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Abstract: This research demonstrates the feasibility of a roof insulation method for prefabricated
offices that uses vinyl packed timber chips to reduce air conditioning loads (hereinafter referred to
as AC loads) and which also improves indoor thermal comfort. The advantages of the new roof
insulation method were revealed through comparing the impacts of four roof types on prefabricated
offices. The AC load and indoor thermal comfort (surface temperature and air temperature) were
evaluated. The disposal of scrap timber discarded from building construction projects is costing
money, and is also a waste of natural resources. The assessment of a new roof insulation method with
timber chips demonstrates the advanced usage of timber chips, reducing the environmental load in
the building construction process. On the other hand, since prefabricated offices have lower thermal
storage capacities and are less airtight than RC (reinforced concrete) or S (steel) structured buildings,
the AC load consumption and indoor thermal comfort exacerbation in prefabricated offices is more
serious. Especially in summer, a large amount of solar energy absorption from the roof raises the
indoor air temperature and significantly increases the cooling load. This research contributes to the
environmental design for prefabricated offices, and develops a method for the reuse of wood chips.
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1. Introduction

According to the growth of the construction industry, a large amount of scrap timber accrues every
year. It is estimated that more than 2.5 million tons of timber waste is generated in the United Kingdom
each year [1]. In Japan, the scrap timber generated in 2010 was over seven million tons. Most of
the scrap wood used for concrete forms in the construction process are discarded. Carbon fixed by
wood is subsequently released into the atmosphere. Manifold reuse methods increase the recycling
possibility of timber waste. This is an essential consideration for decreasing the environmental load in
the building construction process. Presently, timber chip—formed mulching material and land surface
paving materials are the main methods for timber reuse [1]. However, the high cost of chip bonding
and forming and the limitations for land surface paving lead to inadequate timber recycling. Therefore,
it is necessary to develop new timber chip reuse possibilities.

To meet the energy-saving standards for buildings in Japan [2], buildings should use high thermal
insulation, including roof insulation. In cold climates such as Korea, heat energy saving with roof
insulation is 71% higher than that without roof insulation [3]. There is evidence to suggest that in
a hot climate such as in Riyadh, Saudi Arabia, the surface temperature with roof insulation will be
4.5 ˝C cooler than that of roofs without insulation [4]. Roof insulation could reduce the heat conducted
through the roof structure, and delay the transfer of heat [5]. The optimized insulation material and
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insulation location for flat roofs exposed to sunshine to reduce heat gain were analyzed in a recent
study [6]. This is a significant contribution in the reduction of the cooling load. Furthermore, the
analysis was carried out for several cases on two types of roof insulation (polystyrene and fiberglass)
in two different locations (College Station, Texas, and Minneapolis, Minnesota). The most cost-effective
thermal resistance in polystyrene in both locations was defended [7]. However, because the temporary
office buildings at construction sites are rarely used in winter, very few studies are focusing on the
thermal insulation in prefabricated offices.

Specifically in hot climates, cool roofs reduce urban heat islands and contribute to cooling energy
consumption [8]. Taking the place of absorptive (dark in color) roofs, with reflective (light in color)
roofs for all buildings, the annual electricity savings in 11 US metropolitan statistical areas will be
2.6 terawatt hours (TWh) [9]. It was also demonstrated that in typical Cairo residential buildings,
using a vault roof with high albedo coating shows a decrease of 53% in discomfort hours and saves
826 kWh during the summer season compared to conventional non-insulated flat roofs [10]. In a recent
study [11], the efficiency of high-albedo roof material, hydrophilic porous materials, and green roofs
were discussed.

In this research, we are focusing on building energy consumption reduction, as well as on the
thermal comfort of the indoor environment with stability in temperature changes.

Normally, the roof of prefabricated offices is constructed from steel sheets and refractory
investments. The indoor room air temperature changes rapidly with the amount of sunshine heat
absorption, and it raises the cooling load in the daytime in summer. In the winter, high heat absorption
from the sunshine can raise room temperatures and save the heating load during daytime. Cooling
energy consumption mitigation is the main objective for environmental promotion. Otherwise,
prefabricated offices are usually built as temporary offices or storage. A research study has indicated
that besides saving energy, sustainable building materials should also be low cost, easy to apply,
reusable, and non-polluting [12]. This specific insulation method for prefabricated offices should be
carried out with an acceptable price and should be concise enough to be conducted.

In this paper, a simulation and field measurements were carried out to compare the environmental
functions with the conduction of varied roof styles. We simulated the Air Conditioning (AC)
energy consumption and indoor thermal environment of prefabricated offices with four different
roof insulation methods (Roof 1©: steel sheet; Roof 2©: roof with reflective surface material; Roof 3©:
roof with insulation; Roof 4©: roof with reflective surface materials and insulation). The objectives
of this research were (1) to widen the usage possibility of timber chips, (2) to reduce AC energy
consumption and (3) to increase the indoor thermal comfort of prefabricated offices by demonstrating
the advantages of a new roof insulation style.

2. Methodology

We used THERB (simulation software for the thermal environment of residential buildings) for
this analysis. This is dynamic simulation software that can estimate temperature, humidity, sensible
temperature, and heating/cooling loads for multiple-zone buildings [13–15].

THERB has the following features:

(1) The successive transition method and the trapezoid hold function, which can adjust itself to the
time-discrete domain.

(2) Dimensionless equations which are used to calculate convective heat transfer coefficients for
every part of the unit.

(3) Long-wave and short-wave absorption coefficients which make it possible to simulate the net
absorption of radiant heat and transmitted solar radiation.

(4) A multi-layer window model, which defines the overall transmittance, absorption and reflectance
of solar radiation.

(5) A network airflow model which is used to calculate ventilation quantities.
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2.1. Simulation Model

We selected and simulated three prefabricated office types of normal size. The room areas were
20.88 m2 (Type 1: 4.862 m ˆ 4.295 m ˆ 2.809 m), 40.20 m2 (Type 2: 9.360 m ˆ 4.295 m ˆ 2.809 m) and
57.63 m2 (Type 3: 11.128 m ˆ 5.179 m ˆ 2.809 m). The long sides faced south and north; the entrance
was on the east exterior wall.

Figure 1 shows the plans and sections of three prefabricated office types. In this paper, we
simulated roof-insulated prefabricated offices with 10-cm-thick wood chips on the roofs. The insulation
effects on heating and cooling loads in the winter and summer were analyzed. Weather data for the
simulation was derived from Expanded AMeDAS Weather Data [16]. We investigate the AC usage
during the official working hours (from 9 a.m. to 5 p.m.).
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Figure 1. Three office types.

2.2. Details of Inner Heating and Materials for Simulation

Details of the internal heat generation, materials, solar absorption and long-wave radiation are
shown in Tables 1–3 [17]. The materials of each construct component are ordered from outside to
inside in Table 3.

Table 1. Details of the internal heat generation.

Room Area Officer No. Person Heat Lights Heat OA Heat Inter Heat
(m2) (Person) (W) (W) (W) (W)

Type 1 20.88 3 216 522 731 1469
Type 2 40.20 5 360 1005 1407 2772
Type 3 57.63 7 504 1441 2017 3962

Person Heat: 72 W/Person (Siting), Light Heat: 25 W/ m2, OA Heat: 35 W/m2.
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Table 2. Details of solar absorption and long-wave radiation.

Inner Surface Outside Surface

Solar
Absorption

Longwave
Radiation

Solar
Absorption

Longwave
Radiation

Roof 1© Steel Sheet 0.80 0.90 0.60 0.20
Roof 2© Heat barrier painting 0.80 0.90 0.08 0.99
Roof 3© Wooden chips 0.80 0.90 0.80 0.65
Roof 4© Packed wooden chips 0.80 0.90 0.30 0.90

Walls 0.60 0.90 0.40 0.95
Flooring 0.65 0.90 - -

Table 3. Details of materials.

Components Materials
Thickness Thermal

Conductivity
Specific of

Heat
Specific of

Weight
(mm) (W/m¨ K) (J/kg¨ K) (kg/m3)

Roof

Steel
Sheet

Steel Sheet 0.6 45 462.4 8160
Refractory Investment 5 0.038 840 1.2

Insulated
Wooden Chips 100 0.071 800 138

Steel Sheet 0.6 45 462.4 8160
Refractory Investment 5 0.038 840 1.2

Walls
Steel Sheet 0.5 45 462.4 8160

Polurethane Foam 30 0.028 1470 28
Plyboard 10 0.22 870 700

Flooring Concrete 100 1.6 840 2200

2.3. Details of the Materials for Actual Measurement

Figure 2 shows the image of the wooden chips that were constructed on the building roofs for the
actual measurements. White vinyl material is used to pack the wooden chips.

The coating material ATTSU-9 [Si] from Nipponpaint Industrial Coatings Co., Ltd (Tokyo, Japan)
is selected for the reflective coating. ATTSU-9 [Si] is a silicone-acrylic resin coating, the service life
span is seven to 10 years, and the thermal reflectivity is around 0.8 [18].
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3. Results of Simulation

3.1. Annual AC Load of Normal Prefabricated Office

The thermal capacity of prefabricated office structure frames is obviously lower than that of
Reinforced concrete (RC) or Steel (S) buildings [19–21]. Due to the specific situation of prefabricated
offices, outside air temperature manifests a negative effect on the indoor environment. Without any



Sustainability 2016, 8, 587 5 of 12

insulation on the steel sheet roof, there will be significant increases in solar absorption rates, notably
shifting the indoor temperature. The environmental conditions of normal prefabricated offices are
revealed in this section.

Figure 3 shows the monthly AC loads of three building types. The AC loads of April and
November are lower than the other months and the AC load of August is the highest month in the
whole year. Comparing the three types of prefabricated offices, it is obvious that if the indoor floor
area is bigger, the AC load per square meter will be lower. This could be explained by less influence
from the outside air temperature on bigger rooms. The highest monthly AC load that occurs in August
is reaches up to twice the lowest monthly AC load in January.
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Figure 4 shows the comparison between the heating load and cooling load. Normally, in RC-
or S-structured buildings, heating loads in the winter are about three times the cooling load in the
summer [16]. Conversely, the cooling load of the steel sheet roof prefabricated offices is about five times
the heating load. This is because the high heat absorption raises the indoor temperature, reducing the
heating load in the winter and raising the cooling load in the summer. Consequently, in contrast to
other building styles, cooling loads and the thermal comfort of prefabricated offices in the summer are
critical issues for environmental design.
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3.2. The Effect of Roof Insulation

3.2.1. About the AC Load Reduction

Figure 5 shows the monthly comparison between steel sheet roofs and roof-insulated prefabricated
offices. Similar results could be observed in the three office types. The AC loads from the steel sheet
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roof prefabricated offices were higher than those of the roof-insulated ones between April and October.
In the winter the difference between the buildings with and without reflective roof pigments in March
was the most significant. The ratio of increased monthly heating loads due to roof reflective pigment in
March is 52.9% (Type 1) to 57.5% (Type 3). In the summer the biggest cooling load difference between
buildings with and without roof reflective pigment was observed in May. The ratio of reduced monthly
cooling loads due to roof reflective pigment was 81.2% (Type 1) to 83.3% (Type 3).
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With roof insulation, the AC loads of prefabricated offices were reduced in the winter and summer.
In the winter, the differences between buildings with and without roof insulation in January were the
most significant. The ratio of decreased monthly heating loads due to roof insulation in January was
39.5% (Type 1) to 45.9% (Type 3). In the summer, the biggest cooling load difference between buildings
with and without roof insulation was observed in August. The ratio of reduced monthly cooling loads
due to roof insulation is 29.3% (Type 1) to 33.4% (Type 3).

With the reflective insulation roof, the AC load of prefabricated offices was lower than that of
Roof 1, both in the winter and summer. In the winter, the difference in the roof without reflective
insulation is the biggest in January. The ratio of decreased monthly heating loads due to roof reflective
insulation in January was 35.5% (Type 1) to 41.5% (Type 3). In summer, the biggest cooling load
difference between the buildings with and without roof reflective insulation was observed in August.
The ratio of reduced monthly cooling loads due to roof reflective insulation was 33.7% (Type 1) to
38.1% (Type 3).

Figure 6 shows the annual AC loads of prefabricated offices with four roof insulation types.
Compared to normal prefabricated offices with Roof 1, the annual heating load will increase by 45.4%
(Type 1) to 50.4% (Type 3) with Roof 2, decrease by 39.5% (Type 1) to 44.5% (Type 3) with Roof 3,
and decrease by 34.1% (Type 1) to 39.3% (Type 3) with Roof 4. Compared to normal prefabricated
offices with Roof 1, annual cooling loads will decrease by 50.0% (Type 1) to 52.5% (Type 3) with Roof 2,
decrease by 30.3% (Type 1) to 34.0% (Type 3) with Roof 3, and decrease by 36.6% (Type 1) to 40.7%
(Type 3) with Roof 4. Compared to normal prefabricated offices with Roof 1, annual AC loads will
decrease by 27.7% (Type 1) to 31.1% (Type 3) with Roof 2, decrease by 31.8% (Type 1) to 35.4% (Type 3)
with Roof 3, and decrease by 36.2% (Type 1) to 40.5% (Type 3) with Roof 4.
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3.2.2. About the Thermal Comfort

Two days in winter (5–6 February, in Figure 7) and two days in summer (15–16 August, in Figure 8)
were chosen for further investigation.
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As shown in Figure 7, in the conduction of roof 2©, with the effect of the reflective coating, the roof
surface temperature was decreased by more than 1 ˝C and the indoor air temperature was decreased
by 4 ˝C. This could be explained by the solar absorption reduction during the daytime; the significant
amount of solar absorption leads to the increase of the diurnal heating energy consumption. Even in
the case of a sunny day (6 February), the diurnal indoor air temperature could not reach up to 20 ˝C
without a heater. Meanwhile, in the conduction of roof 3©, with the effect of insulation, temperatures
of the roof surface and indoor air rose notably during the daytime. The temperatures increased over
20 ˝C after 11 a.m. That means that indoor thermal comfort could be achieved without using the heater.
However, when using roof 4© for satisfying the indoor thermal comfort, the heater had to be turned on
at 1 p.m. This is because the insulation could preserve the inside heat, providing positive effects on
saving heating energy, and the reflective coating reduced the solar energy absorption, contributing
a negative influence on the heating energy saving. By using the reflective coating, on the cloudy day
(5 February), the surface temperature with roof 4© was 0.1 ˝C lower than that with roof 3©, and this
temperature difference rose up to 1 ˝C on the sunny day (6 February).

During the nighttime, without using the heater in the prefabricated offices, in the office with
conducting roof 1©, the indoor air temperature dropped close to the outdoor air temperature. This could
be considered as the predominant factor in the increase of the heat load in the morning when the heater
was turned on (9 a.m.). Between 5 a.m. and 9 a.m. on 6 February, the surface temperature of roof 1©
was lower than the outdoor air temperature. This could be explained by the long-wave heat release
from the steel roof material. Using roof 3©, the nocturnal roof surface temperature and the indoor air
temperature averaged 1 to 2 ˝C higher than that of using roof 1©. In the room with conducting roof 2©,
the nocturnal temperature of the roof surface and the indoor air was almost the same and more than
2 ˝C higher than the outdoor air temperature.

In the comparison between the heating energy consumption of various roof styles in these two
days, the heating load of the prefabricated offices with roof 2© (11.5 kJ/m2) was 40.2% higher than that
of roof 1© (6.9 kJ/m2). The heating load of prefabricated offices with roof 3© (4.5 kJ/m2) was 34.3%
lower than that of roof 4© (4.9 kJ/m2), which was 29.0% lower than that of roof 1©.

In the results of the two days in the summer (Figure 8), the roof surface temperatures of the
prefabricated offices with roof 1© were roughly 2 ˝C higher than the outdoor air temperature. It was
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higher than that of the other three roof styles. The surface temperature of roof 3© was more than 2 ˝C
lower than that of roof 2©, which was about 1 ˝C lower than the outdoor air temperature. The surface
temperature of roof 4© was about 0.5 ˝C lower than that of roof 3©. Cool roofs lead to a cooling load
reduction and satisfying thermal comfort in summer. A notable efficiency for achieving cool roofs by
using roof 4© was observed.

During the night, the roof surfaces and indoor air temperatures of prefabricated offices with
roof 2© dropped under 25 ˝C, while those of roof 1© were about 26 ˝C. Indoor air temperatures using
roof 3© were over 26 ˝C, higher than that of the other three roof types. Indoor air temperatures
increased rapidly from 8 a.m., with the effects from the outdoor air and solar energy absorption.
The rate of increase using roof 2© was lower than that of the other three roof types.

Comparing the cooling energy consumption between the various roof styles in these two days,
the cooling load of prefabricated offices with roof 2© (13.9 kJ/m2) was 36.8% lower than that of roof 3©
(30.1 kJ/m2), 30.1% lower than that of roof 4© (14.5 kJ/m2) and 34.1% lower than that of roof 1©
(22.0 kJ/m2).

4. Results of Actual Measurement

Actual measurements were carried out Kitakyushu, Japan. We compared three experimental
prefabricated buildings with varied roof conduction types (roof 1©, roof 2©, and roof 4©). The three
experimental prefabricated buildings were built with the same materials and the same construction.
However, AC was not conducted in the buildings. Therefore, this comparison could reflect the effects
of different roof performances on the indoor air temperature without any other interference.

Figure 9 shows the comparison of the indoor air and ceiling surface temperatures on a typical
winter day (7 January.). Without using the AC, the solar energy absorption from the roof and walls was
the only heat source used to heat up the prefabricated building during the daytime. Roof insulation
reduced the solar heat conduction. This is the reason that the ceiling temperature with roof 4© was
lower than that of buildings with roofs 1© and 2©. This phenomenon was also observed in the daytime
of 6 February in the simulation (Figure 6). Meanwhile, at nighttime, insulated roofs helped to maintain
the indoor temperature. This leads to a higher indoor air temperature with roof 4© than with roof 1©
and 2©.
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Figure 10 shows the comparison results on a typical summer day (11 August). The indoor air
temperature with roof 2© was higher than that with roof 4© in the morning, and it turned out to be the
opposite after 1 p.m. The indoor air temperature of prefabricated buildings with roof 4© was higher
than that of roof 2© until the night. This could also explain why roof 4© had a higher cooling load than
roof 2© as observed in Figure 8.Sustainability 2016, 8, 587  10 of 12 
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5. Conclusions

As the result of this simulation study using the reflective pigment conducted roof, the annual
AC load was reduced by 29.6% with roof insulation and the annual AC load was reduced by 33.9%,
while the white vinyl packed timber chip insulation on the roof reduced 40.5% of annual the AC load.
A distinct advantage of energy saving with the new roof insulation style was demonstrated.

(1) In prefabricated offices with reflective-coated roofs (roof 2©), the solar energy absorption was
significantly reduced. During the summer, the diurnal indoor air temperature increase was
mitigated. Because of the small heat capacity without insulation, the indoor heat could be readily
cooled down. Conversely, in winter, because of the significant impacts from the outdoor air and
low solar energy absorption, it took more time and energy to heat up the whole office.

(2) In prefabricated offices with insulated roofs (roof 3©), temperature differences between the indoor
air and the interior roof surface were smaller than those of the steel sheet roof prefabricated
offices, resulting in an extreme annual AC load reduction of 84.8 kWh/m2 (roof 3©).

(3) With the new roof style that we provided (roof 4©), the heating load in winter was slightly
higher than it was in the insulated roof (roof 3©) prefabricated offices and the cooling load in the
summer was obviously low. The annual AC load reduction was 10.9% (roof 3©) compared to the
reflective-coated roof (roof 2©) which was 7.8% (roof 3©) lower than that of the insulated roof
(roof 3©) prefabricated offices.

In this paper, we provided a new roof insulation style with vinyl packed roof insulation using
wood chips and compared and discussed the AC load consumption characteristics and indoor thermal
comfort in prefabricated offices with other three roof styles. As a new energy-saving contracture
method, it is straightforward to conduct and has a low monetary cost. Most of all, this is a new
possibility for reusing disposed timber that has been discarded from the building construction industry.
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We suggest the use of roof insulation on prefabricated offices to reduce the effect of high solar heat
absorption and verify the advantage of this new roof insulation method. Overall, this research
contributes to prefabricated office environmental design and the development of the possibility of
reusing wood chips.

Additionally, this research demonstrated the possibility and the environmental performance of
roof insulation using vinyl packed wood chips though we did not investigate the economic efficiency.
The economic cost of this new roof insulation style includes the cost of wood chipping, the manpower
for packing and conducting, and the transportation expenses. The balance between the environmental
performance and the economic efficiency is a critical issue for the popularizing of new technology, and
with these considerations, this should be discussed in the future research.
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