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According to the container recycling institute, nearly a million plastic 
beverage bottles are sold every minute around the world. Plastic bottles 
are considered as an urban junk, however, it has shape characteristics 
which make them usable in construction in lieu of conventional bricks. 
This research promotes the use of recycled plastic bottles as eco-bricks by 
substituting it with the typical construction bricks. It evaluates the thermal 
performance of sand filled plastic bottle-walls in a comparative analysis 
with traditional composite brick walls. The thermal performance of the 
plastic bottle walls was evaluated through COMSOL® Multi-physics and 
the results are noted. 
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1. Introduction

According to Plastic Europe [1], plastic is a material 
that is essential is several industries. Plastic consumption 
has increased from 200 million tons/year in 2002 to 322 
million tons in 2015 and is expected to reach 485 million 
tons in 2030 [1]. Plastic is a harmful material for the envi-
ronment as it is considered non-biodegradable waste that 
causes levels of pollution as a result of its long-lasting 
existence to reach insolubility which is almost 300 years. 
Carbon monoxide and black smoke are primary causes 
of toxic pollution as a result of open burning of plastic, 
therefore, it is considered one of the primary environ-

mental pollutants on the plant [2]. As shown in Figure (1), 
in the USA, the largest plastic disposing technique since 
1960 was the landfilling technique followed with the 
combustion with energy recovery and then a small por-
tion of plastic compared to the proportion of produced 
ones has been recycled. Due to the form and flexible 
nature of plastic bottles, an accumulation of it could re-
quire high storage areas and accordingly it assumes large 
spaces of sanitary landfill. Some plastic wastes were 
dumped into the shoreline or ocean up to 12.7 million 
metric tons in 2010 [3-4] and consequently affected the 
marine organisms [5].
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Figure 1. Different plastic waste management techniques 
in USA from 1960-2017 [12]

Accordingly, the reduction of plastic wastes, or plastic 
recycling, is the only option to reduce the environmental 
impacts caused by the prolonged impact of plastic waste. 
Plastic wastes were utilized through recycling and energy 
recovery (around 48-69%) in 2006 to 2014 [1]. In develop-
ing countries, the industry and rate of waste recycling is 
relatively low. Much of the problem lies in the improper 
waste management, collection practices and methods of 
plastic waste separation. In addition, much of the avail-
able techniques contribute to additional wastewater and 
air pollution and a substantial increase in the associated 
emissions from burning and transport. Hence, the best 
solution is reusing for which no additional addition to 
that, recycling needs additional energy to treat the materi-
als for producing something usable and also, the process 
of recycling energy is required and does not contribute to 
pollution. Using filled plastic bottle in construction is one 
of the beneficial forms of plastic reusing. Plastic espe-
cially PET (polyethylene terephthalate) bottles, is a very 
difficult and costly process [6-9]. Moreover, the cost of con-
struction using filled plastic bottles is lower than that of 
using conventional materials like brick. In addition, using 
local earth materials like local unprocessed sand ensures 
better thermal performance. Hence, the idea of using plas-
tic wastes as a building material originated. The first bottle 
house was built using 10000 glass beer bottles by Wiliam 
F. peck in 1902 in Tonopha, Navada [10]. Afterwards, the 
newest building concepts have been using plastic bottles 
instead of glass in house construction. This idea of using 
plastic bottles in construction later grew because of the 
cost-efficient construction method especially in third-
world countries, and the variety of solutions it provides 
utilizing the indecomposable plastic bottles. The first plas-
tic bottles house in Africa was constructed in the village 
of Yelwa in Nigeria by Andreas Forese as shown in Figure 
2. Forese used the plastic bottles instead of bricks, bound 
the bottles together with string and at the end applied the 

plaster [11]. Despite that building walls with plastic bottles 
instead of typical construction materials have been widely 
used in the past with success, both the industry and re-
search focused on the investigation of the structural and 
thermal response of the plastic bottles were not taken seri-
ously until couple of years ago.

Figure 2. The first two-bedroom bungalow made of en-
tirely sand filled plastic bottles

A research study in 2015 focused on examining the 
thermal and structural response of walls using a compar-
ative study of dry sand, saturated sand and empty plastic 
bottles. Brick work made of PET pieces were subjected to 
unconfined compressive stacking employing a compression 
machine of 3000 kN capacity and of an accuracy of 0.10 
kN and after that the stacking was connected on the square 
in a way of the bottles laying evenly and subjected to a uni-
form compression mode, which simulates the way they are 
utilized in different wall typologies. In addition, the thermal 
examination was done by reenacting the simulated models 
of the three brick work squares on ECOTECT computer 
program. The results show that the impact of the infill fab-
ric on the bulk unit weight and the compressive quality of 
the plastic bottle stone work pieces appeared slight effect of 
the utilized infill fabric on the quality. The gross strength of 
plastic bottles (670 kN/m2) is much less than the traditional 
blocks (3670 kN/m2), but the resulting data showed that the 
blocks of air-filled plastic bottles can still be used as suit-
able construction units for partition walls or as load-bearing 
walls for roof slab types. Thermally, plastic air-filled bottles 
show more improved thermal insulation characteristics than 
the traditional masonry construction, which could work as a 
thermal insulation material [13].

A similar study in Malaysia was published in which a 
comparison was performed between plastic bottle walls 
filled with brick and sand filled bottle walls. The strength 
of the walls filled with brick was three times stronger 
more than the sand filled bottle walls. However, the sand 
filled bottle wall system had an acceptable strength as 
it passed minimum permissible strength of Public Work 
Department (PWD) Standard Specification for Build-
ing Works (2008). Hence, the plastic bottle bricks had 
the capability to replace standard bricks in Malaysia’s 
buildings in condition of thermal comfort [14]. A similar 
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study focused on the thermal performance of sand filled 
plastic bottle walls was performed in Egypt, in which the 
researchers compared the traditional bricks and building 
with plastic bottle blocks utilizing energy simulation soft-
ware on two sample rooms fitted with both materials. On-
site measurements for energy performance of the rooms 
were also taken. The results showed that the average tem-
perature in brick room was higher than in the plastic bot-
tles room. However, the relative humidity was higher in 
plastic bottles room [15]. Similar studies were performed in 
several other developing countries like Bangladesh, India 
and other Arabic countries. However, from the literature 
review, it is apparent that the thermal evaluation and its 
comparative performance against conventional wall typol-
ogies used in these counties is still not well investigated 
and was not focused on especially in developed countries 
which are the largest countries producing plastic wastes. 
The purpose of this research is to study the thermal per-
formance of typical plastic bottles provided in the market 
as a municipal waste used in buildings in terms of calcu-
lating the thermal transmittance different material walls. 
It also intends to compare the characteristics of brick as a 
construction material with the bottle panels. The paper is 
organized as follows: Section 1 provides an introduction 
to the current research point and previews its importance. 
Section 2 describes in detail, the different wall systems we 
investigated.  Section 3 discusses the results. 

2. Materials and Methods

2.1 Typical “Conventional” Built Walls  

Brick is a building material used to make walls, hard 
road surfaces and other elements in masonry construction. 
Usually, the term brick referred to a unit composed of 
clay, but it is now used to represent rectangular units made 
of clay-bearing soil, sand, and lime, or concrete materials. 
Brick has been used a lot in construction in the Middle 
East area and especially in Egypt. In our work, three walls 
representing the typical walls used in the Middle East area 
and Egypt were built and simulated on COMSOL [16] with 
the following specifications:

(1) Wall (T1): 2.5 cm Plaster layer + 20 cm Brick layer 
+ 5 cm Extruded polystyrene insulation layer2.5 cm + 1.3 
Plaster Gypsum Wall Board (GWB) and Paint layer. 

(2) Wall (T2): 2.5 cm Plaster layer + 20 cm Brick layer 
+ 2.5 cm Plaster layer.

(3) Wall (T3): 2.5 cm Plaster layer + 10 cm Brick layer 
+ 2.5 cm.

2.2 Plastic Bottles Wall 

Building construction with plastic bottles is a low-cost 

and eco-friendly technique. The huge amount of packag-
ing and plastic bottles is unlimited today and they com-
prise a large portion of the country waste which lead even-
tually to an increase in the greenhouse gasses worldwide. 
The reuse of plastic bottles is a more efficient solution 
than recycling. Nowadays, plastic bottles, can be utilized 
as a building block unit utilizing the plastic enclosure 
and sand fill to provide a building construction wall unit 
similar to bricks for small scale construction. Since walls 
built by bottles are lighter than the walls built by brick 
and block, this in turn, allow walls made of plastic bottles 
to be of a good response against earthquake activity. Due 
to the compaction of sand fill plastic bottles, the resis-
tance of each bottle against the load is 20 times higher 
compared to brick. Since the plastic bottles are not fragile, 
they can be flexible and can tolerate sudden compressive 
loads without failure. This characteristic can also increase 
the building’s bearing capacity against earthquakes. PET 
Bottles can be configured and joined to each other by sev-
eral bonding techniques using a fish net or any equivalent 
tension and bracing technique. PET Bottles can be put in a 
vertical or horizontal configuration as illustrated in Figure 
3. In our model, we used a vertical configuration as shown 
in Figures 4 were the bottles are plastered with mortar on 
each side. We performed our simulations by using two 
different volumes of water PET bottles; 0.75 L denoted 
as S-B wall and 1.5 L denoted as L-B wall and Figure 5 
illustrates the dimension of both bottles.

Figure 3. Different bottle walls built in developing coun-
tries with various bottle configurations

(a)                                                      (b)

Figure 4. Illustration of a Cross-section of a plastic bottle 
wall: (a) Plastic Bottles (b) Plastic Bottles in Mortar layer

DOI: https://doi.org/10.30564/jcr.v2i1.2653
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Figure 5. Dimensions of two water PET bottles used in 
our study

2.3 Simulation Model

COMSOL Multi-physics® is a cross-platform for 
finite element solver, analysis, and multi-physics simu-
lations. It also allows conventional physics-based user 
interfaces and coupled systems of partial differential 
equations (PDEs). Heat flow and temperatures through 
our different walls system were measured and analyzed 
using COMSOL. COMSOL has been extensively used for 
studying several and different building related problems 
[17-19]; numerical results can be validated by comparison 
with various control systems such as thermo-flow meters, 
guarded hot boxes (as in the case under current analysis), 
and thermo-graphic techniques. The model on COMSOL 
is governed by three basic heat transfer equations. The 
heat transfers through solids, heat transfer by convection 
and the equation controlling the boundaries of the sample 
under adiabatic condition. 

Heat equation of state: 

ρC ρC u T q QP P
∂
∂
T
t
+ ∇ = ∇ +. .  (1)

Fourier’s law of heat conduction: 

q kA ΔT= −     (2)

Newton’s law of cooling controlling the hot and cold 
sides of the specimen’s:

q h T T= −( ) ext  (3)

Adiabatic condition controlling through wall’s bound-
aries: 

− =n q. 0  (4)

Where; q: Density of heat flow rate or heat flux (W/m2), 
ρ: Density (Kg/m3), Cp: Specific heat at constant pressure 
(J/kg K), k: Thermal conductivity [W/(m K)] and T: Tem-
perature [K]. Figures 6 & 7 show the three typical walls 
& the two plastic walls system modeled in COMSOL; 
respectively. Table 1 illustrates the thermal and physical 
properties of the Brick, Concrete plaster, EPS and Gyp-
sum wall board simulated in COMSOL. Table 2 illustrates 
the properties of Sand, PET and Plaster used to model the 
two different plastic bottle walls.  

Table 1. Typical walls components specifications simulat-
ed in COMSOL

Material type Brick Concrete plas-
ter

Extruded-Poly-
styrene board 

(EPS)

Gypsum wall 
board

Density (kg/m3) 2000 2300 34 574
Thermal con-
ductivity(W/

mK)
0.5 1.8 0.041 0.28

Heat capacity (J/
kg.K) 900 880 1450 1100

Table 2. Plastic bottle walls components specifications 
simulated in COMSOL

Material type Sand Concrete plaster PET
Densit (kg/m3) 1602 2400 1380

Thermal conductivity(W/mK) 2 1.8 0.4
Heat capacity(J/kg.K) 800 880 1030

Figure 6. Illustration of typical wall systems used in 
Egypt residential construction in COMSOL: (a) Wall (), (b) 

Wall (), (c) Wall ()

Figure 7. Illustration of two plastic bottle wall systems 
modeled in COMSOL: (a) Large bottle system; L-B wall, 

(b) Small bottle system; S-B wall

DOI: https://doi.org/10.30564/jcr.v2i1.2653
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3. Results

Protection from weather is a fundamental function of 
any building where mainly heat is lost and is also gained 
through the building envelope, i.e. walls, floors, doors, 
windows, ventilation and roofs. Consequently, it is 
important to study the thermal performance of the indi-
vidual materials used in the construction of the building 
envelope and their resultant effect on thermal perfor-
mance of the whole building. Heat flow can be measured 
and expressed, as “U‐value” or “Thermal transmittance 
co‐efficient”. Thermal transmittance or the U-value, is 
the rate of transfer of heat through a structure divided 
by the difference in temperature across that structure. 
The U-value measures how effective a material is an in-
sulator. In other words, U‐values are generally used to 
describe the thermal performance of building elements, 
and also form part of the base data used to assess the 
energy performance of whole buildings. The U value is 
the reciprocal of the R-value, so it is calculated by the 
following equations: 

∅ = A U ΔT .   (5)

∴ =U
A ΔT. 
∅    (6)

Where; ∅ : heat flux (W), A: area of the specimen 
(m2), U:  thermal transmittance and : temperature dif-
ferent between both sides of the specimen. Another 
important property that influences the thermal perfor-
mance of building envelopes is the “Thermal mass”. 
Thermal mass is a property of the mass of a building 
which enables it to store heat, providing "inertia" against 
temperature fluctuations. Scientifically, thermal mass 
is equivalent to thermal capacitance or heat capacity, 
the ability of a body to store thermal energy. Therefore, 
concrete actually acts as a conductor of thermal energy 
and when it has a high thermal mass, it actually conducts 
thermal energy slower. The thermal energy transferred 
can be expressed as follows:

Q mC ΔT= P    (7)

Where; “Q” is the thermal energy transferred,   “m”  is 
the mass of the body, “Cp” is the isobaric specific heat ca-
pacity  and ΔT is the change in temperature.

C mCth P=          (8)

Where; “Cth” is the thermal mass of the body. 

Figure 8. Illustration of temperature gradient on wall T1 
exposed to air flux of temperature 40℃  and internal air 

flux of temperature 30℃

Figure 9. Illustration of temperature gradient on wall T2 
exposed to air flux of temperature 40℃ and internal air 

flux of temperature 30℃

Figure 10. Illustration of temperature gradient on wall T3 
exposed to air flux of temperature 40℃ and internal air 

flux of temperature 30℃

DOI: https://doi.org/10.30564/jcr.v2i1.2653
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Figure 11. Illustration of temperature gradient on L-B 
wall exposed to air flux of temperature 40℃ and internal 

air flux of temperature 30℃ .

Figure 12. Illustration of temperature gradient on sand 
in L-B wall exposed to air flux of temperature 40℃ and 

internal air flux of temperature 30℃

Figure 13. Illustration of temperature gradient on S-B 
wall exposed to air flux of temperature 40℃ and internal 

air flux of temperature 30℃

Figure 14. Illustration of temperature gradient on sand 
in S-B wall exposed to air flux of temperature 40℃ and 

internal air flux of temperature 30℃

Figures from 8 to 14 illustrates the temperature gradi-
ents in the five different wall system when exposed to hot 
air flux of 40℃ and cold air flux of 30℃ . Upon inves-
tigating the U-value of the five walls, results previewed 
that using conventional building materials with insulating 
layers as gypsum boards and XPS layers provide the bet-
ter thermal insulation to buildings because of its high ther-
mal mass of brick in addition to the excellent insulating 
characteristics of Gypsum board and XPS. However, sand 
contained in large plastic bottles showed a close thermal 
performance to Wall (T2) and a better thermal transmit-
tance than Wall (T3). Small plastic bottle wall system 
showed the least insulation properties upon the other 4 
walls. Table 3 illustrates the U-values of the five walls. 

Table 3. U-value of the five wall samples

Property Wall (T1) Wall (T2) Wall (T3) L-B Wall S-B Wall

U-value 0.55585 1.957 3.2156 2.645 3.461

Respectively, upon increasing the outside’s walls tem-
perature from room temperature (25 °C) to (45 °C) gradu-
ally, the internal wall temperature of Wall () had the most 
stable temperature among the other four walls. While the 
large plastic wall system provided a cool internal wall 
temperature, but the outside wall temperature was highly 
affected by the external environmental temperature as 
shown in Figure 15. 

DOI: https://doi.org/10.30564/jcr.v2i1.2653
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Figure 15. The change of the internal wall temperature 
due to the change of the outside ambient air temperature

4. Conclusion

Using Plastic bottles in construction has proved good 
thermal performance characteristics. Plastic bottle walls 
can replace brick walls as they are good insulators espe-
cially when using large bottles instead of small bottles to 
increase the thermal mass of the wall and still, they pro-
vide acceptable structural properties. Using large plastic 
bottles showed better thermal performance than brick wall 
type  and a close performance to brick wall type  The flex-
ibility of using different glass bottle sizes and typologies, 
the workmanship challenges, and structural performance 
as a wall filler vs. a structural load bearing wall are yet is-
sues that require further consideration. Based on the ther-
mal performance alone, the PET bottle walls can replace 
traditional brick walls especially the traditional typologies 
formed of clay fired brick and plaster.
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rier transform infrared. The obtained results showed that both magnesite 
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increased amount of lizardite in the initial mixtures enhanced mechani-
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cially ceramic industry.
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1. Introduction

In the face of ever-increasing developments and 
numerous innovations in the ceramic industry, includ-
ing refractories, the field of mass-market ceramics, in 
which the wide variety of pyroprotection applications 
in industry requires a wide diversity of ceramic materi-
al supplies. In fact, many of these materials have been 
developed specifically to meet the operating conditions 
of a particular process. The characteristic properties of 
each ceramic class depend on both the raw material used 
and the manufacturing methods of the ceramic products 

[1-8]. The type of ceramic to be used is often dictated by 
the conditions prevailing in the area of application. In 
the high temperature range, some refractory metal alloys 
can be used, but their use remains limited below 1000°C. 
Beyond that, only refractory materials are thermally and 
mechanically resistant [9].

Today, silica-alumina ceramics are widely used 
for lining furnaces (refractories), tiles, bricks, ladles, 
glass tank controllers and secondary refining vessels in 
ferrous and non-ferrous metallurgy, due to their high 
degree of refractoriness, high thermal shock resistance 
and excellent slag resistance [10-11]. At the same time, 
basic refractories can also be used in various fields as 
excellent robust material, resistant to heat and electric-
ity, as well as good heat conductor [12]. To date, several 
research projects have been devoted to the recovery 
of materials in the field of ceramics, in particular the 
development and characterization of basic refractory 
ceramics due to their high refractory quality and their 
resistance to erosion and corrosion of metals and ox-
ides [13-23]. 

Due to the growing concern about the economy and 
the recovery of the basic ceramic industry in Morocco, 
it is becoming imperative and crucial to look for new 
raw materials containing magnesium. However, the main 
focus of discussion only to use three essential minerals 
forming the rocks: Magnesite, dolomite and lizardite 
situated in the Rif of Morocco, and which has other sec-
ondary materials: perlite, halloysite, diatomite, bentonite 
and red clays [24-25].

However, detailed studies on Moroccan lizardite-based 
ceramics are missing. Thus, the present study has been 
carried out to evaluate the potential use of abundant raw 
materials from Morocco (i.e., lizardite, magnesite and do-
lomite) for the preparation of a forsterite-monticellite rich 
ceramics with the required technical specifications (i.e., 
high mechanical performances). 

2. Materials and Methods

2.1 Collection and Preparation of the Raw Sam-
ples 

The ultrabasic Beni Bousra massif in the Inner Rif 
(Morocco) is one of the most important peridotite mas-
sifs in the western Mediterranean area. It contains useful 
geomaterials that can be valorized for ceramic industry. 
For the purpose of the current study, a lizarditeic clay 
rich peridotite, dolomite and magnesite samples were 
collected in the Beni Bousra massif (internal Rif, Moroc-
co) belonging to the Tafidest area to the south-western 
edge of the Tetouan city (about 103 km SW) (Figure 1). 
Peridotite from Beni Bousra is an ultrabasic rock which 
outcrops on the surface in the internal domain of the Rif 
Alpine range. Peridotite is a plutonic rock of very deep 
origin (upper mantle) and whose rise and establishment 
in the crust occur in the context of the retreat of the 
Alpine subduction towards the South and West during 
the Oligo-Miocene. The peridotite shows towards the 
center of the massif a fresh aspect where the rock is 
bottle-green in color and composed of rounded grains 
of green olivine distributed over a black background 
composed of ferro-magnesian minerals (pyroxene, amp-
bhibole and biotite) (Figure 2.A). Towards the edge of 
the massif and along the fractures, the rock becomes 
weathered and friable (Figure 2.B). Microscopic obser-
vation of peridotite shows that olivines and pyroxenes 
are often cut into fragments (brecciated) and altered into 
serpentine (antigorite and lizardite). In friable peridotite, 
there are no longer any primary minerals (olivine and 
pyroxene); most of the rock is serpentinized.

Magnesite and dolomite were collected from the coor-
dinates N35°13'11.5'' W004° 43'49.1'' while lizardite clay 
deposits come from N35° 16'42,9'' W004° 51'41.82''). 
Prior to the different analyses, the collected natural raw 
materials were hand crushed using a stainless steel mortar 
and pestle, sieved and a grain size of less than 500 µm 
was reclaimed and stored in plastic bottles. Further grind-
ing was undertaken when necessary to prepare subsam-
ples for subsequent physico-chemical characterization and 
ceramic specimen preparation.
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Figure 1. A: Situation of Morocco on the scale of Africa- 
B: Geological map of the Rif - C: Structural diagram of 

the environment of the ultrabasic peridotite massif of Beni 
Bousra with sampling location [26]

Figure 2. Macroscopic appearance of Beni Bousra’s peri-
dotite

2.2 Chemical and Mineralogical Analyses

Chemical compositions of the powdered and pressed 
samples from the ultrabasic Beni Bousera massif (Moroc-
co) was determined by using a fluorescence spectrometer 
type ‘SPECTRO’ (AMETEC company, MOROCCO). 
XRD analysis was performed on using PANalytical XPert 
Pro diffractometer equipped with Cu kα radiation (Kα1 = 
1.5406 Å, 45 kV and 40 mA). Randomly oriented powder 
was prepared by sieving 1g of the desired sample (i.e., 
lizardite, dolomite and magnesite) to 250µm, placed on a 
sample holder and then step scanned between 2° and 70° 
(2θ) with 0.02° increments. The diffractogram of each 
sample was recorded and then computer-processed to get 
the peak position and its intensity. Abundance of each 
mineral species present in the studied samples was esti-
mated by the application of the external standard method 

[27]. FT-IR spectra were obtained with a Bruker Tensor 27 

FTIR spectrometer operating in the range 4000–400 cm−1.
Petrographic observation has been performed on thin 

sections from rock fragments with an optical microscope 
(Olympus BX 51TF: University Mohammed V, Rabat, 
Morocco). The texture (shape, size and arrangement of its 
mineral constituents) and the optical criteria of the min-
erals (habitus, color, cleavage, pleochroism, relief, polar-
ization tint) allowed a more credible identification of the 
ubiquitous mineral species. Thin sections of 30 μm thick 
slide were cut from the desired sample, polished and stick 
on a glass plate before observation. 

2.3 Thermo-dilatometric Analysis

The thermodilatometric test were performed by using 
a LINSEIS Dilatometer, type: L75 (Linseis Messgeraete 
GmbH, Selb, Germany) by heating the green ceramic 
specimen from 25 to 1600 °C at the regular increment of 
5 °C/min under air atmosphere. The cycle includes two 
plateau of 2 h (i.e., 600 and 1200 °C). 

2.4 Ceramic Preparation 

Technological tests concerned the less than 63 µm 
sized subsamples that were dried to 105 °C for 24 hours. 
The dry materials are introduced into jars together with a 
known weight of stainless-steel balls of various diameters 
and distilled water (i.e., 4 and 6%). Four mixtures (M1–
M4) were prepared by varying lizardite percentages from 
10 to 40% (Table 1). About 100 g of the desired mixture 
was molded in 10 x 5 x 1 cm3 rectangular shaped mold 
that was, later, compressed to prepare a green ceramic 
specimen; cylindrical mini-brick samples were prepared 
using a hydraulic press (200 bars). The prepared mini-
bricks were oven dried for 24 hours and heated to the de-
sired temperatures using an electric furnace (Nabertherm 
GmbH, Germany) in an oxidizing atmosphere. Heating 
program was set to a constant heating rate of 3 °C/min 
with two main plateau of 30 minutes (i.e., 600 and 1100 
°C). After firing, the furnace was cooled down to room 
temperature with a cooling rate of 5 °C/min. 

Table 1. Composition of prepared mixtures (wt. %)

Mixtures Lizardite (%) Magnesite (%) Dolomite (%)

M1 10 45 45
M2 20 40 40
M3 30 35 35
M4 40 30 30

2.5 Technological Tests

To find out the main physico-chemical properties of the 
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prepared ceramic specimens, a set of technological tests 
(i.e., flexural strength, tensile strength, shrinkage) were 
performed accordingly. Flexural strength measurements 
were conducted using a 3R type: RP25 ATF. The well-
known three-point flexure test was used for testing the 
prepared ceramic samples according to the ASTM C674-
88 normative guideline [28]. 

Indirect tensile strength (i.e., Brazilian test) was also 
used to measure the tensile strength of the prepared ce-
ramic specimen using a press apparatus type 3R (SODAP 
company, Morocco) [29].

Shrinkage test was done by the measurement of the 
average lengths recorded on mini-brick specimen dried at 
110 °C and then fired to 1100 and 1400 °C. The following 
formula allows the calculation of the firing shrinkage:

Shrinkage (%)= 100L L110 t
L110

−
×  (1)

Where Lt is the length after firing and L110 the length 
after drying at 110 °C. 

Linear thermal expansion (αL in °C-1) was determined 
by the following relationship:

aL = L ΔT0
ΔL
×

 (2)

ΔL: length variation (mm)
L0: Initial length, expressed (mm).
ΔT: Temperature difference, expressed in K.

A thermal expansion by volume (αV) can be deduced 
for an isotropic material from the following relationship 
[30]:

αV=3αL (3)

The bulk density and apparent porosity were measured 
according to ASTM C373-88 [31]. In a brief description, 
a dried test specimen (weight= D; total volume=V) was 
introduced in a boiling water vessel  for 5 h and left to 
cool down for 24h to determine the saturated mass (M). 

Finally, the Apparent porosity, P (%), was calculated as 
follows:

P = ×
M D

V
− 100  (4)

Bulk density, B (g/cm3), included pores as follows: 

B =
V
D  (5)

Microstructural analysis of the prepared ceramics spec-
imens was conducted by scanning electron microscope 
coupled with the EDS analysis, type: Hitachi TM3000.

3. Results and Discussion

3.1 Characterization of the Raw Samples

Chemical composition, by XRF (Table 2), showed 
that magnesite was mainly composed of MgO (42.63%). 
Such a carbonaceous natural sample exhibited a high 
loss on ignition (LOI = 52.35%) due to its MgCO3 
content. Dolomite showed a similar high LOI value 
(51.02%), but lower MgO content (20.63%) compared 
to magnesite. In addition, it was expected to find higher 
percentage of CaCO3 (40.57%), as a further proof about 
the dolomitic nature of the collected carbonate sample 
(i.e., dolomite sample). SiO2 contents in both materials 
were ascertained to 1.78% and 3.06% for magnesite and 
dolomite, respectively. Low amounts of alumina (Al2O3) 
were found in both samples. In contrast, lizardite sample 
showed a predominant silica content, reaching 53.48%; 
followed by a relatively high magnesia content (35.39%), 
iron oxide (6.68%) and alumina (3.15%) together with 
faint amounts of Na2O (0.9%) and CaO (0.33%). Such 
a chemical composition perfectly corroborated with the 
mineralogical composition of lizardite (predominant 
mineral phase). 

Figure 3 represents the positions of the used raw ma-
terials on the CaO-SiO2-MgO ternary diagram. A number 

Table 2. Chemical analysis by X-ray fluorescence of raw materials (wt. %)

Samples SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O P2O5 MnO SO3 TiO2 LOI

Dolomite 3.06 1.96 0.13 20.63 22.73 0.06 0.19 0.02 0.01 0.06 0.13 51.02

Magnesite 1.78 0.89 0.09 42.63 2.03 0.03 0.13 0.01 -- -- 0.06 52.35

Lizardite 53.48 3.15 6.68 35.39 0.33 0.03 0.90 -- -- -- 0.04 --
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of investigations dealing with one or more of the three 
oxides: lime, magnesia and silica, have in recent years 
been carried out, as a preliminary step in the study of the 
rocks and minerals of the earth’s crust. These studies in-
clude all of the possible binary and ternary of the CaO-
SiO2-MgO systems. The phases which occur in the ternary 
system are: (1) Cristobalite, SiO2, (2) Tridymite, SiO2, (3) 
Pseudowollastonite, α CaO.SiO2, (4) Tricalcium di-sili-
cate, 3CaO. 2SiO2, (5) α Calcium orthosilicate, α 2CaO.
SiO2, (6) Lime, CaO, (7) Periclase, MgO, (8) Forsterite, 
2MgO.SiO2, (9) monticellite, (CaO.MgO.SiO2), (10) Di-
opside, (CaO.MgO.2SiO2) and (11) pyroxene solid solu-
tion [32]. 

Nevertheless, it can be noted that if the MgO and 
SiO2 amount increases, new phases such as forsterite and 
monticellite will appear. The used carbonate raw materi-
als (magnesite, dolomite and lizardite) decomposed into 
monoxide, in combination with SiO2, form new phases 
such as forsterite (2MgO.SiO2), monticellite (CaO.MgO.
SiO2) and diopside (CaO.MgO.2SiO2) 

[33]. Olivine could 
also be observed as an intermediate phase before forsterite 
formation occurs, depending on the relative proportions 
of the three components (SiO2, MgO, CaO) and the firing 
temperature.

Figure 3. Classification of the studied raw materials based 
on CaO-SiO2-MgO ternary diagram (Li: Lizardite, Do: 

Dolomite and Mg: Magnesite)

As shown in Figure 4, lizardite sample contains lizard-
ite and antigorite phases. Dolomite sample is composed 
mainly of dolomite mineral as major element as well as 
periclase, quartz, chlorite and goethite as minor compo-
nents. The magnesite sample is composed essentially of 
magnesite minerals. Reflections of periclase, chlorite were 
also observed with low intensity peaks [34]. Those observa-
tions were confirmed by the semi-quantified estimations 
(Table 3).

Figure 4. X-ray diffractograms of the studied Lizardite (a), 
Dolomite (b) and Magnesite (c). L: Lizardite, A: Antigo-
rite, Qz: Quartz, Do: Dolomite, M: Magnesite, Pr: Peri-

clase, G: Goethite, Ch: Chlorite)
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Table 3. Semi-quantitative analysis of the studied raw 
materials based on XRD diffractograms (%)

Lizard-
ite

Antigo-
rite Quartz Dolo-

mite
Magne-

site Goethite Peri-
clase Total

Lizard-
ite 67.12 30.69 1.69 - - - - 99.5

Dolo-
mite - - 3.9 74.2 - 0.8 20 98.9

Magne-
site - - - 2.5 80.5 - 16.8 99.8

IR spectra given in Figure 5, showed the main charac-
teristic bands of lizardite, dolomite and magnesite sam-
ples. Lizardite IR spectra showed the presence of a small 
amount of organic matter due their characteristic bands at 
2846 and 2921 cm-1 [35]. A broad band at about 3422 cm-1 
showed the presence of sepiolite (Si-O-Mg vibration) [36]. 
Iron hydroxide vibrated between 571 and 633 cm-1; Si-O 
band near 1038 cm-1. The bands attributed to deformation 
of C-O groups (i.e., carbonates) can be observed at 850 
and 1458 cm-1 [33]. Concerning dolomite sample, wide 
bands observed near 1695, 3611, 3642 and 3672 cm-1 were 
attributed to the vibration mode of O-H groups. Moreover, 
the presence of dolomite has been confirmed by three 
characteristic bands near 725, 1743 and 2536 cm-1 in dolo-
mite and magnesite materials. Another band at 1506 cm-1 
in the magnesite spectrum suggested C-O bending [37]. At 
a lower frequency range, bands detected at 538, 598, 640 
and 990 cm-1 are assigned to the Si-O-Mg vibrations. Two 
bands at 883 and 1450 cm-1 are also observed, as they cor-
respond to the bands of the Mg-O bonds [38-39]. 

Figure 5. FTIR spectra of the studied lizardite (a), dolo-
mite (b) and magnesite samples (c)

Dilatometric analysis of magnesite and dolomite, after 
heat treatment up to 1200°C, showed a clear difference in 
their shrinkage behaviors (Figure 6). Dilatometric curves 
of magnesite and dolomite showed similar trends with a 
first shrinkage, occurred between 600°C and 825°C, due 
to the decomposition of carbonates. Then, the transforma-
tion to periclase started from 850°C upwards. A total drop 
around 1200°C indicated a structural rearrangement of 
periclase. It can be seen that the shrinkage was far larger 
than the expansion rate (ΔL/L0 was -14% and -15% for 
dolomite and magnesite, respectively). Similar behavior 
was observed for lizardite sample, but to a somewhat low-
er extent (-13%).

DOI: https://doi.org/10.30564/jcr.v2i1.2684



15

Journal of Construction Research | Volume 02 | Issue 01 | June 2020

Distributed under creative commons license 4.0

Figure 6. Thermodilatometric curves of the studied natu-
ral samples

Microscopic observations of the prepared thin sections 
indicated dominant dolomite minerals (Figure 7.a); a het-
erogeneous texture composed of finely graded masses of 
dolomite cut by veins of secondary alteration products. 
Micrographs A and B taken respectively in natural light 
(LN) and polarized light (LP) show the finely graded mass 
of dolomite recognizable by its high polarization (of the 3rd 
and 4th order on the Newton chromatic scale). High magni-
fication revealed that the late veinlets crossing the dolomite 
mass were mainly composed of chlorite, periclase, quartz 
and some opaque grains (i.e., iron oxides: goethite). Mag-
nesite sample showed a granoblastic texture with millime-
ter-sized joined grains of magnesite minerals (Figure 7.b). 
Magnesite is recognizable on both micrographs A and B by 
its almost orthogonal double cleavage and its high polariza-
tion shades with pink and green iridescence. At high mag-
nifications, the magnesite grains showed small muscovite/
chlorite flakes, calcite, periclase and rare opaque grains of 
hematite or goethite as accessory minerals. It should be not-
ed that the mineralogical compositions of the both samples 
(Dolomite and Magnesite), revealed by optical microscope 
observations, corroborate XRD data.

Figure 7. Microscopic observation of thin section from 
the dolomite (a) and magnesite samples (b) (LN: natural 
light, LP: Polarized light - Do: dolomite; Mg: Magnesite; 

Ch: Chlorite; Go: Goethite; Pr: Periclase; Qz: Quartz)

3.2 Characterization of Ceramics

Mineralogical analysis, by XRD, of the prepared ce-
ramic samples is shown Figure 8. It is obvious that the 
dolomite and magnesite decomposed to free magnesia, 
and transformed to forsterite in the range of 780–1400 °C 
[40]. XRD pattern of M1 sample (10% of lizardite) showed 
a predominant periclase with traces of montecellite and 
calcium-alumino-ferrite phase. Porous oxides are formed 
during the decomposition of dolomite with a variation in 
molar volumes ranging from 62.94 cm3 mol-1 for CaMg(-
CO3)2 to 16.92 cm3 mol-1 for CaO and 11.26 cm3 mol-1 for 
MgO. After calcination, the resulting oxides have lower 
molar volumes, larger surfaces and greater porosity than 
carbonates. The thermal decomposition of dolomite and 
magnesite are similar [41-43]:

CaMg (CO3)2 <===> CaCO3 + MgO + CO2 (6)

CaCO3 <===> CaO + CO2 (7)

An endothermic reaction corresponded to magnesite 
decomposition occurs from 800 °C. Its calcination reac-
tion can written as follow: 

MgCO3 <===> MgO + CO2 (8)

XRD diffractograms of the prepared samples (i.e., M2, 
M3 and M4) are mainly composed of forsterite and mon-
ticellite, with a minor periclase, cristobalite and olivine. 
The intensity peak of forsterite slightly increases with 
lizardite addition. The presence of those new phases gave 
the sintered mixtures enhanced physico-chemical proper-
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ties with respect to the original raw materials. 
Figure 9 showed the relative content of forsterite forma-

tion of M1-M4 series samples after firing at temperatures 
in the range of 1100–1400 °C for 2 h. The forsterite content 
exceeded 13.8 wt% in sample M4 after firing at 1100 °C, 
whereas the forsterite was absent in sample M1. After firing 
at 1400 °C, the relative content of the forsterite in sample 
M4 reached 42.7 wt% but remained at only 25.9 wt% in the 
sample M1. The relative content of forsterite in the sample 
M4 was greater than that in sample M1, M2 and M3 under 
the same firing temperature. This result indicates that finer 
lizardite powders contributed to a higher rate of forsterite 
formation. We conclude that the smaller lizardite particles 
enhanced the kinetics of the solid-state reactions and accel-
erated the rate of forsterite formation.

Figure 8. XRD patterns of the prepared mixtures at 1400 °C

Figure 9. Relative content of forsterite and monticellite in 
M1-M4 mixtures after firing to the temperatures range of 

1100–1400 °C for 2 h

Technological properties of fired mixtures were report-
ed in Figure 10. An increased amount of lizardite in the 
initial mixtures stimulated the formation of more liquid 
phase upon calcination. The obtained results indicated that 
the prepared mixtures had increasing flexural strengths 
with augmented lizardite content. M4 sample recorded the 
highest flexural strength of 40.17 MPa. Data showed that 
firing shrinkage reached 8.52% for M1, but the addition 
of lizardite has led to a decrease in linear shrinkage during 
calcination up to 1400 °C. Low firing shrinkage values 
were observed for M2 (5.84%), M3 (3.7%), and M4 
(2.9%). 

The results of the Brazilian test varied between 
19.34 MPa for M1 and 29.09 MPa for M4. Those value 
clearly satisfy the required technical specifications for 
ceramic industry. Such an increased consolidation may 
confirm the positive effects of lizardite addition via 
the activation of densification process which enhanced 
mechanical strength of the prepared ceramic mixtures. 
Figure 10.b shows the variation in bulk density and 
porosity as a versus lizardite contents of the prepared 
mixtures. It can be easily observed that M1 has the low-
est bulk density (1.63 g/cm3); that of M4 reached 3.25 
g/cm3. Similar results were obtained in previous studies 
[44-46]. In contrast, porosity decreased with bulk density. 
M1 yielded a porosity of 4.43% that decreased for M2, 
M3, M4, reaching 3.35, 1.9, and 0.89%, respective-
ly. This can be attributed to the increase of the liquid 
phase with lizardite addition that directly affect the ex-
isting pore. Linear thermal expansion coefficients of all 
samples (i.e., M1, M2, M3 and M4) were ascertained 
of αM1=1.7x10-5/°C, αM2=1.5x10-5/°C, αM3=1.25x10-5/°C 
and αM4=1.07x10-5/°C). These results are in favor of 
good quality ceramics (Table 4).

DOI: https://doi.org/10.30564/jcr.v2i1.2684



17

Journal of Construction Research | Volume 02 | Issue 01 | June 2020

Distributed under creative commons license 4.0

Figure 10. Technological properties of fired specimens 
at 1400 °C. a) Mechanical properties and b) Porosity and 

bulk density

Table 4. Thermal expansion coefficients of the fired speci-
mens at 1400 °C/30 min

Samples αL (10-5/°C) αV (10-5/°C)

M1 1.70 5.10

M2 1.50 4.50

M3 1.25 3.75

M4 1.07 3.21

On the other hand, the tested samples have maintained 
their shape without undergoing any deformation up to 
1400 °C (Figure. 11). They retain their original character-
istics: no cracks, no deformation and low shrinkage at the 
end of the thermal cycle. The coloration is increasingly 
dark towards M4, which is due to the increase of iron ox-
ides present in the started lizardite sample (6.68 %). 

Figure 11. Aspect of samples fired at 1400 °C

The microstructure of the fired samples, having dif-
ferent content of lizardite were analysed using SEM. The 
micrographs shown in Figure 12 demonstrate significant 
effect of lizardite on the size and distribution of the par-
ticles on the surface. The surface morphologies of the 

samples are marked by the existence of particles with 
different grain sizes (1-10 µm) and distributions. The 
observation show that the formation of forsterite phase 
is highest in M4, supported by XRD analysis (Figure 9). 
Increase in grain size of forsterite, that is proportional to 
the amount of lizardite added, causes decrease in porosi-
ty (Figure 13), and subsequently, improving the mechan-
ical properties ceramics (i.e., the flexural strength and 
Brazilian test). 

Figure 12. SEM micrographs of the mixtures fired at 1400 
°C

Figure 13. Microstructural analysis showing the porosity 
evolution by the SEM-EDS

4. Conclusions

This study has been carried out to evaluate the potential 
use of natural deposits from morocco for ceramic indus-
try; the application concerned the Beni Bousra Massif (Rif 
domain, Southwestern Morocco) that showed important 
deposits of lizardite, magnesite and dolomite.  Mineralog-
ical analysis by X-ray diffraction on ceramic specimen 
from different mixtures confirmed the formation and co-
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existence of forsterite (Mg2SiO4) and monticellite (CaMg-
SiO4). SEM observations showed increased densifications 
with temperature up to 1400 °C, proving that the addition 
of lizardite activated densification that contribute to the 
enhanced technological properties. An increased lizard-
ite addition has led to a decrease in the linear shrinkage 
during calcination to 1400 °C.

Finally, the economic and social interest through the 
valorization of the numerous deposits will undoubtedly 
contribute to the sustainable development of this area. The 
preparation of lizardite-based ceramics was feasible with 
required technological properties, making from the Rif 
area a potential supplier of natural materials for ceramic 
industry.
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In this study, an experimental study and numerical calculations using 
fiber model were conducted for four high-strength concrete shear walls 
with boundary columns under low cyclic load. The boundary column and 
shear wall were divided into fiber elements, and PERFORM-3D finite 
element analysis software was used to carry out push-over analysis on the 
test specimens. The results show that the finite element analysis results 
were in good agreement with the experimental results. The proposed anal-
ysis method could perform elasto-plastic analysis on the high-strength 
concrete shear wall with boundary columns without distinguishing the 
categories of frame column and shear wall. The seismic performance of 
high-strength concrete shear wall with boundary columns was analyzed 
using the following parameters: axis compression ratio, height to width 
ratio, ratio of vertical reinforcement, and ratio of longitudinal reinforce-
ment in the boundary column. The results show that the increase in the 
axial compression ratio causes the bearing capacity of the shear wall to 
increase at first and then to decrease and causes the ductility to decrease. 
The increase in the height to width ratio causes the bearing capacity of 
the shear wall to decrease and its ductility to increase. The ratio of verti-
cal reinforcement was found to have little effect on the bearing capacity 
and ductility. The increase in the ratio of longitudinal reinforcement in 
boundary column resulted in a significant increase in the bearing capacity 
and caused the ductility to decrease at first and then to slowly increase.

Keywords:
Boundary columns
High-strength concrete
Fiber model
Shear wall 

　

*Corresponding Author:
Xiaolong Tong,
College of Civil Engineering, Hunan Institute of Science and Technology, Yueyang, 414000, China;
Email: txlpaper@outlook.com 

1. Introduction

Use italic for emphasizing a word or phrase. Do not 
use boldface typing or capital letters except for section 
headings (cf. remarks on section headings, below). As the 
name implies, high-strength concrete exhibits very high-
strength. In addition it has several other advantages, such 
as high elastic modulus, durability, good impermeability, 
and leak resistance. High-strength reinforced concrete 

used in high-rise and super high-rise buildings can reduce 
the size of the shear wall section and the structure weight. 
However, high-strength concrete is very brittle and causes 
a poor deformation ability of the shear wall. Therefore, 
improving the seismic behavior of high-strength con-
crete shear walls is very important. Studies showed that 
the seismic performance of high-strength concrete shear 
walls could be effectively improved by setting boundary 
columns at both ends of the wall [1].This approach was 
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found also to improve the wall’s ductility index to meet 
the design requirements. The common analysis methods 
of shear walls with boundary columns are to equate the 
column with the wall or to separate the wall and column. 
One disadvantage of the later is that the deformation co-
ordination of wall and column elements in the adjacent 
boundary cannot be guaranteed and the bearing capacity 
of members is underestimated [2]. In this study, PER-
FORM-3D finite element software and fiber model were 
used to perform nonlinear numerical simulation of high-
strength concrete shear wall with boundary columns. This 
is a nonlinear analysis method for high-strength concrete 
shear walls with side columns, which can be used in engi-
neering applications, because it can meet the engineering 
requirements with sufficient accuracy.

Establishment of Numerical Model

PERFORM-3D software, formerly known as the Drain-
3D program, was developed by Professor Powell from the 
University of California, Berkeley [3]. It mainly uses fiber 
unit model to perform seismic elasto-plastic analysis of 
complex and super high-rise buildings. PERFORM-3D 
adopts fiber wall unit to be used with shear walls. Axi-
al-bending characteristics of shear walls are represented 
by concrete fiber and reinforcement fiber sections. Shear 
characteristics are represented by elastic or elasto-plastic 
shear materials. In PERFORM-3D, the shear wall unit 
based on the fiber model is constructed according to the 
multi-vertical bar element model (MVLEM) theory [4] 
(Fig.1). The fiber wall element satisfies the assumption 
of flat section, and hence the upper and lower parts of the 
element are always rigid rods that are used to maintain the 
plane. Vertical spring kv1,kv2... kvn simulates the bending 
effect of the entire wall section, and the horizontal spring 
ks simulates the shear dislocation deformation at the top 
and bottom.

Figure 1. Schematic diagram of the MVLEM unit

PERFORM-3D shear wall fiber model separately defines 
reinforcement and concrete fiber units and then assembles 

them. The end restraint area can be simulated using con-
fined concrete fiber. The shear wall with boundary column 
analyzed in this study divided both boundary column and 
shear wall into fiber elements (Fig.2) without distinguishing 
between the column and the wall components. In the shear 
wall simulation, the vertical grid division was carried out 
for the height of the shear wall. The length of the vertical 
elements is determined based on the FEMA356 recommen-
dation [5], taking half of the wall length. The axial force was 
applied to the joint at the top of the wall.

Figure 2. Fiber section division

2. Material Constitutive Model

2.1 Concrete

The boundary column concrete was simulated using 
the Mander constrained concrete constitutive model [6]. 
The concrete in the web part was considered to be un-
constrained and was modeled according to the stress-
strain curve provided in appendix C of Code for design of 
concrete structures [7]. However, tensile strength was not 
considered in both restrained and unrestrained concretes.

PERFORM-3D software restricted that the concrete con-
stitutive curve can only be composed of multiple broken 
lines, as shown in Fig.3. In Fig.3, Y is the yield point, U is 
the peak point, UL is the transient horizontal segment, L is 
the beginning of the stress decline, R is the residual stress 
value, and X is the material maximum deformation point. 
In this study, the constitutive relationship of concrete was 
fitted assuming that the enclosed area under the broken line 
segment and the enclosed area under the Code curve were 
equal [8]. In addition, initial stiffness of the broken line is 
assumed to be the value of the elastic modulus.

Figure 3. Concrete multi-line constitutive relationship 
under axial compression
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2.2 Rebar

The rebars were simulated according to the three-fold 
constitutive model (Fig.4), where fY is the yield strength, 
fU is the ultimate strength, and the stiffness reinforcement 
coefficient is 0.01.

Figure 4. Reinforcement constitutive relationship

3. Calculation Results and Parameter Analysis

3.1 The Experiment

Following reference [1], four high-strength concrete shear 
walls with boundary columns were selected for numerical 
simulation. The height of the specimen section was 1000 
mm, while the dimensions of the boundary column and 
wall web sections were 200 mm × 200 mm and 600 mm × 
100 mm, respectively, (Fig.5). C80 concrete was used as 
the high-strength concrete. Table 1 shows the basic para-
meters of the specimen as well as the strength of reinforced 
concrete. The diameter of the stirrups in all specimens was 
5 mm. The spacing between the stirrups of DHPCW-01 and 
DHPCW-03 was 30 mm and between those of DHPCW-02 
and DHPCW-04 was 40 mm. The ultimate tensile strength 
of stirrup was 737.5 MPa. Table 2 shows the mechanical 
properties of the reinforcement bars obtained from the test.

(a) Elevation view           (b) Elevation view 2-2

350 350300 260 260480

(c) Elevation view 2-2 of DHPCW-01and 03

350 350300 260 260480

(d) Elevation view 2-2 of DHPCW-02 and 04

Figure 5. Geometry and reinforcement of specimens (mm)

Table 1. Parameters of the specimen

Specimen 
number H/mm Height to width 

ratio

Cube compressive 
strength

/Mpa

Axial compres-
sion ratio

DHPCW-01 2200 2.1 94.22 0.28

DHPCW-02 2200 2.1 96.89 0.21

DHPCW-03 1600 1.5 99.56 0.21

DHPCW-04 1600 1.5 89.33 0.21

Table 2. Mechanical properties of rebars

Reinforcement type fY (N/mm2) fU (N/mm2)

25 485.1 654.3

16 452.9 614.6

12 460.0 667.9

10 494.0 575.2

8 474.2 579.0

6.5 419.3 550.3

Horizontal loads were applied by reciprocating actu-
ators and the horizontal loading point was located in the 
center of the loading beam at the top of the wall. Figure 6 
shows the loading device, in which the vertical load was 
provided by vertical hydraulic jack. A horizontal load was 
applied by an electro-hydraulic servo actuator. The cyclic 
horizontal load is controlled by a mixture of force and 
drift. Cracks occurred at the bottom of all boundary col-
umns of all specimens. As the load increased, the cracks 
in the boundary columns extended to the wallboard and 
developed to the upper part of the specimens. Finally, the 
concrete at the bottom of the boundary columns and webs 
was crushed, and the longitudinal reinforcement was fold-
ed and exposed. Bending failure occurred in specimens 
DHPCW-01 and DHPCW-02, and shear failure occurred 
in specimens DHPCW-03 and DHPCW-04. Figure 7 
shows the failure mode and crack distribution in each 
specimen.

DOI: https://doi.org/10.30564/jcr.v2i1.2694



24

Journal of Construction Research | Volume 02 | Issue 01 | June 2020

Distributed under creative commons license 4.0

Figure 6. Test setup
Notes: 1.speciment 2.reaction wall 3.actuator 4. horizontal connection 5. 
Rigid beam 6.jack 7. sliding support 8.reaction frame 9.pressure beam 
10.anchor bolt 11.displacement meter 12.dialgage

(a) DHPCW-01

(b) DHPCW-02

(c) DHPCW-03

(d) DHPCW-04

Figure 7. The failure mode and crack distribution in 
specimens

3.2 Comparison between Calculation and Experi-
mental Results

According to the above calculation method, the 
boundary column and the wall web were divided into 1 
and 5 fiber sections, respectively, while the wall was verti-
cally divided into 4 units. According to Code for design of 
concrete structures [7], the conversion relationship between 
the cube compressive strength fcu and the axial compressi-
ve strength fc is given as follows:

fc = 0.88αc1αc2 fcu (1)

where αc1 is the ratio of prism strength and cube 
strength and αc2 is the brittleness reduction factor, which 
was assumed to be 0.82 and 0.87, respectively, for the C80 
concrete. The axial compressive strength of the concrete 
in each specimen can be obtained according to Equation 1.

The parameters obtained from the concrete compres-
sion constitutive curve are as follows: σU = fc, εU = 0.0016, 
εL = 0.0021, εR = 0.0045, εX = 0.01, σY = 39.8MPa, and σR/
σU = 0.2. The elastic modulus of C80 concrete is 38000 
MPa [7]. The εX value of the reinforcement is 0.1. The elas-
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tic modulus of reinforcement is determined according to 
Code for design of concrete structures [7].

Push-over analysis was carried out on all specimens. 
Figure 8 illustrates a comparison between the analysis and 
the test values of each specimen. Figure 8 shows that the 
analysis curve was in good agreement with the test curve. 
In addition, the initial stiffness, yield load, peak load, and 
ultimate displacement of the specimen were accurately 
simulated. The results verified the feasibility and accura-
cy of the elasto-plastic analysis method for high-strength 
concrete shear wall with boundary column using the fiber 
model

           

(a) DHPCW-01

(b) DHPCW-02

           

(c) DHPCW-03

(d) DHPCW-04

Figure 8. Comparison between the experimental and ana-
lysis results using skeleton curves

3.3 Parameter Analysis

In order to further study the seismic performance of 
high-strength concrete shear walls with boundary co-
lumns, the axial compression ratio, height to width ratio, 
ratio of vertical reinforcement, and ratio of longitudinal 
reinforcement in the boundary columns were selected for 
push-over analysis of high-strength concrete shear walls 
with boundary columns. The values of the parameters that 
were not set as variables in the analysis were set as the va-
lues obtained from DHPCW-02.

(1) Axial compression ratio
 Figure 9 and Table 3 show the analysis results at 

different axial compression ratios (from 0.1 to 0.6). 
The yield displacement was calculated using the equal 
energy method [9]. The ultimate displacement was found 
to be the displacement corresponding to the peak load 
when it drops to 85% [10]. With the increase in the axial 
compression ratio, the bearing capacity first increased 
and then decreased, and the ultimate displacement 
showed a decreasing trend. At an axial compression 
ratio of 0.5, the bearing capacity reached 943.40 kN, 
which is 85.9 % higher than that obtained at an axial 
compression ratio of 0.1. However, the displacement 
ductility coefficient decreased from 6.45 to 4.99. At 
an axial compression ratio of 0.6, the bearing capacity 
slightly decreased at an axial compression ratio of 0.5. 
In addition, the ultimate displacement decreased to 
16.62 mm, and the displacement ductility coefficient 
dropped to 1.82. Therefore, in order to ensure the seis-
mic ductility of the shear wall with boundary columns, 
it was suggested that the axial compression ratio should 
not exceed 0.5.

DOI: https://doi.org/10.30564/jcr.v2i1.2694



26

Journal of Construction Research | Volume 02 | Issue 01 | June 2020

Distributed under creative commons license 4.0

Figure 9. The effect of axial pressure ratio on the skeleton 
curve

Table 3. Test results under various axial compression 
ratios

axial compres-
sion ratio

bearing capac-
ity

yield displace-
ment

ultimate 
displacement

displacement 
ductility fac-

tor
0.1 507.37 9.36 60.42 6.45
0.21 648.92 9.69 61.06 6.30
0.3 796.88 9.54 59.21 6.21
0.4 899.42 9.95 56.12 5.64
0.5 943.40 9.80 48.91 4.99
0.6 912.51 9.13 16.62 1.82

(2) Height to width ratio
Figure 10 and Table 4 show the calculation results 

when the height to width ratio increased from 1.0 to 3.0. 
The increase in the height to width ratio causes the bear-
ing capacity to decrease from 1291.21 kN to 485.07 kN, 
i.e., a 62.4% decrease. However, the ultimate displace-
ment increased from 17.33 mm to 88.5 mm, and the duc-
tility of displacement also gradually increased. The ductil-
ity coefficient of displacement increased from 3.85 to 6.67, 
i.e., it increased 1.73 times. These results show that the 
high-strength concrete shear wall with boundary columns 
exhibited good ductility with both low shear walls with 
a height to width ratio of 1.0 and high shear walls with a 
height to width ratio of 3.0.

Figure 10. The influence of height to width ratio on skele-
ton curve

Table 4. The result for various height to width ratios

height to 
width ratio

bearing 
capacity

yield dis-
placement

ultimate dis-
placement

displacement ductili-
ty factor

1.0 1291.21 4.49 17.33 3.85

1.5 917.84 6.04 32.04 5.30

2.0 648.92 9.69 61.06 6.30

2.5 592.84 11.09 68.99 6.22

3.0 485.07 13.27 88.50 6.67

(3) Ratio of vertical reinforcement
Figure 11 and Table 5 show the effect of the ratio of 

vertical reinforcement on the high-strength concrete 
shear wall with boundary columns. When the ratio of 
vertical reinforcement increased from 0.55% to 1.31%, 
the bearing capacity increased only by 8.5%, and the 
ultimate displacement and displacement ductility co-
efficients remained almost unchanged. Therefore, the 
high-strength concrete shear wall with boundary col-
umns do not require large number of vertically distrib-
uted rebars.

Figure 11. The effect of the vertical reinforcement ratio 
on skeleton curve

Table 5. The results of various ratios of vertically distri-
buted reinforcements

ratio of vertical 
reinforcement

bearing 
capacity

yield dis-
placement

ultimate 
displacement

displacement 
ductility 

factor

0.55% 648.92 9.69 61.06 6.30

0.84% 686.07 9.52 60.70 6.37

1.31% 704.07 10.09 60.65 6.02
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(4) The ratio of longitudinal reinforcement in boundary 
columns

Figure 12 and Table 6 show the calculation results 
when the ratio of longitudinal reinforcement in boundary 
columns increased from 1.16% to 4.62%. This increase 
was accompanied with an increase in the bearing capac-
ity from 507.23 kN to 711.45 kN, i.e., a 40.3% increase. 
The limit displacement slowly increased, while the duc-
tility coefficient of displacement decreased at first and 
then slowly increased, because the yield displacement 
increased at first and then decreased. The displacement 
ductility coefficients were all greater than 6. Therefore, 
the ratio of longitudinal reinforcement in boundary col-
umns had a significant impact on the bearing capacity, 
and increasing it could improve the bearing capacity of 
high-strength concrete shear wall with boundary col-
umns.

Figure 12. The effect of the ratio of longitudinal rein-
forcement in boundary columns on the skeleton curve

Table 6.Test results for various ratios of longitudinal rein-
forcement in the boundary columns

ratio of longitudinal 
reinforcement

bearing 
capacity

yield dis-
placement

ultimate 
displace-

ment

displacement 
ductility factor

1.16% 507.23 7.46 61.03 8.17

2.60% 648.92 9.69 61.06 6.30

4.62% 711.45 9.46 65.21 6.89

4. Conclusions

(1) The analysis results of the load-displacement curve 
were found to be close to the experimental results. The 
initial stiffness, yield load, peak load, and ultimate dis-
placement of the specimen were found to be accurately 

simulated. Thus, the analysis method proposed here is 
able to accurately predict the bearing capacity, displace-
ment, and ductility of high-strength concrete shear wall 
with boundary columns.

(2) The axial compression ratio was found to have 
a great impact on the bearing capacity and ductility of 
high-strength concrete shear walls with boundary col-
umns. When the axial compression ratio increased from 
0.1 to 0.6, the bearing capacity first increased and then 
decreased, and the ratio reached 0.6, the bearing capac-
ity began to decrease. However, the ductility decreased 
in all cases, and the displacement ductility coefficient 
experienced a sudden change at an axial compression 
ratio of 0.6.

(3) As the height to width ratio increased from 1 to 3, 
the bearing capacity decreased by 62.4%, and the dis-
placement ductility coefficient increased from 3.85 to 6.67, 
i.e., an increase of 1.73 times.

(4) The ratio of vertical reinforcement was found to 
have a little effect on the seismic behavior of high-strength 
concrete shear wall with boundary columns. Therefore, 
this type of walls should not be equipped with too many 
vertical rebars. The ratio of longitudinal reinforcement in 
boundary columns was found to have a significant effect 
on the bearing capacity, while the ductility was found to 
decrease at first and then slowly increase.
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Over the past years, there has been an expanding intrigued in building 
refurbishment projects because of the alter in financial conditions and 
the accentuation on sustainable development. Increasing demand for 
building refurbishment projects will lead to an increase in organizational 
interactions in the construction works as building refurbishment works 
involve interactions among many different organizations and it can cause 
Inter-Organizational conflict (IOC) among organizations involved in proj-
ects. This paper adopted an Exploratory Factor Analysis (EFA) approach 
to analyses IOC in building refurbishment projects. For this study, a five-
point Likert Scale was adopted to ensure the instruments of the study are 
reliable. The researcher ultimately sent questionnaires as a web-link and 
email invitation to 1050 construction firms and 733 architectural firms.  
The questionnaire sent to managers and professionals from construction 
and architectural firms in Malaysia. Finally, one-hundred-seventy-nine 
(179) refurbishment projects formed a database for this paper. The finding 
of this paper shows the IOC factors that contribute to the improve the 
performance of building refurbishment project can be conflict during the 
construction stage, conflict between the client and the consultant, task 
expectations, basic responsibilities, final duration, project’s goals, conflict 
between the client and the contractor, final cost, final quality, standards of 
behaviors, conflict between the contractor and the consultant, interference 
and conflict during the design stage.
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1. Introduction

Over the past years, there has been an expanding in-
trigued in building refurbishment projects because of the 
alter in financial conditions and the accentuation on sus-
tainable development [41]. Investment for new construction 
projects would likely decrease, but the need for building 
refurbishment works would likely increase. This is since 
the demand for building refurbishment projects comes 
from various sources such as obsolescence and deteriora-

tion. In spite of the financial downturn, building propri-
etors still ought to repair their property [13]. Building/house 
refurbishment is defined as works that involve renovation, 
upgrading, retrofit, improvement, and repair of existing 
and occupied buildings [22, 46]. Besides, the demands for 
building refurbishment works are likely to increase in the 
next decade due to the regeneration of inner cities and 
towns, and growing concerns about building on green-
field sites. Thus, renovation and refurbishment of existing 
buildings plays a considerable role in attaining sustainable 
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environment in the urban area [63].
Depending on the nature and size of the project, a 

building refurbishment project involves many organiza-
tions, which may include client, consultants, and contrac-
tor [59, 61]. The involvement of many organizations with 
different objectives and orientations tends to cause IOC 
[71]. In construction projects, an understanding of conflict 
is more important now than ever before given the differ-
entiation that exists in today’s project organizations in 
which the inter-organizational integration within a project 
can be difficult [23, 39, 56]. However, comparatively little re-
search has been done on inter-organizational conflicts in 
building refurbishment. This means that there is a gap of 
knowledge and lack of research in renovation and refur-
bishment projects. This gives the impetus to conduct this 
study. Hence, the objective of this research is to evaluate 
the level of IOC in refurbishment projects through an Ex-
ploratory Factor Analysis (EFA) approach.

2. Literature Review 

Inter-Organizational Conflicts (IOCs) in construction 
projects are inevitable and unavoidable because organiza-
tions involved in the projects have different norms, back-
ground, skills, and knowledge [16]. The organizations are 
working temporarily together as a team and making de-
cisions to meet project goals and objectives [45]. Conflicts 
can be destructive, affecting the projects’ performance [36, 

42]. Deutsch (1973) defined destructive conflict as a sati-
ation, in which people and organizations are unsatisfied 
with the performance outcome. However, conflicts need 
not be destructive [7,73]. In fact, conflicts can be construc-
tive. In some cases, conflicts can be beneficial because 
without conflict, organizations and people are likely to 
become stagnant, apathetic, non-innovative, and unable to 
respond to change. However, it could be argued that when 
the projects are uncertain, the duration is short, and the 
activities are intense, which are typical of refurbishment 
projects in which the level of conflicts should be kept to 
a minimum. The organizations do not have time to know 
and accommodate each other. The outcome of the conflict 
is more likely to be destructive than constructive. 

To reduce conflicts, organizations involved in building 
refurbishment projects need to reduce the level of uncer-
tainty. In uncertainty, when organizations have different 
perceptions and interpretation of the problems, IOCs are 
more likely to occur because organizations are not able to 
agree [50,57]. Moreover, when conflicts are frequent, it has 
significant economic and social consequences [45]. Litera-
ture review also reveals that there are numerous effects of 
IOC in construction projects which include final cost, final 
duration [72], final quality [51], interface, and task expecta-

tion [11]. 
Construction projects, which include refurbishment 

projects typically start well, but problems can lead to con-
flicts between the client and contractor [72]. Moreover, [16] 
mention that in construction projects, conflicts sometimes 
seem inevitable due to high differences in interests among 
the contractors and clients. Conflict is common between 
clients and consultants because they almost always dis-
agree over some issues such as cost estimation, structural 
design, and architectural design, when they start working 
together [24].

From the above literature, it could be concluded that 
disagreement over their basic responsibilities, disagree-
ment on how to achieve the project’s goals, disagreement 
over task expectations, disagreement agreed over the 
interference of other project members in their works, 
disagreement over standards of behaviors, the client and 
the contractor, disagreement on the final cost, the client 
and the contractor disagreement on the final duration, the 
client and the contractor disagreement on the final quality, 
the level of organizational conflict between the client and 
the contractor in the building refurbishment project is low, 
the level of organizational conflict between the client and 
the consultants in the building refurbishment project is 
low, the level of organizational conflict between the con-
tractor and the consultants in the building refurbishment 
project is low, the level of IOC during the design stage in 
the building refurbishment project overall is low, and the 
level of IOC during the construction stage in the build-
ing refurbishment project overall is low, are factors that 
contribute to the inter-organizational conflict in building 
refurbishment projects during both the design and con-
struction stage among organizations involved in building 
refurbishment projects. The factors that contribute to IOC 
in building refurbishment projects are shown in Table 1:

Table 1. The factors that cause conflict in building refur-
bishment projects

Inter-Organizational Conflict 
Factors Authors

Disagreement Over Their 
Basic Responsibilities.

(Narh et al., 2015; Schultz & Schultz, 
2010; Sousa & Camelo, 2014; Vaaland & 

Håkansson, 2003; Verma, 1998)

Disagreement on How to 
Achieve the Project’s Goals.

(Ali et al., 2013; Harmon, 2003; Kerzner, 
2013; Senaratne et al., 2013; Wilmot & 

Hocker, 2010)

Disagreement Over Task 
Expectations.

(Diekmann & Girard, 1995; Gould, 2004; 
Molenaar et al., 2000; Goldman, 2002; 

Vaux & Kirk, 2014)
Disagreement Over the In-

terference of Other Project’s 
Members in Their Works.

(Barki & Hartwick, 2001; Bekele, 2015; 
Deutsch, 1973; Moura & Teixeira, 2010; 

Sambasivan & Soon, 2007)
Disagreement Over Ethical 
Standards of Behaviours.

(Jefferies et al., 2003; Kang, 2004; Lu-
mineau et al., 2015)
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Inter-Organizational Conflict 
Factors Authors

Disagreement Over the Final 
Cost

(Cakmak & Cakmak, 2013; S. O. Cheung 
& Pang, 2013; Jr & Polkinghorn, 2008; 
Khahro & Ali, 2014; Xiang et al., 2012)

Disagreement Over the Final 
Duration

(Ashworth, 2013; Bachmann et al., 2012; 
Cakmak & Cakmak, 2013; Ilter, 2012; 

Khahro & Ali, 2014; Waddell et al., 
2013)

Disagreement Over the Final 
Quality

(Bekele, 2015; Cakmak & Cakmak, 
2013; Cheung & Pang, 2013; Jha, 2013; 

Yang et al., 2009)
Organizational Conflict 

Between the Client and The 
Contractor

(Acharya et al., 2006; Mitkus & Mitkus, 
2014; Spang & Riemann, 2011; Vaux & 

Kirk, 2014; Yates, 2003)

Organizational Conflict 
Between the Client and The 

Consultants

(Aziz & Abdel-Hakam, 2016; Bekele, 
2015; Golembiewski, 2000; Halac et al., 
2013; Lindhard et al., 2016; Nikolova et 

al., 2014)
Organizational Conflict 

Between the Contractor and 
The Consultants

(Arain, 2005; Bekele, 2015; Mitkus & 
Mitkus, 2014)

Inter-Organizational Conflict 
During the Design Stage

(Grebici et al., 2006; Mark Klein, 2000; 
Msallam et al., 2015; Senaratne et al., 

2013)
Inter-Organizational Conflict 

During the Construction 
Stage

(Jackson, 2010; Liu, 2014; Sousa-ginel & 
Camelo-ordaz, 2014)

3. Methodologies

To achieve the research objective, two steps of data 
collection were employed in this study. The phases are the 
literature review and questionnaire survey. The first stage 
begun with the study of secondary data collected through 
vast and extensive literature reviews. The literature review 
for this study was done through reading and exploring in 
project management, general management, refurbishment 
published in referred journals, conferences, and textbooks. 
The literature review section explains the IOC in the con-
struction and refurbishment and renovation projects. The 
research problems and variables were identified from lit-
erature review as the literature survey helps to make a pre-
cise and clear problem statement [66]. The second phase of 
this research involves the questionnaire survey. The data 
was collected from boundary role persons in construction 
and architectural firms that have experience in refurbish-
ment and renovation projects to evaluate the information 
needed regarding refurbishment projects in Malaysia. The 
questionnaires were formed from literature reviews. Ac-
cording to [17] researchers have three ways to design and 
develop questionnaires, modify an existing one, or using 
one that they have located in literature. Therefore, this 
research developed its own questionnaire following the 
structure from previous re-searches done by [3,55,59]. 

However, in many different ways the structured ques-
tionnaire data can be collected, containing Web-Based 
Survey, email, direct mailing, drop-off  and pick-up, tele-

phone interviews, and face-to-face interviews [Antwi & 
Hamza, 2015; Ticehurst & Veal, 2000]. Therefore, for this 
study Web-Based Survey is employed to collect the data 
from respondents. The Web-Based questionnaire is the 
latest tool and is becoming one of the most used method 
to of collect questionnaire data. To host this research the 
Survey Monkey program was chosen because this pro-
gram is easy to use, economical and it met the needs of 
the researcher. Therefore, this study over-comes multiple 
replies, and confidential issues by: first, monitoring the 
access of respondents by letting only users with a unique 
IP address to complete the survey; and second, delivering 
obvious written steps on how respondents’ confidentiality 
is treated and how the data is transmitted in this research. 
For this research, the data was collected from boundary 
role persons in contractor and architectural firms regarding 
refurbishment projects in Malaysia. Web-Based question-
naires survey helped to gather data in a short period and 
questionnaires have been sent swiftly to numerous kinds 
of respondents and all selected samples had an impartial 
chance to respond. In this study, a self-administered ques-
tionnaire with close-ended questionnaire was employed.  
Moreover, Likert’s Scale was used as the rating method 
for this study. Likert items are used to measure the re-
spondents’ attitudes to a particular question or statement. 
In current studies, most Likert’s Scales, contain either five 
to seven-point scales categories [66,80]. Thus, for this study, 
a five-point Likert Scale was adopted as 1 = Totally Dis-
agree; 2 = Disagree; 3 = Moderate (Neither Agree nor Dis-
agree); 4 = Agree; 5 = Totally Agree, to ensure the instru-
ments of the study are reliable. The researcher ultimately 
sent questionnaires as a web-link and email invitation to 
1050 construction firms and 733 architectural firms. The 
respondents were asked to complete the questionnaires 
within a week. The author sent a reminder every week 
for five weeks to all respondents who did not respond to 
the questionnaire. Researchers have widely accepted the 
use of follow-up techniques as having significant effects 
in improving response rate [21,53]. After five weeks, the 
author received 302 responses from the project managers, 
site engineers, site directors, and site supervisors of the 
construction firms and 178 responses from principal archi-
tects and architects of the architectural firms. The overall 
response rate for construction firms was 28 percent and 
the valid response rate was 10 percent. For architectural 
firms, the total response rate was 25 percent, and the valid 
response rate was 12 percent. Finally, the overall response 
rate for both construction and architectural firms is 27 per-
cent and the valid response rate is 11 percent. All 188 re-
spondents were registered with the Construction Industry 
Development Board (CIDB) and Malaysian Institute of 
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Architect (PAM). In this research to validate and refine the 
data collected, the Exploratory Factor Analysis (EFA) was 
used. The Statistical Package for Social Science (SPSS) 
was used in both descriptive and inferential statistics. EFA 
usually applied to regroup variables into a limited set of 
clusters based on shared variance. Therefore, EFA aids to 
isolate concepts and constructs [18].

4. Findings and Discussion

Factor Analysis (FA) is a statistical method employed 
to classify a moderately small number of variables, which 
can be applied to show the relationship among sets of 
many interrelated variables [58]. Moreover, FA takes a large 
set of variables and looks for a way the data may be less-
ened or summarized applying a smaller set of variables [37]. 

In this study, to verify that data set is suitable for EFA, 
Bartlett’s Test of Sphericity (BTS) and Kaiser-Mey-
er-Olkin Measure of Sampling Adequacy (KMO) are 
used. The value of KMO is >0.6, and the significant val-
ue of BTS is <0.05 [57]. Table 2 shows that the amount 
of KMO is more than 0.6, which is an acceptable KMO 
value. Thus, the BTS is significant, so the data meets this 
assumption, and the values are appropriate for EFA.

Table 2. Initial assumptions of EFA

KMO
BTS

Approx. Chi-Square Df Sig

IOC 0.953 2874.404 78 0.000

Note: BTS = Bartlett’s Test of Sphericity; KMO = Kaiser-Meyer-Olkin; 
IOC=Inter-Organizational Conflict.

Table 3 shows the EFA analysis for Analysis for IOC 
by applying the CP derivation technique with a combina-
tion of the Varimax Rotation method. The Kaiser-Mey-
er-Olkin measure of sampling adequacy indicates that the 
strength of the relationships among variables is high (KMO 
= 0.953). Likewise, Bartlett’s Test of Sphericity (BTS) for 
inter-organizational conflict items is significant where the 
significance value of BTS is <0.05 (X2 (78) = 2874.404, 
P<.001). Therefore, it can be concluded that the values are 
appropriate for EFA. Table 4.10 shows that one variable 
should be extracted from inter-organizational conflict 
since one Eigenvalue is exceeded (Eigenvalue = 9.69). 
This extracted variable is predicted to have 74.51% of 
the Variance Explained to explain the inter-organizational 
conflict variables. The group items are called inter-organi-
zational conflict (Cronbach’s alpha = 0.971). It shows that 
the grouped item has a good reliability value since Cron-
bach’s alpha value is above 0.80, where the acceptable 
value is > 0.70.

Table 3. Summary results of EFA analysis for inter-orga-
nizational conflict

Factors and Items Included Code
Factor 
Load-

ing

Communal-
ities

Inter-Orga-
nizational 
Conflict 
(IOC)

Conflict During the Construction 
Stage Q313 .912 .827

Conflict Between the Client and 
the Consultant Q310 .907 .817

Task Expectations Q33 .893 .790

Basic Responsibilities Q31 .889 .789

Final Duration Q37 .886 .813

Project’s Goals Q32 .877 .828

Conflict Between the Client and 
the Contractor Q39 .876 .825

Final Cost Q36 .858 .793

Final Quality Q38 .849 .746

Standards of Behaviors Q35 .847 .746

Conflict Between the Contractor 
and the Consultant Q311 .823 .770

Interference Q34 .812 .763

Conflict During the Design Stage Q312 .784 .747

Eigenvalue = 9.687, % Variance Explained = 74.51%, Cronbach’s alpha 
= .971

Note: index = .953; BTS, X2 (78) = 2874.404, P<.001

Based on Exploratory Factor Analysis (EFA), it could 
be concluded that the main factors, which contribute to 
the inter-organizational conflicts in refurbishment proj-
ects are: conflict during the construction stage, conflict 
between the client and the consultant, task expectations, 
basic responsibilities, final duration, project’s goals, con-
flict between the client and the contractor, final cost, final 
quality, standards of behaviors, conflict between the con-
tractor and the consultant, interference and conflict during 
the design stage. 

5. Conclusion 

This study reveals that the managing and controlling 
inter-organizational conflicts of refurbishment and reno-
vation projects have not been addressed appropriately in 
earlier studies. Surveys on practices applied to the man-
agement of this uncertain environment are scarce and have 
lacked a theoretical underpinning. However, the construc-
tion projects are facing major problems when they come 
to completing projects. This is especially the case for 
refurbishment projects. Mostly in refurbishment projects 
the performance is not satisfactory, and many valuable re-
sources have been wasted because of failed projects. The 
first reason for these problems is rooted in a high level 
of uncertainty, which is an integral part of refurbishment 
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projects. The second reason is an inter-organizational 
conflict due to the presence of different organizations in 
projects.

The finding of this paper shows that inter-organization-
al conflicts (IOCs) can be significantly reduced if project 
managers are able to control the IOC factors in refurbish-
ment projects. The IOC factors include conflict during 
the construction stage, conflict between the client and the 
consultant, task expectations, basic responsibilities, final 
duration, project’s goals, conflict between the client and 
the contractor, final cost, final quality, standards of behav-
iors, conflict between the contractor and the consultant, 
interference and conflict during the design stage. As a 
result, by controlling IOC factors, the level of uncertainty 
will be practically reduced, and it helps to achieve a better 
performance. The findings of this paper would help con-
struction and refurbishment projects managers to control, 
monitor and reduce inter-organizational conflicts among 
organizations involved a project. 
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One of the best strategies for improving energy efficiency in any system 
is using the energy resources in the facilities properly. Using energy sys-
tems only when they are absolutely necessary is one of the best cost-ben-
efit ratio strategies, i.e. the best energy saving strategy is, not using it. 
The aim of this paper resides on introducing a new Energy Management 
and Control System (EMCS), developed by the authors, which has been 
installed at the Universitat Politècnica de València. Alongside the paper, 
the architecture, the components and the installation cost analysis of the 
EMCS, as well as management actions implemented in the university and 
the obtained results are presented. Furthermore, this innovative system 
has been designed to improve demand response in energy systems by pro-
viding consumers with a tool for responding actively to energy demands, 
and also to provide all the different electrical market agents with a com-
munication and business platform for exchanging information.
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1. Introduction

Approximately one third of the primary energy supply 
is consumed in the residential sector, therefore it can be 
stated that buildings sector is one of the main energy con-
sumers in the actual energy demand mix. In developing 
countries, buildings account for between 30 and 40% of 
the total energy consumed [1], a trend that is increasing in 
energy consumption as well as in carbon dioxide emis-
sions.

Consequently, buildings are primary contributors to 
global warming, greenhouse gas emissions and ozone de-
pletion.

In order to prevent the global warming effect, and 

thereby keeping the effects of climate change within ac-
ceptable limits, the atmosphere CO2-equivalent concen-
trations should be stabilized and CO2 emissions should be 
reduced [2]. Considering that the building sector is a sig-
nificant energy consumer segment due to both, the energy 
demand required and the long useful lifespan of buildings, 
anticipated important energy savings may come about if 
building energy demand is minimized.

Hence, achieving better energy efficiency in buildings 
has become one of the world’s major challenges. As heat-
ing, ventilation and air-conditioning (HVAC) and lighting 
account for the major part of a building’s energy use, it is 
vital to understand a building´s energy trends and its en-
ergy systems´ operation in order to optimize their overall 
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energy performance [3].
In general, most of the required energy in buildings is 

used to maintain acceptable comfort levels. In this regard, 
lighting and HVAC systems are the largest consumption 
systems, as it is stated in several studies which indicate 
that air-conditioning is responsible for between 10 and 
60% of the total building energy consumption, depending 
on the building type [4-7]. This clearly indicates that HVAC 
equipment is a key system for tackling energy efficiency 
since it has a large energy savings potential. Furthermore, 
it is also necessary to consider the implementation of an 
energy management tool as a cost-effective measure to 
improve energy efficiency in HVAC systems, without 
compromising the user`s comfort. Thus, in analyzing the 
energy behavior in buildings, not only should a good con-
struction design be considered, but also analysis of the 
correct use of the different facilities in order to demand 
the minimum energy just when the user requires it.

It is common to find HVAC management control sys-
tems in large size buildings, although during the years, 
these systems have also extended their functioning to the 
control of lighting-switch circuits and facilities access.  
There are many commercial brands, such as Honeywell, 
Siemens, Johnson controls, etc., that provide these equip-
ment [8-10].

The energy management and control system (EMCS) 
presented in this article have many characteristics in com-
mon with other building management systems (BMS), 
since they are frequent technological solutions based on 
distributed intelligent processors, each one of them with 
its own autonomy, but altogether working in concert ex-
changing data at any moment required.

The application programs dedicated to control the ener-
gy systems are located within each distributed intelligent 
processor. These application programs carry out func-
tions of monitoring, automation, regulation (direct digital 
control) and energy management at the installed energy 
equipment.

Data coming from all distributed intelligent processors 
is stored, via communication cards, in a common database 
and processed thereafter. This database is operated by 
a graphical work station to provide the requested infor-
mation to the energy operators in an easy-to-use format, 
which also constitutes the main server of the system.

Generally, the operator-system link applications, re-
sponsible for making transparent and convenient for the 
end user to consult the information, analyze the data and 
generate reports from all the integrated subsystems, reside 
inside this graphical work station (Figure 1).

In most BMS, the system is based in modular server/
client architecture capable to accommodate different con-

figurations: from cases with only one server to configura-
tions that require several servers and workstations inter-
connected through LANs (local area networks) or WANs 
(wide area networks, large computer system network ca-
pable of covering the whole world). The largest and most 
known WAN network is the Internet.

Figure 1. General control system architecture

The application packages for communicating with the 
distributed intelligent processors reside in the server and 
update the relational databases in real time. The main 
server also acts as a file server host, where the graphical 
information (screens design, images, etc) is stored. End 
user work station represents the graphical link between 
the server and the operator. 

Industry trends to solve the problem of building control 
systems integration heads toward open communication 
protocols that would allow systems integration from dif-
ferent manufacturing companies. Several examples of 
these protocols are the systems based on TCP-IP, Lon-
Works, MODBUS, BACnet, OPC, etc. [11, 12].

The described systems have been developed to inte-
grate the different energy installations in buildings and to 
provide the required functionalities to manage them.

The aim of this paper is to present the definition and 
implementation of a new EMCS capable to respond to 
buildings energy efficiency strategies by controlling the 
BMS and facilitating demand response actions to improve 
energy savings, fields that have not been tackled so far in 
the current control systems. Furthermore, the customer use 
of flexibility strategies in energy consumption is crucial 
for the effective integration of distributed energy resourc-
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es and CO2 emission reduction. To achieve this demand 
response capability, the customers must identify building 
energy uses and schedules, as well as decide when and 
how much energy would not be willing to consume. Ac-
tive demand-side participation can decrease supply side 
agents’ market power and help these markets to achieve a 
better operation [13].

This paper is organized as follows: Section 2 is devot-
ed to analyze the new functionalities introduced by the 
proposed EMCS. Its physical architecture is presented in 
Section 3 and the software components and applications 
development are discussed in Section 4. In Section 5 the 
implementation of the EMCS in the Universitat Politècni-
ca de València is described. The obtained results of the 
system are described in Section 6 and, finally, some con-
clusions are drawn in Section 7.

2. New EMCS Features

In the previous section, the architecture and typical 
features of the current control systems is described, where 
the effectiveness of these for integrating the different tech-
nologies and facilities is shown [6, 7]. However, all these 
systems have been developed based on market needs such 
as building facilities integration and control, providing the 
BMS with the necessary capabilities to achieve this goal.

On the other hand, thanks to the advance of telecom-
munication in the last decades, today there is a possibility 
of the necessary hardware to implement a complex control 
system [14], and powerful software is capable to manage it. 
Also, nowadays advanced databases exist capable to store 
and handle lots of data [15].

Nevertheless, the need for defining and developing 
flexible and useful applications capable of using different 
systems and taking the most out of them has been de-
tected. New aims can be defined for the control systems: 
improvement of energy efficiency systems and facilitate 
users’ interaction with demand response programs.

Current control systems present several constraints. 
This is why it is necessary to raise innovative designs and 
introduce a new EMCS with additional developments. 
The EMCS includes the following general features [16, 17]:

● User interaction with the system is set through a web 
platform, which avoids the need of installing specific soft-
ware at each work station. The web has been developed to 
allow the access to different user profiles.

● System architecture uses TCP-IP protocol, so it is 
not necessary to perform specific wiring to implement the 
system.

● The system performs and stores electrical magnitude 
measurements of the different facilities. The EMCS pro-
vides a specific application for data acquisition, generating 

an easy-to-use and extend database. Besides, the software 
considers anomalous situations such as communication 
lack with measurement equipment, making a posterior 
available data treatment. Therefore, it is an important im-
provement with respect to current BMS which are at the 
moment not acquiring energy consumption measurements, 
or if doing so, they are not storing and treating the energy 
data adequately.

● It is independent of users’ geographical dispersion 
since it enables management by all users from just one 
and only control center.

● Since the EMCS has been entirely developed at UPV, 
from its architecture to the applications, it provides an 
enormous flexibility to the system, thereby facilitating 
the maintenance and updating of the entire system. The 
BMSs available in the market have specific applications 
developed by commercial trademarks, but can not be ex-
tended or adapted to the specific needs of new goals. With 
the comprehensive EMCS development of the system any 
current or future need could be implemented, as the previ-
ously mentioned ones.

● Economic reasons also influence the need for EMCS 
development. Commercial control systems are purchased 
by the number of points to be controlled and depending 
on the available applications; therefore, it is possible that 
certain desired applications might need to acquire new 
licenses, at a high cost, for exceeding the number of avail-
able points.

Specifically, in order to improve energy efficiency, the 
system:

● Has got specific applications such as the one for en-
ergy consumption surveillance, consumption control, and 
utilization analysis categorized in periods, etc. (Section 4).

● Has got automatic actions necessary to achieve great-
er efficiency. The EMCS facilitates setting connection and 
disconnection times, on holidays, in different operating 
periods, and so on. Current BMS have significant limita-
tions on the number of different schedules that can be de-
fined and more so they are difficult-to-use by the operator.

● Manages all acquired data and provides the neces-
sary information without additional effort by the system 
operator, increasing energy efficiency in the utilization of 
the monitored buildings. It is not necessary for the system 
operator to wait for certain actions. Once they are defined, 
the system executes them automatically.

● Develops specific reports on daily consumption, con-
sumption by existing tariff periods, and so on.

Specifically, to improve demand response participation:
● It Integrates all actors that can participate in a de-

mand response program, such as program administrator, 
aggregators, utilities, electrical grid operators and, most 
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importantly, participating customers.
● Constitutes an area of communication between 

different actors (consumers, suppliers, generators, etc.), 
which facilitates the interaction and thus, increases trust 
amongst them. This is a fundamental aspect for the imple-
mentation of demand response programs, since it enables 
energy exchanging products and services in a completely 
dynamic manner.

● Different participants can react to external variables 
such as energy or gas price fluctuations, restrictions on 
networks supply, renewable energy availability, etc., since 
building facilities are controlled.

In summary, an innovative energy management sys-
tem developed entirely to meet these objectives presents 
major improvements over existing ones, both in flex-
ibility and the new features it brings. The goal of the 
developed system resides on the implementation of new 
tools and techniques to improve the management of the 
different energy resources used in existing controlled fa-
cilities. The energy efficiency and the control of distrib-
uted loads it implies that important energy and economic 
savings could be achieved, which means a reduction in 
the environmental impact. These tools allow customer 
managers to measure energy consumption, to store and 
manage data, to control energy consumption (i.e. by 
adjusting the timetable for different loads) and to watch 
power not to exceed a pre-fixed set point. Additionally, 
these tools enable obtaining reports and results about 
energy consumption, so energy demand forecast can be 
easily estimated.

In conclusion, a new information application to im-
prove energy efficiency and the interaction between the 
different energy agents has been created (Figure 2).

Figure 2. EMCS components

This innovative system brings something new; estab-
lishment of orders that building maintenance technicians 
are not introducing into the system because of it is com-
plex and difficult to them or because they do not have the 
adequate software.

3. EMCS Physical Architecture

One of the fundamental characteristics of the EMCS is 
the possibility of communicating with facilities which are 
far away from each other, and gathering all the informa-
tion in a central server. TCP-IP Ethernet communication is 
used, which permits an easy and fast access to the system 
[16].

Thus, in the architecture of the EMCS, the system 
components are located in two different sites: one is 
inside the controlled buildings (the customers), where 
electrical measurements are taken and control actions are 
performed. The other one is the control center, where data 
is stored and a main server manages all the other different 
applications (Figure 3).

Figure 3. Architecture of the EMCS

3.1 Customers Approach

In order to acquire the necessary measurements and to 
interact with the facilities, the following devices have to 
be installed:

● Communication gateway. The gateway sets the 
communication line between the server and the differ-
ent measurement and control components. The protocol 
used between the computer and this gateway is TCP-
IP client-server. This device is able to discriminate 
between components that have permission to access 
data from others those are not enabled. The commercial 
device chosen is Telemecanique ETG100 Ethernet gate-
way [18].

● Data acquisition central unit. This device measures 
the most relevant electrical magnitude as power, current 
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and voltages, as well as other ones related to power quali-
ty. It is important to collect the data of the initial status of 
the site in order to analyze future actions to perform. Ad-
ditionally, it allows assessment of the success of adopted 
actions, comparing the final and initial energy status. The 
commercial device used is the Power Meter 710 Merlin 
Gerin [19]. Current transformers (I1A / 5A) selected for the 
particular point are required (Figure 4).

Figure 4. Connection of the data acquisition central unit 
PM710

● Users performance device. It is necessary to be able 
to act on the customer with both digital and analog oper-
ations. In addition, devices capable of making decisions 
locally using the instructions from the server, but indepen-
dent of it, must be used. The commercial element chosen 
for it is the programmable logic controller-Telemecanique 
Twido PLC [14, 20, 21]. This will obtain input signals for 
controlling and certificating the system, and generates the 
output signals for implementing control actions on the 
user.

● In the electrical panels, it is necessary to install elec-
trical control devices such as switches, contactors, relays, 
etc. to adjust the input and output circuits of the PLC to 
the controlled power system. Relays and contactors in-
stalled for the system will be of “normally closed” type to 
ensure that a supply voltage failure on the control panel 
does not interfere with the customers’ facilities.

3.2 Control Center

Main server. This device works as a database, appli-
cations and web server. Gathered data are located in this 
server, as well as the software used to analyze and manage 

it. Additionally, the main server works as a web server; 
therefore it is the support for a secure communication 
via Internet. The commercial device used in the system 
is Intel Server System Xeon SR2520SAXR2U with 4 Gb 
memory DDR2 of 667 MHz, with 2 microprocessors Intel 
Xeon Quadcore 5405 of 2.0 GHz, 3 hard drives of 320 Gb 
Serial ATA and 1 DVD. Hard drives are configurated in a 
mirror backup mode.

Auxiliary server. It is used as a development server, 
where all the new applications are checked and work data 
is stored. Its main mission is based on centralizing the in-
formation, which implies a higher level of security. More-
over, it stores backup copies of each application in the 
main server. This is the reason why the auxiliary server 
is also a redundant station, so it could work as an autono-
mous server if the main one fails.

Workstations. They will be used to implement the soft-
ware integrated in the servers, as well as the necessary 
engineering tasks to perform the different applications.

Besides, the EMCS introduced in this article interacts 
with the existing BMS, providing these ones with the 
additional functionalities to perform the required actions 
to improve energy efficiency and participate in demand 
response programs. The EMCS must not substitute the 
existing BMSs but must be complementary on it and 
should be able to interact with them. The existing BMS 
systems should be used for the purpose they were de-
signed, controlling the facilities and supporting building 
operation.

This interaction will take place in a dedicated panel 
where the actions sent by EMCS shall be performed by 
the existing BMS (Figure 5). In the case where EMCS 
does not specify any actions, the BMS should operate as 
usual [16].

Figure 5. Interaction between the EMCS and the existing 
BMS

4. EMCS Software Components

As previously mentioned, EMCS is based on a web 
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site on Internet, meaning that data could be reviewed in 
every computer without having to install any specific 
software. This also enables users to access databases 
and applications in an easy-to-use way [22-27]. This web-
site is available at the following address: www.derd.
upv.es.

The developed EMCS consists of different applica-
tions, some of them allow the user a more adequate man-
agement of the energy demand; and others are focused 
on improving the energy efficiency, however all of them 
are necessary for any considered demand response pro-
gram:

● Consumption data gathering from customers
● Performance of control actions in facilities
● Storage and management of all the information in a 

secure database
● Applications development for users
The most promising applications already developed 

are:

4.1 Building Monitoring (Acquisition)

A reliable monitoring application is used to avoid data 
losses. For that purpose, adequate maintenance of the 
measurement devices and databases has to be performed. 
The existing Ethernet network is used for communication 
and control purposes, so it is not necessary to do any other 
specific wiring. For that reason, installation costs are re-
duced. 

This application includes the following features: 
● The database system which is implemented in SQL 

Server that provides a great functionality and has no major 
technical constraints to the system [22, 24].

● Every hour all measurement points are checked, 
taking into account their metering intervals. If any loss 
occurs to some extent, the system notifies through e-mail 
or the web page.

● Database tables’ extension is taken into consider-
ation, so an automatic partitioning is carried out each year.

● It considers the special days of spring time change, 
with an hour less, and autumn with an extra hour.

● It provides consumer daily report, monthly, tariff pe-
riods, and so on.

This application improves the existing control systems 
in data processing and storage, facilitating the posterior 
analysis of the information and minimizing the informa-
tion errors. 

Figure 6 presents the stored measurement data for a 
particular metering point. In the same website it is showed 
the control lines whose consumption depends on the mea-
suring point represented.

Figure 6. Web site. Meter main page

4.2 Planning Application

This application enables on/off scheduling for each 
control line of the system. By structuring the lines in mea-
surement point, any on/off action taken in one of them, 
will be reflected in the meter point where the line hangs.

In this application, two types of planning are possible:
● Weekly Planning: operation hours are assigned to 

different weekdays. It is possible to specify 7 different 
schedules, one per day, and this schedule is repeated each 
week. Furthermore, you may define different schedules 
with different priorities for each period of the year, each 
time running on the highest priority.

● Specific Planning: It is defined as a special opera-
tion for a specific date, such as holidays, vacation, etc. 
There are 3 types of planning for specific days. Daily: 
determined planning is executed only the selected days. 
Monthly: planning for a selected day is executed every 
month. Annual: determined day planning is repeated for 
the specified date, every year.

This application improves the availability in the BMSs 
because it is more manageable, and has easier data entry 
and no limitation on the number of schedules as the exist-
ing systems usually present.

4.3 Vigilance Application

The aim of this application is to watch the daily elec-
tricity consumption every quarter of an hour at each facil-
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ity. When the tolerance threshold is overloaded, an advice 
message is sent to the manager´s cell phone or e-mail 
(Figure 7). It is very important for this purpose to estab-
lish the threshold to be applied properly. This information 
is gathered in specific building audits in order to deter-
mine the most adequate values. As this service is carried 
out permanently, anomalous situations can be detected 
very quickly, which in turn enables time and cost savings.

It is also possible to define weekly and daily surveil-
lance, considering in a given date (i. e. holiday) where 
consumption is desired to be different.  This application 
does not exist in the current control systems, since it en-
ables making automatic comparison with historical data. 

Figure 7. Web page. Vigilance application page

4.4 Peak Power Control Application (PPC)

This software allows controlling the maximum power 
which is demanded anytime, so penalties due to values 
higher than the contracted power are avoided. Thus, the 
client is able to control the electricity bill penalties for 
power excess, and improve the management of their elec-
tricity contracts by optimizing the contracted power.

Maximum power handling is done via a line controlling 
that have certain permissions. Lines are characterized by a 
code that defines the feeding loads type (Table 1).

Table 1. Line types in the PPC application

Code Circuit name Security level

0 Lighting 10

1 Outside Lighting 10
2 Transit Lighting 10
3 Parking Lighting 10
4 AA Split machine 5
5 AA General 10
6 AA Fan coil / AHU 5
7 AA Production 0
8 AA Parameter 10

9 Extraction 5

The parameters, which must be defined for each line 
controlled in the application and are necessary for PPC 
are:

● Shutting capacity: Power cut by the system when an 
active line is turned off, provided that equipment is on.

● Time off: It is the longest period that the application 
PPC sets the line continuously in off-state during a deter-
mined event, passing this time the line goes to on-state 
automatically.

● Recovery time: Period in which it is not possible to 
re-select the line after a shutdown action applied. After 
this time, the line becomes available to be turned off by 
the system.

The security level is classified according to Table 2 and 
used by the application with the following classification:

● Security level 0-4: Lines between these security val-
ues consist of the first group of lines which could be select 
to turn off by the application in case power exceeds the 
limit set. Any line on this level can be switched off.

● Security level 5-9: Lines with this security level 
comprise the second group of lines. The lines in this group 
will only be turn off when there are no more lines from 
the first group.

● Security Level 10: This third group includes the lines 
that can not be shut down. Therefore, they are not man-
aged by the PPC application for achieving a power con-
sumption reduction at any time.

Table 2. Security level in the PPC application

Security level Line action

0-4 First Group

5-9 Second Group

10 Not shutting down

The application estimates in real time which is going 
to be the active power consumption during the subsequent 
periods in order not to exceed the maximum contract val-
ue within each quarter of an hour. To do so, the system 
defines two Operating Modes:

● Pessimistic mode: In this application mode,  it starts 
turning off the lines before reaching the peak power limit 
defined:

CONTCONTLIM EDEE ⋅−=

where:
LIME : Energy limit in which the lines actions start.
CONTE : Maximum energy to be consumed at a given 

instant according to the contracted power. This value is 
calculated every minute and reseted every 15 minutes.

D : Deviation parameter, which indicates the energy 
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percentage that is added or subtracted depending on which 
mode is chosen.

● Optimistic mode: In this mode the application starts 
shutting down the lines once the defined peak power limit 
is reached, expecting an energy consumption reduction in 
the sequence:

CONTCONTLIM EDEE ⋅+=

4.5 Baseline Application

For each meter the baseline is calculated every day 
at 00:00h, considering previous days’ measurement data 
(Figure 8). Currently the system implements a heuristic 
method which considers historical data of the last year 
and outside temperature forecast.

It is suitable to integrate this method in the EMCS, 
since it already has a database with historical measures 
from all the meters, and a great computation capacity and, 
since it is connected to Ethernet, it can automatically ob-
tain forecasts of temperature, humidity, etc. from servers 
that provide such data.

Current control systems do not provide this application 
and which on the other hand is necessary for managing 
the actions taken by various participants in a demand re-
sponse program.

Figure 8. Web Page. Baseline application page

4.6 Maintenance Application

It performs all necessary operations to maintain the 
system in an adequate state. Thus, every hour it verifies 
that all applications are active on the server, checks the 
lines status each 10 minutes, performs auxiliary calcula-
tions necessary for the different applications, maintains 
user permissions, etc.

Other additional services that are provided by the 

EMCS system are:
● Responsibilities assignation.
● Raising awareness and sensitization on energy sav-

ing.
● Interaction between the different users.

5. EMCS Implementation

The project started in February 2007 and since Decem-
ber 2009 savings have been estimated at values of more 
than 850 k€, while the total cost of the project has been 
about 2 M€ (Table 3). What is more, it is expected that 
savings are higher when the EMCS is in full operation. 
Presently, there are already 67 UPV buildings integrated 
in the EMCS.

Eighty three control boxes and 236 metering points 
have been installed, while 2,387 lines are now being con-
trolled.

Table 3. Cost of installed equipments

Device Description Cost (€/u) No. (u)

Power Meter Installation Power Meter 710 Merlin 
Gerin with 3 current transformers 654 236

Gateway TSXETG100 Telemecanique 615 78

PLC TWDLCAA40DRF 16 outputs, 24 
inputs 813 81

Panel Control box 750 83
Controlled 

devices
Relays and contactors. Connections 

and wiring. 250 1,953

Temperature 
sensor Sensor TTA-250/F 453 2

Luminosity 
sensor Sensor ELV 741 1,853 2

The EMCS carries out more than 2,500 control actions 
every day.

During the implementation, meters have been installed 
in the following electrical points:

● Main panel of the electrical system at each building
● Emergency supply main circuit breaker to obtain the 

total consumption of the building.
● Specific air-conditioning panel, since it is the end-use 

(independent process) in which control has focused on. 
This is because HVAC systems present the greatest pos-
sibility for energy efficiency improvements in the studied 
facilities.

● Specific parking panels.
● Some specific panel for interior lighting with several 

controlled lines.
● Measurement data is obtained out of the transform-

ers´ output.
● Public lighting at specific electrical panels.
For improving energy efficiency in the facilities, it is 

necessary to perform certain actions in different circuits. 
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For example, the air-conditioning installation shall be 
forced into the air handling units, fan coils, etc., when 
necessary.

It is also necessary to turn off lighting circuits, flow 
regulators connection at certain times, etc. Furthermore, 
the lines, circuits in which some control action can take 
place by EMCS control, are defined under different types 
[28]:

● Lighting.
● Outside lighting.
● Public lighting.
● Parking lighting.
● General air-conditioning.
● Air-conditioning production.
● Air-conditioning fan coil.
● Split air-conditioning equipments.
● Extractors.
Also, two sensors have been installed to measure:
● Outside temperature. Outside temperature may be 

obtained at each point. For this, an external temperature 
probe has been installed and the PLC has been extended 
with an analog input module. Specifically, the expansion 
module selected is the TWD-AMI8HT. The commercial 
temperature probe selected is the TTA-250 / F model [29].

● Outside Lighting. Luminosity sensor has been in-
stalled, in order to acquire data for this variable; concrete-
ly the commercial device selected for this purpose is the 
ELV 741 [30].

With temperature data it may be controlled the actions 
in the air-conditioning lines while the lighting lines are 
controlled with luminosity data.

The implementation impact on different system com-
ponents is described in the following sections.

5.1 Impact on the Facilities Energy Consumptions

Usually, cost of electricity consumption in university 
premises and similar infrastructures is very high, mainly 
due to the following causes:

● There is no optimum management. Usually the per-
son who manages the electricity in a building is the same 
that manages other services (water, air-conditioning, gen-
eral maintenance, etc)

● Electricity contract is not the optimum (not enough 
studied).

● There is no place where users and maintenance man-
agers can get in touch.

● Users are not aware of the energy problem.
The development of this system improves the energy 

management, because:
● Energy consumption is measured, so it can be con-

trolled and reduced. In addition, there is a responsibility 

assignation that means that the responsible manager is 
more careful because he knows the building energy con-
sumption levels and he is responsible for energy data ac-
quisition.

● Electricity consumption during out-of-work-hours is 
perfectly known, so different strategies can be applied.

● New guidelines on energy use may be proposed.
Previous studies carried out about energy management 

in commercial buildings [3-5] showed that reductions of 8% 
can be obtained by only watching consumption trends. To-
tal reduction can be up to 20% if additional active controls 
are performed.

5.2 Impact on Human Habits

Other important impact is the achievement of a social 
energy commitment. This project promotes the best use 
of energy by the different people forming the university 
community (professors, students, resource managers, ser-
vices and staff) or the facilities. Thus, responsibilities for 
each collective are promoted in the following areas:

● Maintenance service: Control of air conditioning sys-
tem and common areas’ lighting.

● Students and professors: Air-conditioning and light-
ing in classrooms and lighting in restrooms.

5.3 Impact on the Facilities

There are two situations, which are: buildings with and 
without control system that integrates various facilities. In 
the first case, as discussed earlier (section 3.2), the EMCS 
provides orders to the BMS, which performs the adequate 
actions for turning off the necessary equipment. In the 
second case, EMCS performs the control directly on the 
facility with the installation of the required equipment (re-
lays, contactors, etc.).

Some proposals about different equipment that is usu-
ally not controlled in analyzed buildings are included be-
low. In order to manage these devices some actions have 
been implemented:

● Autonomous air conditioning (AC) devices (split 
units, roof-top, etc.):

Problem: Some AC individual devices, installed in of-
fices and little rooms, remained switched on during nights 
or weekends.

Solution: Permission relays have been installed in se-
ries with the control circuit of machines. These relays are 
connected to the control system, which avoids AC devices 
to stay connected during nights or weekends. The payback 
is shorter than 2 years.

● Centralized HVAC systems
Problem: Some HVAC centralized devices remained 
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switched on during nights or weekends. Nevertheless, the 
control of these systems was usually centralized and easy 
to adjust, but timetables were not optimized.

Solution: Permission orders are given by the EMCS 
to the local control system installed for chillers/heaters 
and groups of fans. This option avoids HVAC devices to 
remain connected during nights or weekends. Moreover, 
other control options have been performed, for example 
disconnection of chillers/heaters on peak hours, since fans 
can use the thermal inertia of the system. The payback is 
shorter than 2 years.

● Lighting
a) In common areas
Problem: Usually, lighting in common areas was ex-

cessive during the day. Additionally, some lights were 
switched on during the whole day. 

Solution: Permission relays have been installed - in 
series - to main lines of common lighting areas that are 
switched off from time to time. These lines are switched 
off when lighting in the area is not necessary (during 
night, weekends and holidays). In addition, twilight 
switches have been installed and timetables for connection 
are now adapted in order to optimize the luminosity level 
(adaptation of switching timetables in accordance with 
seasonality).

b) In classrooms/conference halls
Problem: Sometimes there were empty classrooms 

where lights stayed switched on.
Solution: Presence detector units have been installed in 

series with switches in order to control the lighting.
c) In restrooms
Problem: Light in restrooms was switched on during all 

the day. 
Solution: Presence detector units or timer switches 

have been installed. Energy savings of about 60% are be-
ing achieved. The payback is not higher than 3 years.

● Electronic Equipment
Problem: Obviously, the electronic equipment (com-

puters, printers, videos) in offices, in general, and in uni-
versity buildings, in particular, is very important. Energy 
demand of electronic devices in universities represents up 
to 15% of overall peak demand [31]. Sometimes, electronic 
equipment was switched on during the whole day.

Solution: It is analyzed the number of connected devic-
es and the users are made aware to bring them into sus-
pension mode. In the university there are 4,000 computers 
connected during night period of the 10,000 used during 
the day.

5.4 Demand Response Capability

Throughout the implementation of the EMCS system, 

various power lines are controlled. When managing a 
large number of buildings, the control over the available 
power becomes very large. As the number of monitored 
buildings increases, the power to be controlled also in-
creases. Currently, EMCS is managing over 2.5 MW, 
only in air-conditioning lines. Such power can be used to 
respond to price signals that reach the system via the In-
ternet or from a FTP server.

The EMCS provides the necessary infrastructure, ca-
pable of participating in electricity markets where power 
disconnection could be offered as a service to the grid. 
Furthermore, since the consumed energy is perfectly 
known in the different facilities, the electricity contract 
can be optimized, so that the electricity bill is reduced.

In this new framework, energy consumers could have 
influence over the price and quantity of generated energy, 
so customers may offer energy not by producing it, but by 
not consuming it. In this way, this system would enable 
demand response to be monitored by different agents, and 
price signals may be provided [13].

A common framework for the different energy actors 
has been created, where real-time information can be ac-
cessed according to access profiles. Moreover, the infor-
mation provided will enable the utility to offer customized 
contracts to the customers.

Using the Baseline application, an estimation of certain 
facility consumption is obtained (Figure 9), information 
that can be used to establish the necessary compensation 
mechanism required in a demand response program.

Figure 9. Baseline calculated

This EMCS is expected to contribute to the improve-
ment of operation and management in electricity sys-
tems, since the access to centralized and controlled loads 
through a website provides an environment where the 
operator of the grid, utilities and the consumer are able to 
interact. 

Management options proposed here may imply the re-
duction in the necessity of new generation plants and new 
transport lines, that means a significant reduction of the 
environmental impact (reduction of 1 Ton CO2 emissions 
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per MWh) and a reduction of needs and costs of electrici-
ty transport and system operation.

For example, in Europe there are about 4,000 colleges 
and universities, so this project has a huge potential for 
this type of infrastructures [31].

6. Obtained Results

Considering all the proposals in this work as an out-
come of the implementation of the EMCS system substan-
tial energy saving has been calculated. This includes:

● Permanent savings in HVAC systems. In conducting 
the initial audit, prior to the installation of the system in 
the buildings, set points, schedules, timers, etc. are modi-
fied obtaining a permanent better facility operation.

● Savings on lighting. Using presence detectors togeth-
er with EMCS actions a reduction in lighting consumption 
in common areas with external lighting has been achieved.

● Savings as a result of daily monitoring of the facil-
ities. The maintenance technicians are more dedicated 
since the system monitors and stores energy consumption, 
even in off-working hours.

● Savings in holiday periods by better adjusting the 
schedule planning.

● Savings by EMCS daily actions: They have been 
mainly achieved by controlling the HVAC devices. The 
results are quantified comparing the consumption during 
a normal day with the EMCS functioning (EMCS ON) 
and without doing this actions (EMCS OFF). Only imple-
menting this action, consumption reductions in working 
days for these devices have been calculated in 315 €/
day, whereas savings of 636 €/day and 910 €/day were 
achieved on Saturdays and Sundays or on holidays respec-
tively (Figure 10).

Figure 10. Energy consumption in the UPV with and 
without EMCS

Savings are very important in common areas lighting, 

such as restrooms, corridors or halls, where reductions of 
18,126€ have been got. 

Following, some figures directly obtained from the 
EMCS reports are presented to illustrate the interesting 
effects in the load curve of different facilities while are 
being controlled. These results are used for energy and 
economic savings calculation, according to the control ac-
tions performed by the EMCS.

Taking into account the effect in the whole campus 
on Saturday days, it could be inferred that consumption 
during the valley period (mainly on night) has been re-
duced, unless the total consumption during the day suffers 
an increment due to construction new buildings in the uni-
versity.

Figure 11. Consumption on Saturdays in August 2007 and 
2008

As it is shown in Figure 11, the mean consumption in 
2007 on Saturdays was 104,008 kWh and 104,347 kWh in 
2008. Nevertheless, when only valley periods (from 0:00 
to 7:00 and from 14:00 to 24:00) are considered, it is easy 
to check that consumption has been reduced in about 5 % 
(from 69,614 kWh to 66,458 kWh a day) periods in which 
EMCS action are performed.

A similar effect is obtained in Sundays and vacation pe-
riods. Figure 12 represents load curve for the whole cam-
pus on a holiday day, August 15th 2006, 2007 and 2008.

Figure 12. UPV consumption on August 15th

Consumption in 2006 is 111,734 kWh, 108,166 kWh 
in 2007 and 92,223 kWh in 2008, so a 15 % reduction has 
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been achieved since the EMCS´ implementation. It has 
been achieved because of the proper space cooling device 
management, since some HVAC machines were switched 
on during the whole day on vacation before implementing 
the EMCS.

EMCS provides significant savings in air conditioning 
and common areas lighting, allows daily consumption 
monitoring, facilitates energy bills verification, permits 
scheduling adjustment for vacations and holidays plan-
ning, controls the peak power consumption, and provides 
air conditioning management on daytime and daily basis.

In Figure 13 there is an analysis of the consumption of 
a teaching building with 4 floors and 8,323 m2 area (7B-7E 
ETSID). It can be noted that there are significant reduc-
tions in energy consumption due to switching-off of the 
cool production 30 minutes in advance at 21:00, so that 
thermal inertia of the system is used to keep the tempera-
ture range under control. Additionally, the starting time is 
delayed for 30 minutes in the morning and 30 minutes in 
the evening, which also produced noteworthy energy sav-
ings.

Figure 13. Energy consumption in building 7B-7E ETSID

As it is shown in the figure, consumption is reduced 
from 1,720 kWh to 1,392 kWh, which implies savings of 
19 %. If only periods from 0:00 to 8:00 and from 21:00 to 
24:00 are considered (valley periods), savings of 179 kWh 
are achieved.

7. Conclusions

A new energy management and control systems 
(EMCS) has been created to help the customer to use 
energy more properly. This EMCS includes a set of new 
tools and techniques in order to improve the management 
of different energy resources used in existing facilitates, 
resulting in a reduction in energy consumption, increasing 
overall efficiency and the control of the distributed loads. 
The university campus is selected to install the developed 
EMCS since it encompasses many service enterprises 
including healthcare delivery, sports facilities, businesses 

in research parks, as well as overall faculty and student 
services.

The EMCS is based on a secure website to inform and 
to get in touch with different agents that could be inter-
ested in the use of available distributed energy resources, 
as generation, storage and demand response. It allows the 
facility managers to measure energy consumption, to store 
and manage data, to control energy consumption and to 
watch power not to exceed a pre-fixed set point.

Currently, the Institute for Energy Engineering (IIE) is 
working on a project with a utility to define a new elec-
tricity contract, which values control power available. 
Within this project IIE is developing the necessary appli-
cations to manage the power available through the EMCS 
as an information exchange platform.

Energy consumption would be measured, so it could be 
controlled and reduced. As it is shown in this paper, the 
EMCS is able to achieve decrements of 20% with active 
control.

Lastly, another impact is the achievement of a social 
energy commitment towards effective energy control in 
service enterprises.
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