaluation of
night ventilation of four different buildings. Additionally,
simulation investigations are used to determine how the air
change rates, the building construction and the climatic pa- |, modelling the night ventilation effect there are some
rameters affects the night ventilation. The data evaluation . ,cial points:
deals with the nocturnal air change rates and the indoor air
temperature. Givonj18] carried out experiments in a low e Natural, hybrid and mechanical ventilation: As most night
and a high mass building in order to determine the effective-  ventilation concepts are based on a free or a hybrid ven-
tilation concept, the air change rates must be calculated.
mpondmg author. Telt49-761-4588-5129; Due tp the diﬁergnt driving fqrces (wind, buoyancy anq
fax: +49-761-4588-9129. fan driven ventilation), the design of free and hybrid venti-
E-mail address: jens.pfafferott@ise.fhg.de (J. Pfafferott). lation and interzonal air exchange is complex. Therefore,

1.1. Modelling the night ventilation efficiency
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sophisticated design tools should be used in order to deter-deal with comfort criteria. Different comfort criteria are in

mine the air change rates. Feustel and Digd§ presents

scientific discussiof31]. As the evaluation of passive cool-

a survey of airflow models for multizone structures. Ayns- ing focuses on the energy balance, this paper deals with two
ley [4] introduces a resistance approach to analysis of nat-simple comfort criteria, which are based on the operative
ural ventilation airflow networks. Most programmes work room temperature:

with a resistances approach. An extensive overview over
the airflow through openings, ventilation, infiltration and
interzonal air exchange is given by Allard and Utsumi
[3]. Often the discharge coefficients for openings are un-
known. Some measurements of discharge coefficients and
conclusions on air flow through buildings are summarised
by Flourentzou et al15]. Heiselberd20] introduces the
principles of hybrid ventilation. In urban areas, the en-
vironmental impact on passive ventilation cooling has to
be taken into account. A survey is given by Kolokotroni
et al.[27]. In addition to the interzonal air flow models,
the air movements in naturally ventilated buildings should *
be taken into account. The air movements can be investi-
gated using CFIP5] or measurementd.2].

Heat transfer: As the night ventilation cools down the
building construction, an accurate modelling of the
convective heat transfer coefficient is essential for the
simulation of night ventilation. A good survey on differ-
ent models for building applications is given by Dascalaki
et al.[9]. The standard deviation in different models for
calculation of heat transfer coefficients is around 20-40%
(cp. uncertainty in modelling). From the multitude of
models, the data correlations by Alamdari and Hammond
[2] and Khalifa and Marshall24] will be used for cal-
culating the night ventilation efficiency because these

According to the German norm DIN 194é1], the op-
erative room temperature should lie in between 22 and
25°C up to an ambient temperature of ZB. Still accept-
able room temperatures lie in between 20 and@6The
comfortable room temperature is higher at ambient tem-
peratures above 2&. Though this norm is valid only for
ventilated and air conditioned buildings, it is also used
for passively cooled buildings. As this comfort criterion
takes the ambient temperature into account, it can be used
directly for data evaluation, cfig. 6.

According to Rouvel and co-workers’s stud$0], the
room temperature should not exceed a given temperature
limit at more than 10% of the working time. The temper-
ature limit is dependent on a pre-defined climate region
(e.g. Freiburg, Germany: 2T). As this criterion is not
independent from the ambient temperature, the evaluation
of measured data is not universally valid. It can be noticed
from an ongoing survey at a few office building$], that
these temperature limits are not restricted enough. Sur-
veys in air conditioned residential buildings from the late
eighties affirm[23], that room temperatures should not
exceed 25C. Thus, Rouvel's comfort criterion is used
with a temperature limit of 25C, cp.Fig. 5.

Some planning tools has been established in the last years.

models show a good agreement between measuremenKeller [22] presented an analytical method for the thermal

and simulation. design of buildings, which is based on characteristic param-

e Heat storage: The heat storage capacity of a room con- eters. These parameters are derived from a complete mathe-
sists of the thermally utilisable heat storage capacity of matics solution of the energy balance of a room and will be
all boundary surfaces and of the furniture. It is dependent used in this paper. A similar model based on the non-linear
on (1) the thickness of each construction, (2) its thermal coupling between thermal mass and natural ventilation in
properties, (3) the period of the fluctuation of the undis- buildings has been presented by Yam ef28)]. The design
turbed air temperature and (4) the heat transfer at thetool LESOCOOL[32] merges an air flow model with a heat
surface or the Biot number, respectively. As the amplitude transfer model. This simplified model for passive cooling can
of the temperature oscillation diminishes with the depth, calculate the cooling potential, temperature evolution and
the analytical solution deals with the thermal penetration air flow rates for given heat gains and losses. A comparable
depth, cp[7] or any other textbook on heat conduction. programme is introduced by Rousseau and Mathi@38%
The thermally active heat storage capacity is calculated The NatVent programmg30] takes infiltration, ventilation
analytically according to Keller'$22] recommendation.  and thermal storage into account. The NatVent programme
This method is similar to the numerical solution, which is made to serve as a pre-design tool that can be used early
is required by ISO 1378f13], and results in the same in the design process before explicit data about the building
heat storage capacity. A good survey on the convective and the ventilation system are made within the programme.
heat balance of a room and the storable energy in a con-The Swiss EMPA published a handbook on passive cooling
crete slab was given by Koschenz and Ddgs]. While [40]. This handbook summarises boundary conditions for
the heat storage capacity influences the energy balanceassive cooling and criteria for the design of different pas-
in winter only insignificantly, a high heat storage capac- sive cooling techniques. Concerning night ventilation, the
ity diminishes room temperature fluctuations in summer over all cooling load should not succeed 150 WH/(per
during a change in the weathi@9]. day), if the temperature difference between day and night is

less than 5K, and 250 Wh/@per day), if the difference is

As the night ventilation lowers the room temperature in or- higher than 10 K. For cooling with free ventilation, Zeidler

der to improve the thermal comfort, the data analysis should [39] gives a similar limit for heat gains of 30 Whin an
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Fig. 1. Principle of night ventilation: energy balance.

office room with typical use. Surely, even more design tools one without night ventilation) are evaluated by using both
are available. Self-evident, building simulation programmes a parametric model and the ESP-r building simulation
can be used favourably for the design of free and mechan-programme:

ical night ventilation. In this paper the building simulation . ] o
programme ESP-[8] is used. In addition, different other ® The para_m_etnc model deals only with three _bwldmg_
strategies can be evaluated with building simulation in or- ~ characteristics and few boundary data. There is a suffi-
der to avoid over-heating in summer, i.e. optimised window ~ Ci€nt match between the parametric model and the mea-

fraction, solar gain coefficient, shading devices, hybrid ven- ~ Surements, though the model does not agree well with
tilation with an earth-to-air heat exchanger, minimised in- Measurements at each time step. This model assumes,

ternal heat gains and control strategies. that the heat storage oscillates harmonically.
Finally, night ventilation should be designed according to ® The results from the building simulation match the mea-
national guidelines: the guideline VDI 20786] specifies surements accurately at each time step. As the simulation

the calculation procedure for the cooling load in Germany, ~ Programme deals with many input parameters, the night
An uncertainty analysis should complete the design process ventilation gffect is mt_ransparently evaluated. This model
and should be taken into account in the modelling of night ~ takes transient conditions into account.

ventilation. Macdonald and Strach§2®] shows the prac-
tical application of uncertainty analysis in building design.
Herkel et al[21] used an uncertainty analysis for data eval-
uation with building simulation.

Both the parametric model and the building simulation
provide profits and hindrances. Therefore, both models are
merged in order to develop a method for data evaluation
in office buildings with night ventilation and to provide a
simple model for

1.2. Methodology on evaluation of experimental data . . . :
e comparison of different strategies (design process),

e data evaluation (during initial operation),

Fig. 1 outlines the principle of night ventilation: due to ) o . .
the heat storage, the daily heat gains are dissipated during' integration into a building management system (operation
’ and optimisation).

the night. The night ventilation potential is deduced from
this energy balance: heat gains, heat storage and heat losses. ag a pasic principle, results from experiments in buildings
Thus, the aim is to identify three characteristic building cannot be reproduced, as the heat storage of the building is
parameters, i.e. the solar apert@eand internal gaing a transient phenomenon. Using the building simulation, the
(heat gains), the heat storage capaCifheat storage), and  measurements can be transferred into a harmonic oscillating
the thermal loss factoH (heat losses). These characteris- odel. With the parametric model, thermal building charac-

tics, the weather data and their interactions are discussed ingristics can be deduced from the simulation results. Thus

Section 4. _ . _ measured data are analysed by
In two offices, experiments were carried out in order to

determine the efficiency of night ventilation, depending on 1. Evaluation of measured data based on standardised
air change rate, solar and internal heat gains. During the graphs and indices.

experiments, meteorological data, air change rates, air tem-2. Sophisticated building simulation using measured data
peratures (including three-dimensional temperature field), and boundary conditions.

surface temperatures (floor, ceiling, window, and internal 3. Data evaluation of the results from the building simula-
wall) and the operative room temperature (globe thermome-  tion with standardised boundary conditions using a para-
ter) were measured. The experiments (one room with and metric model.
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1.3. Definition of night ventilation efficiency

Buildings with night ventilation reach lower room tem-
peratures than buildings without active or passive cooling.
Moreover, the maximum room temperature arrives later in
the afternoon. Both effects are caused by the additional heat
loss during the night and the heat dissipation from the fabric
and the ceiling, respectively.

As shown in the previous section, the contribution of night
ventilation to the operative room temperature is dependent
on the heat storage capacity and the heat gains. Thus, the
whole energy balance has to be taken into account though
this paper focuses on night ventilation. Furthermore, heat
gains and losses are dependent on the user behaviour (use
of sun protection and windows) and on the operation of the
ventilation system. Fig. 2. View of the institute building of Fraunhofer Institute for Solar

The night ventilation efficiency can be quantified by the Energy Systems, Freiburg (Germany).
thermodynamically cause (energy balance) and by its effect
(room temperature): this paper evaluates the night ventilation
efficiency with

Therefore, the energy demand is reduced by both the
1. the reduction of the room temperature, building design and the operation managenjant. Table 1

2. the heat dissipation by night ventilation. gives the key building informations. _ o
Fig. 2 shows the facade concept with optimised day

lighting (indirect roof light) and solar heat gains (sum-
2. Data evaluation of long-term measurements mer/winter): the deep winter sun can be used for passive so-
lar heating while the solar obstruction prevents over-heating
The institute building of Fraunhofer ISE consists of lab- Dy the high summer sun.
oratories and officefl]. The current use of the building for The technical facilities, the energy use in offices and the
applied research inevitably results in a high energy demand.room temperatures are monitored by a long-term measure-
ment. This paper deals only with room temperatures in the
office rooms in one of the three wingsig. 3.

Table1 o The laboratories (facing North) are mechanically venti-
Key building information's lated and must be hydraulically separated from the corridor.
Gross volume (1) 64,320 Due to the parallel use of laboratories and office rooms
w?t Ii'_oorharea () iﬂ&lgo fg (facing South), the office rooms cannot be ventilated by free
Ogcru';gmsours A;:roiﬁgtelg ;8'0(8 am. 0 6pm)  4ss ventilation. Thus, there is a need of mechanical ven-
tilation (only exhaust air). The ventilation system ensures
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Fig. 3. Floor plan. All office rooms in the building wing C are facing South and the laboratories North. The two office rooms (experiments) are on the
ground floor.
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Fig. 4. Ventilation of the office rooms with heat recovery in winter and
night ventilation in summer. The air exchange can be intensified by
single-sided ventilation (windows).

a minimum air change rate of 1Th during working hours.

A heat recovery system recycles the waste energy to the

supply air for the laboratories in winter. In summer nights,
the air change rate in the office rooms is increased to'5 h
Fig. 4.
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room temperatures in the office rooms in the ground floor
(C1), the first (C2) and the second (C3) floor for the whole
year 2002. Despite of identical construction and (almost)
same climatic boundary conditions, there are strong differ-
ences in temperature level: the room temperatures differs
dependent on user behaviour (window opening and sun pro-
tection) and internal heat gains (persons and equipment).

The different thermal behaviour in these office rooms can
be deduced from a graphical analysis, if room temperatures
are sorted by the ambient air temperature for the summer
period:

e On the one handrig. 6 shows a similar dependence of
room temperatures on the ambient air temperature.

e On the other hand, the difference between room temper-
atures at a certain ambient air temperature is up to 6 K.
These differences caused by the user behaviour, i.e. use
of equipment and lighting, window opening and blind
control.

The night ventilation was used only between 16 July and
31 August 2002 during the summer period. Thus, the oper-
ative room temperatures can be classified by days with and

The results from a monitoring of room temperatures in 21 without night ventilation (1 June to 15 July 200&g. 7
office rooms during summer 2002 show that room temper- shows the mean value of the room temperatures which are

atures exceeds 2® in less than 8% of the working hours,
even at high ambient air temperaturégg. 5illustrates the

30

operative room temperature [°C]

20 | } 1
10

max. ambient temperature: 37.0 °C

shown inFig. 6: night ventilation reduces the mean room

temperature by 1.2 K during the working hours.

—RT_C1
—RT_C2
RT_C3

——ambient

t t
15 20 25

working hours [% of 2,600 h/a]

Fig. 5. Frequency distribution of operative room temperatures (hourly mean value) for the working hours during the whole year (1 January to 31 December

2002). The ambient air temperature exceedsQ%at 8% of working hours and its maximum is 32.

Table 2
Working hours (2600 h) in 2002, when operative room temperature excee€ds 25

X

05 07 09 11 13 15 17 19 21
RT_C3X 262 277 370 248 293 223 295 260
RT_C2X 140 192 137 163 160 224 215 222 226
RT_C1X 229 283 188 135 Not used Not used Not used

All rooms in wing C from West “05” to East “17, 19 or 21", seeFig. 3.
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30

operative room temperature [°C]

-12 -6 0 6 12 18 24 30 36
ambient temperature [°C]

Fig. 6. Operative room temperature sorted by ambient air temperature for the working hours during the summer period (1 June to 31 August 2002).

30

The operative room temperatures are evaluated not only
Top = V for the three floors in the ground floor but in all 21 office
yres rooms in wing C:Table 2shows the number of working
hours with temperatures over 26 for each office room.
In comparison withFig. 5, the room temperature exceeds
25°C in some rooms less (e.g. C205 and C209) and in some
rooms more (e.g. C309 and C317), frequent then in the office
rooms at the ground floor. This can be attributed to the user
behaviour, too.
Fig. 8 shows the mean day for the working days during
‘ ‘ i ; summer 2002. The mean operative room temperature in each
12 16 20 24 28 32 36 . -
ambient temperature [°C] of the three floors are sorted by time. Due to thermal stratifi-
cation and solar radiation (static sun protection for the office
rooms on the ground floor by the attached building), there is

operative room temperature [°C]

- with night ventilation

Fig. 7. Hourly mean value of the operative room temperature in the office
rooms at the ground floor without (1 June to 15 July 2002) and with

night ventilation (16 July to 31 August 2002). an increase in temperature of 0.5 K from one floor to the next.
26
+ RT_C1 =-xRT_C2 /‘\
— 25 —
‘;L_), —RT_C3 ambient oy
2 24 E
6 + P~ . "“\*’\‘*
g- o SV + * o, .
2 B T .
£
o
e
2 22
<
3]
Q.
°© 2
working time
20 F————F—F————+———F—————F+—————
0:00 4:00 8:00 12:00 16:00 20:00 0:00

Fig. 8. Operative room temperature in the office rooms for the working days between 1 June and 31 August 2002.
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coefficient of performance [kWh/kWh]

12 14 16 18 20 22 24 26
dayly mean ambient air temperature ['C]

Fig. 9. Coefficient of performance for night ventilation between 16 July and 31 August 2002.

Passive cooling concepts competes against mechanicaB. Experiments on night ventilation
cooling machines for an energy efficient cooling strategy.
The coefficient of performance COP is the ratio of the |, April 2002 (28 March to 7 May 2002), some experi-
utilised thermal energy and the inserted electric energy ments were carried out in two office rooms in order to de-

during night ventilation: termine the effect of night ventilation. While one room was
3 ,L\Q’Setgft\'/(;) o[ Troom(?) — Tambien{?)]d? passively cooled by night ventilation the_other room was
= NVend , ' dr not cooled '(refere.nce room). A small ventllatpr was used to
NV start! electric. farf’) draw a defined air flow rate through the office room dur-
The mean COP was 4.5kWkWhg in 2002. Though ing night (2 a.m. to 7 a.m.), instead of the exhaust fan (see
this COP is comparable to an energy efficient chiller, an Fig. 4). During day the air change rate is mainly dependent
additional energy demand for ventilation has to be taken on the ventilation system and the status of flaps and win-
into account for an air conditioning system. As the electric dows in the two office rooms and the adjacent rooms. This
energy demand for ventilation is 0.46 WRim 1), the COP interrelationship was taken into account by a simple air flow
for night ventilation is quite low. With a typical energy network to calculate the air change rate in each office room.
demand for ventilation around 0.2W/Am1), the COP As the air flow rate caused by natural ventilation is the most
would increase to 10 kWk'kWhey. Fig. 9 shows the COP  uncertain parameter, detailed measurements were repeated
for different mean ambient air temperatures. As expected, several times in order to set up and to validate the air flow
the COP decreases with the ambient air temperature duemodel. Table 3shows some results from these air change
to the smaller temperature difference between inside andmeasurements in ordinary operation.
outside in the nights. Besides the air, surface and operative room temperature,
Though this section provides a first evaluation of the ther- the air change rate was measured using tracer gas technique.
mal behaviour, the night ventilation effect cannot be quan- The internal heat gains were “simulated” by a fan heater
tified. In the following Sections 3-5, experiments and data with a thermal energy performance of 980 W from 8 a.m.
evaluation based on a parametric model and building sim-to 6 p.m. The venetian blinds were either closed or opened
ulation are used to draw an energy balance and to separateluring the whole day.
the night ventilation effect from the other elements in the  Four periods were defined for detailed data evaluation.

CORw

energy balance, cig. 1. Each period is characterised by (almost) regularly oscillating
Table 3
Air change rates from measurements with tracer gas technique
Day ventilation (exhaust fan), Day ventilation (exhaust fan), Free day ventilation Night ventilation, all
all windows and flaps open windows and flaps open only without exhaust fan windows and flaps open
in 1 room

Air change rate (h!) 0.5 2.7 0.3-1.7 3.7-5.25
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Table 4
Boundary conditions and results from measurements
Period 1 Period 2 (13/04-15/04; Period 3 Period 4
(31/03-08/04) 27/04-29/04) (02/05-05/05) (19/04-26/04)
Sun protection (venetian blinds) Closed Closed Closed Open
Tam (°C) (mean ambient air temperature) 11.31 9.42 8.5 11.97
Iglobalm (W/m2) (mean solar radiation) 204 84 52 134
Qm (W) (mean internal heat gain) 408 408 408 408
Office room with night ventilation Yes No Yes No Yes No Yes No
Air change rate (2 a.m. to 7 a.m.) 3.16 ~1 5.03 ~1 2.16 ~ 5.03 ~1
Ti.m (°C) (mean indoor air temperature) 21.8 22.4 21.1 22.6 20.7 22.8 21.9 22.7
climatic conditionsTable 4gives an overview over the main o

experimental set ups and boundary conditions.
Fig. 10 shows measured temperatures in the office with
night ventilation from 2 a.m. to 7 a.m. for 24 April 2002:

e As expected, the fluctuation of air temperature is higher
than of the operative room temperature.

e According to the temperature stratification, the surface
temperature at the ceiling is higher than at the floor.

e Due to its small heat storage capacity the temperature
fluctuation at the internal wall (adjacent to a similar office
room) is higher than at the floor or the ceiling.

e The wall-mounted air-thermometer “RT115" for
long-term measurement do not give the air temperature

surface temperature [°C]
/

at a certain time. The temperature is partly influenced by \j‘/“door
the wall temperature (adjacent to the corridor) but shows P P

. . 21:34 . /iddle
a sufficient match to the operative room temperature for a ~ o
long period. The mean temperature RL15 is 21.03C 22:15 “\(@,indow

and the operative room temperature 20.88 29:54

The surface temperature at the ceiling has been measuregiy. 11. Temperature field (local and time) at the ceiling, night ventilation
using an infrared camer&ig. 11 shows the local temper-  on 15 May 2002.
ature field (y-axis, window—door, cpg=ig. 4) for different
times (x-axis) for 3h starting at 8 p.m. At every time step,  FurthermoreFig. 12shows the temperature profile before
the ceiling temperature is higher in the centre than at the and during night ventilation: during night ventilation the
window or the door. Thus, the de-warming of the ceiling incoming, cold ambient air falls down to the floor. Thus,
(and also of the other surfaces) is not identical at every placethere is a large temperature gradient at the surfaces. This
as it depends on local temperature differences. should be considered for the evaluation of the heat transfer.

30

—— air temperature
28 —x-Qoperative room temp.

——surface : internal wall M
——surface : floor -
26 —— - PN
—surface : ceiling //
- RT_C115
24 M/

room / air / surface temperature ['C]

22
20

night ventilation internal (and solar) heat gains
sttt
0:00 4:00 8:00 12:00 16:00 20:00 0:00

Fig. 10. Temperature fluctuation in the office room with night ventilation (air change raté) 4 24 April 2002.
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Fig. 12. Temperature profile before (8 p.m.) and during (2 a.m.) night ventilation, 4-5 May 2002.
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Fig. 13. Night ventilation during the experiments.

Starting from the monitored data, the energy fluxes exchange between the office rooms and the corridor) which
can be calculatedrig. 13 shows the night ventilation ef-  affect the energy balance in addition to the night ventilation.
fect for three different air change rates during the night Thus, two models are introduced in order to evaluate the
(cp. Table 4) dependent on the mean ambient tempera-contribution of night ventilation to the energy balance and
ture. As the experiments were carried out during spring, the temperature behaviour in an office room: parametric
the ambient temperature is lower than in summer. As ex- model and building simulation. Both methods aim at a sepa-
pected, the night ventilation effect increases with the air ration of night ventilation from other influences and effects,
change rate and decreases with the ambient temperaturesuch as user behaviour (blind control and window opening),
(As day/night temperature differences are higher in sum- effect of heat storage capacity or internal heat gains.
mer, these measurements should not be extrapolated for
higher summer ambient temperaturegy. 7 indicates, that
the night ventilation effect is independent from the mean 4. Modelling the night ventilation
ambient temperature in summer.)

There are many data from the experiments and the 4.1. Parametric model
long-term measurements but neithigable 4 nor Fig. 10
provides data for comparison of night ventilation, because  The experiments can be evaluated with a very simple en-
there are a lot of thermal influences (e.g. heat flow from ergy balance equation. Taking the most important energy
or to adjacent rooms, fluctuating solar heat gains or air fluxes into account, two main equations (Egs. (3) and (4))
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can be derived to calculate the mean air temperdiuseand Table 5
its fluctuationAT; according to Keller's approaci22]. In Comparison for the air temperature accordingemp. (2) from the mea-
case all boundary conditions oscillate regularly, the variation Surément and the parametric model
of temperature with time can be approximatedHzy. (2): Air change rate  Period 1 Period 3 Period 4
] (3.160%) (2.1611) (5.03h1)
T;(t) = Tim + AT; sin(wr) (2) Meas Calc Meas Calc Meas Calc
T T Glm + Om/Aextwall 3 Tim (°C) 213 214 212 208 220 219
im= Tam+ I 3 AT, (K) 41 29 40 35 29 20
T GAI+ AQ . C
ATy =5~ <ATa+ H ) with z~ - (4) the room with night ventilation (day: approximately 1%

_ _ night: maximum 5 h) than in the room without night ven-
In this paper, the data evaluated focus on the mean air tem+jlation (around 1 h?'). While a constant temperature dif-
perature (Eg. (3)) and the energy balance for certain periodsference between inside and outside is assumed, a thermally

during the eXperimentS. These periOdS are characterised b)éffective air Change rate A@ﬂl should be calculated from
the mean ambient air temperattiign, the mean global so-  hourly data by:

lar radiation on the surfack,, and the mean internal heat 24

gainQm. All heat fluxes are related to the external wall area. acp . — 1=1[ACH(T;, — Ta,)] ®)
The thermal loss factdd (with the surface area of the 2 (Tiy — Tar)

external wall in nd, rate ACH in ! and air volumeV in

m?3, all thermal properties in Sl units), the solar apertGre

(with the surface area of transparent surfaces innand

their total solar energy transmittangg and the heat storage

capacityC (with the thickness and the thermal properties of

the fabric in Sl units, the time peridd = 24 h, and the Biot

number) are defined as:

Table 5compares the mean temperature and the temperature
amplitude from measurements (usigig. (2) for parameter
identification) with the results from the parametric model
(usingEgs. (3) and (4)) for three of the four periods, which
are defined intable 4.

The parametric model fits better for the mean tempera-
ture than for the temperature amplitude: while the energy

1 “ (cp) air balance (mean temperature) can be calculated accurately,

H= Acxtwall Aextwall,iUi + ACH -V 3600 () the modelling of the heat storage capacity (temperature
i=1 amplitude) is uncertain due to the calculation procedure for

k harmonically oscillating temperatures (Eq. (7)), local tem-

G = 1 Z Atrans.surface &i (6) perature gradients (cfrig. 11) and uncertain heat transfer
Aextwall = coefficients (cpFig. 12).

Though there are differences between measurement and

. T )~ , . calculation, the parametric model can be used in principle.

C = codefi  With  deff = gc—pc (Bi, d) (7) As the heat balance is calculated dynamically by the building

simulation program, a higher accuracy for the temperature

The thermally effective thicknesdkys is dependent on the  amplitude can be reached by the use of a building simulation.
thermal penetration depth and the heat transfer at the surface
C'. The calculation procedure can be taken fri#h The 4.2. Building simulation
floor area is 18.4 /) the external wall area 12.4nand the
gross volume 60.6 f The ESP-r simulation program, version 4.37a of June

As this model is based on a harmonic oscillating heat bal- 2002[8] was used for data evaluation, apart from the para-
ance, some simplifications are considered: (1) the total solarmetric model. All input parameters and boundary conditions
energy transmittanogis independent from the incident an-  (i.e. climate, blind control, air flow rates, internal heat gains,
gle, (2) variable shading is not taken into account, (3) con- user behaviour) are well known.
stant air change rates, (4) no transient thermal behaviour, (5) The data from April are used fonodel set-up. The aim
fixed heat transfer coefficients, (6) no time shift between am- of the parameter identification is to set up an accurate sim-
bient air temperature and solar radiation, (7) user behaviourulation model: the building characteristics (i.e. heat transfer
is calculated by a standardised time profile dependent on thecoefficients at internal walls, solar absorption at the external
working time, e.g. time profiles if22] based on a Fourier  wall, g-value and thermal conductivity of the ceiling) are
analysis, (8) there is no solar radiation on external walls and known approximately and can be fitted to the measurements.
(9) no heat flux through internal walls. (10) As night venti- Fig. 14compares the operative room temperature from mea-
lation operates with an high air change rate during night and surement (globe thermometer) and simulation for two days
a lower air change rate during working hours, a variable air (1st period). The building simulation has been performed
change rate irEq. (5) necessarily has to be taken into ac- not only for the four periods, but for the whole experiment.
count: the variation of the air change rate is much higher in Additionally, the results from the parametric model &
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Fig. 14. Parameter identification with measurements from the experiments in April 2002: variation of temperature with time for two days: measurements,
simulation and parametric model (with, G and C calculated for the 1st period of experiment in April 2002ble 4).

4.0 W/(m?K), G = 0.046 andr = 22 h for the 1st period)  €an be used for data analysis. The assumptions, which are
are shown. made in the parametric model, can be taken into account,
The accuracy of the simulation model is checked with if the heat fluxes are calculated accurately by the building
data from July 2002, when the office rooms were under Simulation programme.
ordinary operation. Thisnodel validation uses the model
from the model set-up. The internal heat gains, the opera-
tion of the ventilation system, the status of flaps, windows 5. Analysis
and blinds are well known. In contrast to the simulation with
the measured air change rates from the data in April, the Using an accurate model for building simulation, the
air flow rate (infiltration from outside, ventilation with ad- measurements from a real, transient experiment can be
jacent zones and exhaust air from the ventilation system) is€valuated for artificial, regularly oscillating boundary
calculated by the simulatiorfig. 15 shows a good agree- ~conditions.
ment between measurement and simulation results. Thus,
all boundary conditions and thermal interactions are taken 5.1. Model comparison
accurately into account.
The simulation model is set up and validated with mea-  Starting from realistic assumptions, the parametric model
surements from two different periods (April and July) and does not agree with transient measurements at a certain time

g T 4N
=

o
N

15 ¢ T t T t T t T t T t T t T {
24.7 25.7 26.7 27.7 28.7 29.7 30.7 317

30

operative room temperature [ C]

Fig. 15. Model validation with measurements from the long-term monitoring: comparison between measurements and simulation in July 2002 for ordinary
service.
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Table 6 and the building simulation numerically, but gives the
Model compgrison_for the thermal loss factdrbetween the parametric same results for different thickness’ and heat transfer co-
model and simulation efficients, Fig. 16.
e The night ventilation effects the heat transfer at the sur-
0 1 4 8 faces (cp. measuremenisg. 12). As the heat storage ca-
H from parametric model witlEqg. (5) 1.3 295 80 14.5 _paCity (cf.Eq. (7)) is calculated by th? parar_netric model
H from simulation withEq. (3) 13 29 79 132 independent from temperature gradients, it cannot take
night ventilation into account. According to the heat stor-
age capacity, the time constant is overestimated by the
parametric model at low air change rategy. 17. At high
step while the building simulation shows a sufficient agree-  air change rates the numerical and analytical solutions ap-
ment with measured temperatures. proximates each other.

As the parametric model deals with simplified assump- i i ) . i
tions, the accuracy of the parametric model and the building  Starting from this validated model, realistic assumptions
simulation should be checked. The comparison is based oncan be taken into account in the parametric model. Therefore,
the office room/JFig. 4. If (1) solar heat gains are ignored, both models are merged.

(2) internal heat gains and (3) air change rate are considered ) ) .
to be constant during the day, and (4) the ambient temper->-2- Mérging of parametric model and building
ature oscillates regularly, then both models will result in a simulation

similar conclusion:

Air change rate (h!)

A promising approach for data analysis is to transfer the

e The parametric model overestimates the thermal loss fac-results from a parameter identification with the building sim-
tor H by about 0-10%Table 6. ulation to the parametric model: first, the simulation model

e The modelling of the heat storage capacity (cp. measure-is fitted to extensive measurements (here, April simulation).
ments, Fig. 11) is completely different: the parametric This model is validated with measurements from the build-
model solves the heat conduction equation analytically ing under ordinary operation (here, July simulation). At last,

35

O analytical
numerical
30

25

20

15

heat storage capacity [Wh/(m? K)]

| | \ |

0.025m 0.050m 0.100m 0.150m 0.150m 0.150m 0.150m
8W/m2K 8W/m2K 8W/m2K BW/m2K 3W/im2zK BWIim2K  12W/m2K

Fig. 16. Heat storage capacity dependent on thickness and heat transfer.
Table 7

Standardised input parameters (ACH amd) and results (Hand G) for the simulation of two strategies to lower the indoor air temperature: night
ventilation and sun protection

No night ventilation, Night ventilation, but No night ventilation, Night ventilation and
no sun protection no sun protection but sun protection sun protection

ACH (1 a.m. to 24 a.m.) 1 1 1 1

+NV (2 a.m. to 7 a.m.) 0 3 0 3

gL 0.51 0.51 0.11 0.11

H 1.7 34 1.7 —134.8

G 0.061 0.066 0.017 0.020
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Fig. 17. Heat storage capacity and time constant dependent vs. change rate.

the simulation model can be used for data evaluation with sun protection, sun protection by 3—4 K dependent on night
standardised boundary conditions and operation. ventilation and both night ventilation and sun protection by
As a single office room should be characterised, adiabatic5.7 K.
boundary condition are introduced at the internal walls in  This simulation is dependent on the thermal behaviour
order to prevent heat flux between adjacent rooms. The sim-from the room but is independent of the operation. Thus, the
ulation has been carried out with separate fixed air changebuilding characteristic& andH can be derived from these
rates for day and night, sun protection on or off, no inter- simulation resultsTable 7.
nal heat gains and climatic data from 28 July 2002, with  Noteworthy, there is a negative thermal loss factor, if the
Tam = 23.8°C and the vertical solar radiation on the South office room is cooled by night ventilation and the blinds are
facadel, = 160 W/n?. closed: in this case, the mean indoor air temperature is lower
Table 7shows the input parameters (air change rate and than the ambient air temperatuksy. (2)demands a negative
g-value) andFig. 18the simulation results with (a) the ef- H-value, which is delivered by a negative, thermally effective
fect of night ventilation and (b) sun protection shading on air change rate fronkq. (8). A negative air change rate is
the indoor air temperature: in this case, night ventilation re- thermodynamically impossible but mathematically correct
duces the mean indoor temperature by 2—3 K dependent orin this context.

32
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Fig. 18. Simulation with standardised inputs.
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ysis: if an extensive building simulation is performed the
effect of each varied parameter on the energy balance and
the thermal behaviour can be deduced during the design
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