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ABSTRACT

This paper presents the findings of a case study with building simulation using EnergyFlus dynamic
thermal simulation software, in which wall insulation was varied together with cooling set-point
temperature in 2 hot and dry climate of Botswana, Against the established norm that adding wall
insulation reduces annual fuel consumption, it is shown in this paper that this is not always the case:
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there are instances where adding wall insulation directly increases annual fuel consumption. [nitial cost
of insulation aside, as the cooling set-point temperature is gradually increased, the building switches
from an “insulation reduces cooling load” o an “insulation increases cooling load” behaviour. In other
words, the well established knowledge that “the ower the u-value the better” gets overridden by “the
higher the u-value the Betfer”. We termed this a “point of thermal inflexion”. Simple graphical

demonstration of the existence of this point is presented in the paper. According to the indings, design
engineers and building economics related professionals who quantify investment on insulation can get
disastrous results if they assume that all buildings behave pro-insulation since a building may behave

anti-insul ation.

1. Introduction

It is world wide established knowledge that adding wall
insulation in buildings reduces annual energy consumption. While
this 15 largely correct, it 1s also equally important to note that this
may not always be the case, Dunng discussions of several energy
audits reports [1], a hypothesis was arrived at: that there seems to
be instances when building annual energy consumption increases
with increased wall insulation. Extensive literature survey was
thencarried out on the latest research work [ 2-6], journals [7-19],
conference papers [20-23] and other up-to-date publications like
new energy codes and standards [24-27], all directly and indirecthy
echoed the same message: that insulating walls of building saves
energy. The possibility of the opposite behaviour is not hinted in
any of the publications. Previous simulation work done by the
authors [28] hinted that adding wall insulation increases annual
energy use, but a new and different simulation model was needed
to validate this, hence this paper—thanks to today's hard working
simulation software!

EnergyFlus (dynamic thermal simulation software for energy
efficiency) has been used to simulate annual cooling and heating

* Corresponding author. Tel.: +267 7211 3467, fao: +267 395 2304
E-muail address: masos omopipiub b (0T, Masoso).

energy of a typical three-storey office building in a hot and dry
climate of Botswana. The program (EnergyPlus) is a newly released
tool (2001) that combines the best features of DOE-2 and BLAST
programs [29], plus additional onginal capabilities. Logically, it is
therefore better than its predecessors,

Since the findings in this paper are strange and seem not to have
been reported before, preliminary discussions with several experts
in the field of building energy have shown that they all suspect a
software error (EnergyPlus). The next six paragraphs are meant to
show that it is unlikely that the results are due to a code error since
similar trends have been observed in different software.

Gratia [30], while running a TAS thermal simulation program
[31], experienced increased cooling energy when changing from
single skin to double skin facade. She ascribed the behaviour to
direct solar gains and hot air film inside the double skin. Changing
from single skin todouble skin does notincrease transmitted solar,
so direct solar gains cannot be the reason. The hotair film being the
cause of increased cooling energy does not seem enough since in
either single or double skin, almost all transmitted solar ends up as
cooling energy imespective of whether it is trapped on the
envelope or inside the building. A possible reason why cooling
energy would increase in her set-up is: if the envelope stops heat
from escaping, i.e. becomes more insulative, the air conditioning
system has to work harder to remove the heat. This way the
building will be anti-insulation. The cause and effect was probahly



made difficult by dealing with two varables simultaneously:
variation of thermal transmittance (u-value) and solar transmit
tance. As a result anti-insulation behaviour was unnoticed.

Kalogirou [32], while running a TRMNSYS transient thermal
simulation program [33], repeatedly found negligible but increas
ing cooling energy while doing several thermal mass modifications
that effectively lowered the u-value. He had used thermal mass
instead of standard construction, and secondly he increased the
gap in the wall. He dismissed the resultant increase in cooling
energy as having negligible impact on the overall [ i.e. cooling and
heating) energy consumption and did not explain the cause of such
an increase. Unnoticed to the author, some anti-insulation
behaviour seems to have been in operation.

Eicker et al. [34] also used TRNSYS to test double facade, They
experienced increasing cooling load durnng summer and they
ascribed that to high gap temperature. The explanation does not
seem enough because by observation of the law of conservation of
energy, if on a single clear glazed fagade, 't amount of solar
radiation is transmitted through; almost all of it will be converted
into heat that contributes to cooling load. If double glazed fagade 1s

Table 1
Input data to the base case maodel

used, the outer layer will still transmit the same 't" amount of solar
radiation which should contributes roughly the same amount of
cooling load, not more! But more precisely, because the radiation is
converted to heat in-between the glass panels, AT across the outer
panel will be high, which will lead to increased heat loss by
conduction hack to the atmosphere, leaving less than 't for cooling
load, not more! In addition since the temperature of the outer glass
is high due to trapped heat in the gap, there will be more re
radiation to the atmosphere, leaving less and less of the original 't
radiation for cooling load. Also, double glazing means double
reflection, which reduce the transmitted radiation ‘¢’ even further,
Once again it seems increased summer cooling in Eicker's work
may have resulted from the change of w-value (which was
lowered), and unnoticed to the author, the model seems to have
behaved anti-insulation during summer. The same argument
applies to Bouden [315] who experienced 60% increase in cooling
energy when changing from single to double fagade wall.

Prager et al. [36] used ESP-r simulation program to vary solar
emissivity of outer wall surface on two building models: one
poorly insulated and the other well insulated. In each model in

Construction materials
External walls
Partitions

Roof

External doors

Activity
Cooupancy density (offices, surveyed)
Crcupancy density (passages)
Crcupancy schedule
Activity
Heating/ cooling set-point temperature
Min fresh air per person
Target illuminance

Equipment gains {surveyed)

Openings
Type of glazing
Layout
Inside shading

Lights
Type
Lighting gains (surveyed)
HVAC
Type
Heating and cooling system
Est. cooling load
Heating load (estimated)
Operating hours
Simulation weather data

Building dimensions
Building length = width = height

Single floor built-in area
Therefore 3 floors

Pazzages
South Zone (single floor)
Maorth Zone (single floor)

Mid Zone (single floor)
Therefore TFA (single floor)

Therefare 3 floors TFA

13 mm lightweight plaster/110mm brick/1 10brick13 mm lighteeight plaster
13 mm lightweight plaster/110mm brick{13 mm lightweight plaster

2mm IBR sheet (outermaost)

2mm silver sheet (high reflectivity)
25 m ceiling void (R = 0,18 m* K/W)
A0 mm glass wool

20mm plasterboand (innermaost)

Gmm glass

00538 people/mt
0 people/m*
Office hours
Office_ty pical
20(21C

& 1{s-person

500 e

awm*

Single clear 3 mm
1.0 % 1.5m on steel frame
Drapes, close weave, medium

TE& Fluorescent, surface mounted
8W/m*

Const. air volume sys (centralised)
Electricity

276 kW

252 kW

06:00-18:00h

Gabomone (from Meteo-norm)

Amx20m = 35m

1581 m*
4743 m*

341 m*
44 m*
355 m*
385 m*
1234m*

702 m*

TFA: Treated floor area; Est: estimated.



isolation, they were concerned only with comparison of cooling
demand between emissivity of 0.9 and that of 0.1. The authors
were not interested in comparing similar potions of a poorly
insulated building with a well insulated one, and when thisis done,
a clear anti-insulation behaviour is observed—which went
unnoticed to the authors.

Hamza [37] used APACHE-Sim (IESVE) dynamic simulation
program to compare single skin and double skin facade with
various conditions like clear, tinted and reflective. Where he
compares single reflective with double reflective, peak summer
cooling demand was increased by 28%, which was not explained.
The author explained only the overall annual picture, which
showed a net reduction in cooling energy. Once again signs of anti
insulation behaviour went either unnoticed or simply ignored!

Perhaps most important of all: in the EnergyPlus Engineering
Reference manual [38] (Table 12, rows 1,56 and 7) a simulation
was un on a summer design day and transparent insulation
material (TIM) varied from 0 to 25, 50 and 100 mm on top of a
plastered common brick wall of a 1 zone test box. Cooling energy
increased by 27%, 37% and 45% for 25,50 and 100 mm, respectively.
This was anti-insulation, but the authors concluded thus: “The
results showed that the TIM model performed reasenably well and was
producing results that were within expectations”. The conclusion
covers the whole 22 simulation runs (11 for design summer day
and 11 for design winter day) and does not explain the quoted rows
in isolation. It seems conformance of the winter and part of the
summer simulations overshadowed this behaviour, which was
shown clearly in only 4 simulations out of 22, Anti-insulation
behaviour had once again gone unnoticed or unreported!

In conclusion, it is evident from different simulation tools and
case studies around the world, that the findings of this work are
unlikely to be a software error (EnergyPlus). It seems the reason
why a number of researchers failed to notice anti-insulation
behaviour is because it only works in summer cooling and most of
them are in Europe and North America, where the figures for
winter heating overshadow summer cooling.

2. Experimental Method

Adetailed energy audit [39] was carfed out using state-of-the
art energy auditing equipment. A complementary energy simula
tion work was done to explore alternative designs that are
otherwise impossible under normal audit procedure. A base case
model was constructed, validated and verified against measured
audit and weather data.

O 30

[

(=1

E

=2

=

o

O

g 5

E

e 0
& & w8 & B @ 5 28
ik ek ¢k gbF gk
o= F= é: 2= EE

Quidear_Menh [Audit) = = = « Duidos Dry-Bulb Temp. [Simulation)

Fig. 1. Measurement and verification window identified from 06th-May to 11th-
May (r=0.79).
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Fig. 2. M&V of a non-air conditioned space—2nd floor passage (r=086).

2 1. The simulation process

The physical model was constructed using measurements from
as-built drawings, complemented by site measurements and
observations, Heat gains from equipment were calculated by
dividing installed equipment load by office floor area. Diversity
factors were applied to eguipment that are used for only brief

Fig. 3. Caze study office building showing outside view and typical floor plan



periods of time like tea urns and paper shredders. 9 W/m? was used
in the base case model, which was slightly more than the surveyed
load of 7.9W/m?* from equipment inventory. Similar calculations
were done for lighting heat gains. Inputs into the Designbuilder
software were as shown in Table 1. The sizing of HVAC equipment
and operation schedules were done with the assistance of the
building's mechanical contractor and maintenance engineers.

22 Measurement and verification

The model was validated and it's response to weather verified
against actual energy audit records, in line with the international
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performance measurement and verfication protocol (IPMVP) [40]
and comparable work [41]. A measurement and verification (M&W)
window was identified from 06th-May to 11th-May where outdoor
remperatures as measured during the energy audit corresponded
closed with the simulation weather file (Fig. 1). The same window
was used in M&V to test simulated room temperatures with
recorded ones. Fig. 2 shows a Pearson correlation coefficient (r) of
0.86 in a non-air conditioned room, which is fairly high correlation
given that the M&V window was 0.79. A coefficient of 067 was
recorded for the ceiling void. Air conditioned rooms showed varying
correlation (0.77 and 0.40) because practically air conditioning does
not match cooling requirements as it does in the simulation,
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Fig. 4. Graphical demonstration of the point of thermal inflexion at 15 W internal gains and variable cooling set-point tempemture.



3. Case study

A three-storey office building was used as a case study (Fig. 3
and ref [39]) The physical model finds its origin from a building
housing Botswana's Ministry of Local Government in Gaborone
{capital city). After constructing the base case model, the model
was then significantly modified in search for its point of themal
inflexion.

3.1. Parameter variation

All model parameters were fixed as shown in Table 1, except
equipment gains which were lifted from 9 to 15 W/m?, to fulfil a
previously established hypothesis [1] that high internal loads may
contribute to anti-insulation behaviour in buildings,

Six setsof simulations were done: Set A{22 )}, Set B{24 °C}, Set
€f25°C), Set D{25.5°C), Set E[26°C} and Set F[26.5°C). In a single
set, like Set A, the temperature was fixed at 22 °C and only one
parameter of wall insulation varied from 0 mm extruded poly
styrene (XPS) to 160mm XPS, in each step annual energy
consumption {both heating and cooling) were simulated and
plotted {Fig. 4). This procedure was repeated in all sets.

4. Results and discussions

The aim of this paperwas to point out that there exists a point
where a building switches from pro-insulation to anti-insulation
forwalls, In Fig, 5, going down the left column (Set A-Set C), then
the right column (Set D-Set F), it should be clear that such
behaviour exists, This behaviour happens only to annual cooling
energy and excludes the heating energy curve (dotted) What
causes it, how it behaves, what type of buildings it is confined to,
are all matters of further research. Optimization of insulation
thickness is well understood, but that is not the objective of the
paper.

Taking cognisance of the fact that in cold climates heating
energy is the most dominant {(making cooling energy issues
ignorable) and vice versa for hot climates, one may then think that
since this inflexionery behaviour is seen only in the cooling energy
curve, it is a problem to hot climates where cooling energy is
dominant. There are reasons why people in both the hot and the
cold climates should womry about this cooling curve behaviour on
insulation. It should be remembered that even in cold climate
(heating dominated climates), mid zones in large buildings often
need cooling throughout the year. Combine this with the ever

.
(=]
{

¥ = 0.1288x?- 1.6807x + 5.1285
R®= 0.9998

i
=]

i
o

Faoint of thermal inflexion

1.0 Insulation is GOOD {change over) &t 25.72°C
(positive savings)
0.0 |
18°C 2000 23 24°C 26°C 26°C

Insulation is BAD
{regative savings)

Annual cocling energy savings [Iﬂ.“.l'h.fm2 yT)

L
=}
i

Cooling set-point (°C)

Fig. 5. Point of thermal inflexion as demonstrated by energy savings with 80 mm
HPS insulation

increasing use of office eguipment (which generates heat),
increased use of insulation {which stops the heat from escaping),
modem construction practices that eliminate thermal bridges
(thus stopping heat from escaping), high quality air tightness
(stops heat from escaping), increased use of glass facades (which
lets more of direct solar gains into the building ), urban heat islands
[14] {which result in city centres being hotter than surrounding
climates) and global wamming { which increases the need to cooll
All these examples point in the same direction: that there is likely
to be more heat trapped in buildings and cooling system needed to
exhaust the heat. This means that even countries that are
concerned with heating should not rule out the crisis of them
needing cooling and conseguently facing the problem of insulating
a building that is anti-insulation.

Fig. 5 shows the point of thermal inflexion by way of savings
that change from positive to negative. This occurs at 25,72 °C for
80 mm XP5. Below this temperature, insulation brings positive
savings and after the temperature insulation brings negative
savings, 1.e. insulation is bad.

5. Conclusions

It isa well-established knowledge that the lower the u-value of
awall the lower the annual energy consumption of the heating and
cooling systems. This is not always the case. There is a point where
due to a combination of the cooling set-point temperature and
internal gains, the building switches from “the lower the u-value the
better” to "the higher the u-value the better”, This is a point we have
named “point of thermal inflexion”. Exact characterisation of this
point is a matter of ongoing research.
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