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Abstract: This study quantifies for the first time the contribution of high-weight demountable construction to the sustainable level of
a building using 11 of the most representative and internationally used GBRSs (Green Building Rating Systems). The scores of a
prefabricated, high-weight demountable building (Sayab) were compared with those of a non-demountable building (a baseline), in
both cases using 11 of the most important GBRSs. All GBRSs have found that high-weight demountable construction provides a higher
level of sustainability. However, the resulting scores varied widely (from an increase of 1.4% to an increase of 22.72%), and only three
GBRS:s clearly valued its obvious sustainable advantages (CEDES: 22.72%, DNGB: 14.79%, SBTools: 12.4%) while the rest valued
it very little, and four of them barely valued it. The results of this case study are generalizable, since the different existing GBRSs do
not have the capacity to detect small changes in high-weight demountable construction systems. However similar studies should be
carried out to confirm the results obtained and accurately quantify the contribution of demountable construction to the sustainable level
of buildings.
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1. Introduction

This paper quantifies for the first time the
contribution of high-weight demountable construction
to the level of sustainability of buildings.

High-weight demountable construction, usually based
on reinforced concrete panels, has great environmental
and economic benefits, since its components can be
easily assembled and disassembled and can be removed,
repaired and reused as many times as desired. In this
way, their durability can be extended to the maximum,
while their environmental impact over time can be
reduced to the minimum, by minimal maintenance.
Some studies have analyzed the general advantages of
demountable buildings based on reinforced concrete

panels, especially with regard to the optimization of
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resources, reduction of waste and emissions, reduction
of energy consumption, etc. [1-9]. Previous studies also
analyzed specific construction systems but using only a
few sustainable indicators [10-17].

However, very few studies of the overall contribution
of high-weight demountable construction to the
sustainability of buildings are available in the literature
[18, 19].

To quantify the overall level of sustainability of
buildings, multivariate assessment tools, called GBRSs
(Green Building Rating Systems) have been implemented
in recent years. Sustainability is a concept that integrates
several components (energy, resources, emissions,
waste, etc.), so GBRS has several different indicators

to evaluate these components together, and provide a
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final score. These GBRSs have been widely used to
determine the sustainable level of buildings, although
there are very few studies that use any of these GBRSs
to quantify the overall sustainable benefits of high-
weight demountable construction [20, 21].

This study aims to do just that. To this end, a high-
weight demountable building (Sayab) was evaluated
alongside 11 of the most representative existing GBRSs.
A non-demountable hypothetical version of the same
building (ND-Sayab) was also evaluated as a reference
baseline. By comparing both results the contribution of
high-weight demountable construction to the buildings’
sustainability was quantified.

The chosen building is representative of all high-
weight demountable construction systems, but similar
case-studies must be conducted to confirm the results
obtained. However, based on their in-depth knowledge,
GBRSs are unable to quantify small differences that
may exist between various high-weight demountable
construction systems, so the results obtained are highly
generalizable.

2. Context and Objectives

The objective of this paper is to quantify the
contribution of high-weight demountable construction
to a building’s sustainability.

A building built in Colombia (Sayab) was chosen for
the study. A non-demountable version of the same
building (ND-Sayab) was also evaluated as a reference
baseline. By comparing both results the contribution of
high-weight demountable construction to the buildings’
sustainability could be quantified.

Sayab can be located anywhere where each of the
chosen GBRSs is commonly used. The goal is to
determine what score it would obtain when evaluated
with each of them.

It should be noted that the common objection is that
ecach GBRS has been designed for a specific
environmental context and with specific socioeconomic
interests, and that is why they are so different from one
another. Therefore, with this study, we wish to draw

attention to this issue for several reasons:

1. Each GBRS has been designed in a specific
environment, but it is often used in different places. For
example, LEED was designed in the USA, and within
the USA, there is a huge disparity in climatic,
environmental and socio-economic contexts. Does
LEED work for all? If so, will it also work for similar
environments found in Europe or Asia?

2. In some places, such as the UK, France, Germany,
Italy, Poland, etc., several GBRSs are routinely used.
Does this mean that any of them is valid?

3. After an in-depth examination of the categories,
indicators, and assessment systems, it is clear that
GBRSs are unable to detect small differences, so
buildings with substantial differences would obtain the
same score even if they have certain different
characteristics. For example, the overall score would
not change if a demountable house made with steel
frames, containers, or wood-derived components is
assessed. Therefore, the results obtained in this
evaluation can be extrapolated to similar single-family
houses. In fact, the authors evaluated quite different
demountable buildings, and the scores were quite
similar.

Therefore, by comparing the results obtained by the
different GBRSs, in addition to quantifying the
contribution of high-weight demountable construction,
we also seek to reflect on the structure, merit,
legitimacy, and usefulness of the different GBRSs used.

3. Comparative Evaluation Methodology and
Description of the Two Buildings to Be
Evaluated

To accurately quantify the contribution of high-
weight demountable construction in the sustainable
score of a building, a modular and demountable
building (Sayab) was compared with a baseline: its
non-demountable hypothetical version (ND-R4Sayab).
The evaluation will be carried out through 11 leading
GBRSs, and to simplify the study, only the indicators

whose scores varied from one building to another are
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shown in the comparison. The remaining indicators are
not taken into account because they would give the
same score to one building as another. Therefore, only
indicators related to demountability (those whose
scores vary depending on whether a building is
demountable or not) have been included in the
evaluation tables.

3.1 Choice of the 11 Leading GBRSs

Five guidelines were followed to select the main
GBRSs for the sustainable evaluation.

* Their geographical and territorial representation;

* Number of buildings evaluated;

* Number of citations in the Scimago database;

* Number of citations in Google;

* Complete manuals and user guides are available.

Based on these guidelines, a complete list of GBRSs
was compiled, and the top performers were selected.
Please note that only those with an operating manual
were selected. As a result, a total of 11 GBRSs were
selected, which is certainly a representative number:
ASGB [22], BEAM [23], BREEAM [24-27], CEDES
[28, 29], DNGB [30], GBI [31], GG [32], GS [33],
IGBC [34], LEED [35], and SBTool [36] (whole words
of GBRS names in references). From each GBRS, the

most recent and appropriate version for evaluating
house buildings has been chosen.

The evaluation system for each of these 11 GBRSs
is summarized below (Table 1), along with a
comparison showing the different categories for each
GBRS, as well as the maximum score that can be
obtained in each category (Fig. 1). This gives an idea
of the strengths and weaknesses of each GBRS used.

Figure 1 shows a mutual comparison based on the 14
common categories to the eleven GBRSs chosen which
were identified (even if they do not have the same
name). In this way, all the indicators of each GBRS can
belong to one of these categories, without any
ambiguity and without any missing or extra indictors.
The categories were organized into 4 groups: 1.
Essential: Categories directly involved in measuring
the ecological level of a building; 2. Complementary:
Additional categories needed to measure properly its
level of sustainability; 3. Added: Categories that are not
necessary, and whose indicators are already indirectly
contained in Essential or Complementary categories
and could serve only to emphasize some sustainable
aspects of the building, but it offsets the importance of
some indicators; 4. Superfluous: Categories not related
to sustainability.

Table 1 Summary of the method used to evaluate by the 11 GBRSs.

GBRS Evaluation strategy

ASGB

Prerequisites of the standard must be met. The score of each index must not add up to less than 40 points. When the
total score of a green building reaches 50, 60 or 80 points, the green building rating is one star, two stars or three stars
respectively. This is calculated using the following formula: YQ =W1 Q1 + W2 Q2 + W3 Q3 + W4 Q4 + W5 Q5 + W6
Q6+ W7 Q7+ Q8. First, the Qi score (i=1, 2, 3,4, 5, 6, 7) is obtained according to the grade of the item that can be
scored under various indicators. Second, QS is the Promotion and Innovation score. Each Qi is multiplied by its Wi
weight, and the Bonus Elements score is added to final evaluation score, obtaining 1, 2, or 3 stars.

BEAM

It is made up of 7 categories and 22 subcategories that are scored to obtain a sum that, according to its value, obtains as
a result: Certificate, Bronze, Silver, Gold, Platinum, Diamond.

granting the total number of 110 credits.

The assessment method is about ten categories that allow a maximum of 110 points. Each category has different weight
regarding to total, and they are divided in subcategories, and indicators.
BREEAM |Once the score for each category is obtained, a percentage weighting factor is applied in each case, proportionally

According to the final score, the final can be: Exceptional, Excellent, Very Good, Good, Correct, or Unrated.

It incorporates eight categories and a system of indicators hierarchically structured into four levels. Each indicator has a

CEDES specific, well-structured weight and can be assigned a value from 0 to 5. The final score ranges from 1 to 10.
The evaluation is based on 29 criteria, subdivided into six categories. Points are awarded to each category obtaining a
DNGB partial result. Then a weighting factor is applied to them, obtaining a final result by category that, when added together,

grants the certification: Bronze, Silver, Gold, Platinum.
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Table 1 to be continued

GBI

It has 3 stages: Stage 1: Application and registration, Stage 2: Evaluation of the design, Stage 3: Completion evaluation
and verification. To obtain the certification, its categories are scored and then added to determine a final result:
Certified, Silver, Gold, Platinum.

GG

The maximum score that can be obtained is 1,000 points, divided into six categories. They are divided in subcategories,
and indicators too. Some of the categories offer different assessment paths, which makes the method adaptable to some
project particularities. Depending on the percentage of points obtained, 1 to 4 globes can be awarded.

GS

The assessment tool awards points for the achievement of certain specific credits in each category. Once their score is
calculated, an environmental weighting factor is applied, and the partial results are added. Finally, the points related to
the incorporated innovations are added. The final result allows obtaining: One, two, three, four, five, six stars.

IGBC

It is composed of 6 categories, which together have 37 criteria and 10 mandatory requirements. Each criterion is
assigned a score. To achieve certification, the project must meet all the mandatory prerequisites and add a minimum
score of 50 to 100 credits, obtaining as a result: Certificate, Silver, Gold, Platinum.

LEED

It incorporates 9 categories, which together have 41 criteria. Each criterion is assigned a score and 16 mandatory
requirements. To achieve certification, the project must meet all the mandatory prerequisites and add a minimum score
of 50 to 110 credits, obtaining as a result: Certificate, Silver, Gold, Platinum.

SBTools

It is an adaptive valuing framework for rating buildings using scores and credits that are weighted depending on the type
of building. It is organized into four levels: (1) detected problems, (2) performance categories, (3) performance criteria,
and (4) performance sub-criteria. According to the result, the corresponding qualification is obtained
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Fig. 1 Mutual comparison and maximum score of the different categories of each of the 11 GBRSs.
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3.2 Description of the Demountable Building. Sayab

3.2.1 General Information

Sayab is a complex of 4 residential buildings
intended for the middle social stratum (social stratum 4)
built in Cali, Colombia (Figs, 2, 3). Each building
contains around 100 dwellings with an average surface
area of about 60 m? [37-40]. Here one of the 4 blocks
is analyzed.

Sayab was designed to have a high ecological and
sustainable level, and in fact it has been internationally
recognized in several publications and received awards
and was built using several strategies to optimize
resources to the maximum while generating the
minimum of waste and emissions in all stages of its
construction. The building has a refined bioclimatic
design so that the houses do not need air conditioning,
ventilation or heating devices. As a consequence,
Sayab houses have minimal energy consumption
(barely 30% of what is usual for this type of houses in
the area) [37-39] (Figs. 4, 5).

Sayab hardly needed maintenance due to the
robustness and durability of the materials used, and due
to the fact that there are few electromechanical devices

1
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(due to its special design). Sayab was also built with
healthy materials, which do not produce emissions, to
maximize the residents’ well-being and health. It
should be said that the economic cost of the houses is
similar to the average market price of other houses with
the same characteristics, and in the same area. However,
its most notable feature is that it was built of
industrialized, modular, prefabricated and removable
components, including its structure.

The houses’ economic cost is similar to the average
market price of other houses with the same
characteristics in the same area, although it was built of
industrialized, modular, prefabricated and removable
components.

3.2.2 Demountable Design

The Sayab building structure (foundations, load-
bearing walls and slabs) was built of prefabricated
reinforced concrete panels (“formaletas™), assembled
bymetal connectors so that the different components do
not have differential displacements, although the
robustness and rigidity of the whole is achieved by
proper assembly between them (Figs. 6, 7, 8) [37-40].
The final removable structure is capable of resisting all

external stresses, including the strong seismic demands

|
[T [NANRRANNARRRRRARAR

Fig.2 Sayab. First Building.
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Fig. 3 Sayab floor plan layout.
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Fig. 7 Demountable prefabricated reinforced concrete Sayab panels.
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Fig. 8 Reinforcement of prefabricated concrete Sayab panels.

of the area (seismic activity is significant in Cali) (Figs.
9, 10). All the structural panels can be easily removed
from the building for convenient repair and/or
replacement. The architectural envelopes are also made
from concrete blocks and wood-cement panels, which
can also be easily disassembled. The exterior metal
elements (doors and windows) and all decorative
elements are also demountable. Even the installations
and equipment of the building have been made based
on demountable components that can also be easily
removed, repaired and reused (Figs. 9, 10, 11, 12, 13).

As a result, all components of the building can be
extracted, repaired and reused indefinitely, providing
the building with durability that can be infinite (Figs.
9, 10, 11). Repair of components can be done easily,
and if necessary they can be replaced with new
components. As a result, by maximizing the durability
of the building and minimizing the need for

maintenance, the environmental impact per unit of

BOX FOR VERTICAL
REINFORCEMENT UNION

time tends to zero. It should be added that Sayab
components can be repaired and reused as many times
as possible, but, at the point where some of these
components are very deteriorated, and their repair
becomes very expensive, they could be used in another
type of construction less aesthetically demanding (for
example a retaining wall). In this way, the durability
of the components is further increased, and their
environmental impact is further reduced.

Although Sayab meets high ecological and
sustainable standards [37-40], in this work we only
quantified the contribution of its demountable
construction in its sustainable level, using the most
leading GBRS. As has been analyzed in previous
studies [11-15, 19, 21, 37-39], the environmental and
economic advantages of demountable buildings are
many, including the following:

* Adaptability to new uses, and easy reconfiguration

of the building;



* Zero generation of emissions and waste.

* Minimum need for maintenance;

* Quick construction;
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* Easy repair of all components;
* Low energy consumption;
* Maximum optimization of resources;
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Fig. 10 Sayab structural demountable panels and prefabricated components breakdown.
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Fig. 11 Interior view of Sayab structure, based on demountable prefabricated reinforced concrete panels.
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Fig. 12 Construction detail of the base structure of the Sayab building.
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Fig. 13 Construction detail of the base structure of the Sayab building.

It is therefore assumed that the different GBRSs
must appropriately value these advantages and assign a
considerable score to disassembly. Otherwise it would
be deduced that the GBRSs that do not adequately
assess it would be deficient, and should be modified.

3.3 Description of the Non-demountable Building. ND-
Sayab

In order to measure the differential score of the
individual GBRSs for demountable construction, Sayab
was compared to a reference baseline: a hypothetical
non-demountable, but otherwise identical, version of
Sayab, known as the ND-Sayab.

The specific characteristics of ND-Sayab do not

matter.
3.4 Comparative Evaluation Methodology

To evaluate the contribution of high-weight demountable
construction to the general level of sustainability,
Sayab was compared with ND-Sayab using eleven of
the most leading GBRSs, considering only the

indicators with different scores in each case, creating a
comparative table for each GBRS. The set of indicators
whose score varies when comparing a demountable
with a non-demountable building is referred to as a
“demountable group”.

The evaluation tables show the scores obtained by
both buildings:

* The score given to each indicator (strictly
following the guidelines of each GBRS manual);

* The maximum possible score for each indicator;

* The weight of the indicator within the category to
which it belongs;

* The weight of the category;

* The conversion factor of the scoring scale of each
method, to a scale of 0-100 (Since some GBRSs score
from 0 to 75, others from 0 to 100, others from 0 to 110,
others from 0 to 1,000, the conversion factors used are
therefore: 100/75, 100/100, 100/110, 100/1,000).

A very simple process has been followed to make
each table (Fig. 14). By multiplying the percentage
score of an indicator (score/maximum score), by its
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weight within the category, by the weight of the
category, and by the conversion coefficient, a value is
obtained (from 0 to 100), which is the contribution of
each indicator to the total score, so that adding the score
of all the indicators of the “demountable-group” gives
the total score that each group gives to both Sayab and
ND-Sayab. Finally, by subtracting both scores, the
contribution of demountable construction is obtained
in the final score provided by each of the GBRSs used.

It should be noted that each GBRS has a different
internal structure and a different scoring system. Some
GBRSs do not have categories but only indicators, and
the determination of the specific weight of each system
is different and has to be calculated on a common
weighting basis of 0 to 100. However, essentially all the
tables show the same: the final score of each indicator
on a scale from 0 to 100 and the total score of all of
them for both buildings.

To describe the evaluation process and the
contribution of each indicator in the final evaluation of
the building, let us take an example from ASGB (Table 2).

The ASGB indicator “BA (building adaptability)”
has a maximum score of 18 points. This indicator has a
weight of 18/100 within the “SD (security and
Durability)” category, and in turn this category has a
weight of 10 out of 110 (ASGB has a total evaluation
range of 0 to 100+10).

Sayab was given the maximum score (18), that is

((12 / 18) = 0.66). By multiplying this value (0.66) by
the weight of the BA indicator within the category, a
value of (0.66 * (18 / 100)) is obtained, that is 0.12.
Multiplying this value by the weight of the SD category
in the total score gives (0.12 * (10 / 100)) = 0.012,
based on a score of (0-110). Converting this percentage
to a common base of (0-100), the final score is (0.012
*(100/110)) =0.0109, i.e. 1.09%.

Identify all indicators whose score can change simply
because a building is demountable or non-demountable

Indicate the maximum possible score that each GBRS
can assign to each of these indicators

Assign a score to each indicator, following the instructions
in the manual for each GBRS

i}

Indicate the weight of each GBRS within its category

)

Indicate the weight of each category in each GBRS

Multiply the score assigned by the weight of the indicator
and by the weight of the category

Convert the result to a common range (0-100)

Add all the indicator values for demountable building
and for non-demountable building

Fig. 14  Process to obtain the quantification of the

contribution of demountability to the sustainable level of

buildings using different GBRSs.

Table 2 ASGB indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab
Indicators Category Score Max. Indigato Cat.egory Result Result Score Max. Indicator Cat.egory Result Result
score rweight weight  (0-110) (0-100) score weight weight (0-110) (0-100)

BA (*1) SD (*6) 12 18 18/100 10% 1.20 1.09% 6 18 18/100  10% 0.60 0.55%
LULC *29 SD 10 10 10/100  10% 1.00 091% 6 10 10/100  10% 0.60 0.55%
IIDP (*3) RC¢*71) 8 8 8200  20% 0.80 0.73% 4 8 8/200 20% 0.40 0.36%
URRWM (*4) RC 12 12 12/200 20% 1.20 1.09% 6 12 12/200  20% 0.60 0.55%
SSIC (*35) IT (*8) 10 10 10/190 10% 0.53 0.48% 5 10 10/190  10% 0.27 0.24%
Partial score 4.30% 2.24%

Difference 2.06%

ASGB provides a maximum score of 100 points, and can provide an additional 10 points, therefore, the total score ranges from 0 to
110. (*1) Building adaptability, (*2) Longer useful life of components, (*3) Industrialized interior design parts, (*4) Use of recyclable,
reusable and waste materials, (*¥5) Structural system and industrialized components, (*6) Security and durability, (*7) Resource

conservation mprovement and innovation.
tion, (*8) I t and t
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Table 3 BEAM indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab
Indicators Category Score Max. Indicj'ato Cat'egory Result Result Score Max. Indjcator Cat'egory Result Result
score rweight weight  (0-110) (0-100) score weight weight (0-110) (0-100)

MSD (*1) MW x4y 02 2 2/35 9% 0.00 0.00 02 2 2/35 9% 0.00 0.00%
PREF (*2) MW 4/4 4 4/35 9% 1.03 093% 14 4 4/35 9% 0.26 0.23%
AD (*3) MW 22 2 2/35 9% 0.51 047% 072 2 2/35 9% 0.00 0.005
Partial score 1.40% 0.23%
Difference 1.17%

BEAM provides a maximum score of 100 points, and can provide an additional 10 points, therefore, the total score ranges from 0 to
110. (*1) Modular and standardized design, (*2) Prefabrication, (*3) Adaptability and deconstruction, (*4) Materials and waste.

ND-Sayab was given a score of 6 out of a maximum
of 18, that is, ((6 / 18) = 0.33). Multiplying this value
(0.33) by the weight of the BA indicator within the
category gives a value of (0.66 * (18 /100)), that is, 0.06.
Multiplying this value by the weight of the SD category
in the total score gives (0.06 * (10 / 100)) = 0.006,
percentage based on a score of (0-110). Converting this
percentage to a common base of (0-100), the final score
is (0.006 * (100 / 110)) = 0.0055, i.e. 0.55%.

Repeating the process for the 5 demountability
indicators in ASGB, Sayab has a score of 4.30%,
compared to 2.24% for ND-Sayab. That is, according
to ASGB a demountable building like Sayab has an
increase in the level of sustainability of 2.06% (4.30 -
2.24) (Table 2).

4. Results
4.1 ASGB Evaluation

ASGB has 5 indicators involved in demountable
construction, and therefore, their score varies in the
evaluation of Sayab, and ND-Sayab. The score difference
for both cases is only 2.06% and this is because ASGB
does not consider many important aspects such as:
economic cost, resources needed, level of exploitation
of resources, energy consumption in building construction

and in demolishing/disassembling (Table 2).
4.2 BEAM Evaluation

BEAM has only 3 indicators involved in demountable

construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score difference
for both cases is only 1.17% and this is because BEAM
does not consider many important aspects such as:
economic cost, resources needed, level of exploitation
of resources, energy consumption in building construction

and in demolishing/disassembling (Table 3).
4.3 BREEAM Evaluation

BREEAM has only 4 indicators involved in
demountable construction and therefore their score
varies in the evaluation of Sayab, and ND-Sayab. The
score difference for both cases is only 5.38% and this
is because BREEAM does not consider many important
aspects such as: economic cost, energy consumption in

building construction and in demolishing (Table 4).
4.4 CEDES Evaluation

CEDES is the best GBRS and has 7 indicators
involved in demountable construction and therefore
their score varies in the evaluation of Sayab, and ND-
Sayab. The score difference is 22.72% (Table 5).

4.5 DNGB Evaluation

DNGB has 6 indicators involved in demountable
construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score
difference for both cases is 14.79% and this is because
DNGB does not consider: resources needed and level
of exploitation of resources (Table 6).
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Table 4 BREEAM indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Removable group Sayab ND- Sayab

s gy e N Tty Gy Bl Rl s M T Gty K
MAN 02 MAN (*1) 4 4 19.05% 11% 2.10 1.91% 1 4 19.05% 11% 0.52 0.47%
MATO05 MAT *2) 1 1 7.14% 15% 1.07 097% 0 1 7.14%  15% 0 0%
WSTO1 WST *3) 4 5 45.45% 6% 2.18 1.98% 0 5 45.45% 6% 0 0%
WSTO06 WST 2 2 18.18% 6% 1.09 0.99% 0 2 18.18% 6% 0 0%
Partial score 5.85% 0.47%
Difference 5.38%

BREEAM provides a maximum score of 100 points, and can provide an additional 10 points, therefore, the total score ranges from 0
to 110. (*1) Management, (*2) Material, (*3) Waste.

Table 5 CEDES indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab
Indicators Category Score Max. Indigato Cat.egory Result Result Score Max. Indjcator Cat.egory Result Result
score r weight weight (0-100) score weight  weight (0-100)
1.2.1 RO (*x1) 4 5 0.072 18% - 1.04% 2 5 0.072 18% - 0.52%
1.2.4 RO 4 5 0.306 18% - 441% 1 5 0.306 18% - 1.10%
1.2.6 RO 5 5 0225 18% - 4.05% 1 5 0.225 18% - 0.81%
2.4 ECIC (*2) 5 5 0.115  34% - 391% 3 5 0.115 34% - 2.35%
2.7 ECID (*3) 4 5 0.024  34% - 0.65% 1 5 0.024 34% - 0.16%
4 WE (*4) 5 5 1 12% - 12% 1 5 1 12% - 2.4%
6 EC(*5) 4 5 1 10% - 8% 2 5 1 10% - 4%
Partial score 34.06% 11.34%
Difference 22.72%

(*1) Resources optimization, (*2) Energy consumption in building construction, (*3) Energy consumption in
demolishing/disassembling, (*4) Reduction of waste and emissions, (*5) Economic cost.

Table 6 DNGB indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab
Indicators Category Score Max. Indigato Cat.egory Result Result Score Max. Indjcator Cat.egory Result Result
score r weight weight (0-100) score weight  weight (0-100)
ENVI1.1 ENV (*1) 122.5 130 1024 25% - 9.82% 60 130 10/24 25% - 4.81%
ENVI1.2 ENV 120 135 5/24 25% - 4.63% 115 135 5/24 25% - 4.44%
ECO1.1 ECO (*2) 110 130 4/10 25% - 8.46% 87.5 130 4/10 25% - 6.73%
TEC1.6 TEC (*3y 110 125 3/9 25% - 7.33% 60 125 3/9 25% - 2.40%
PROL.6 PRO (+4) 280 280 2/10 25% - 5.00% 180 280  2/10 25% - 3.21%
PRO2.1 PRO 110 110 2/10 25% - 5.00% 85 110 2/10 25% - 3.86%
Partial score 40.24% 25.45%

Difference 14.79%

(*1) Environmental quality, (*2) Economic quality, (*3) Technical quality, (*4) Process quality.
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Table 7 GBI indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND-Sayab
Indicators  Catego Score Max. Indicato Category Result Result Score Max. Indicator Category Result Result
gory score r weight weight (0-100) score weight  weight (0-100)

SM7 SSPM (*1) 2 2 - - - 2% 0 2 - - - 0%

MRI1 MRSC (*2) 2 2 - - - 2% 1 2 - - - 1%

MR2 MRSC 2 2 - - - 2% 0 2 - - - 0%

MR6 MRSC 2 2 - - - 2% 0 2 - - - 0%

Partial score 8% 1%

Difference 7%

(*1) Sustainable site plan management, (*2) Material resources.

Table 8 GG indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab

Indicators Category Score Max. Indicato Category Result Result Score Max. Indicator Category lze-:sult Result
gory score rweight weight  (0-1,000) (0-100) score weight  weight 1,000) (0-100)

I1.3LCCA PM¢1 12 12 - - 12 1.20% 0 12 - - 0 0%

52PLC MAT (*2) 39 39 - - 39 3.90% 10 39 - - 10 1%

55.1S&E  MAT 0 22 - - 0 0.00% 0 22 - - 0 0%

5.52MROS MAT 0 8 - - 0 0.00% 0 8 - - 0 0%

5.7.10SFC MAT 4 4 - - 4 0.40% 2 4 - - 2 0.2%

5.72DFD MAT 6 6 - - 6 0.60% 0 6 - - 0 0%

Partial score 6.10% 1.2%

Difference 4.90%

(*1) Project management, (*2) Materials.

Table 9 GS indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab

Indicators Cateeo Sco Max. Indicato Category Result Result Score Max. Indicator Category Result Result
8 re  score r weight weight  (0-110) (0-100) score weight  weight  (0-110) (0-100)

5 MGMT (*1) 2 2 - - 2 1.818% 1 2 - - 1 0.909%

19 MAT (*2 7 7 - - 4 6.364% 3 7 - - 3 2.727%

22 MAT 1 1 - - 3 0.909% 0 1 - - 0 0.000%

Partial score 9.09% 3.64%

Difference 5.46%

GS provides a maximum score of 100 points, and can provide an additional 10 points (innovation), therefore, the total score ranges
from 0 to 110. (*1) Management, (*2) Materials.

4.6 GBI Evaluation 4.7 GG Evaluation

GBI has 4 indicators involved in demountable GG has 6 indicators involved in demountable

construction, and therefore, their score varies in the
evaluation of Sayab, and ND-Sayab. The score
difference for both cases is 7% and this is because GBI
does not consider many important topics such as:
economic cost, resources needed, level of exploitation of
resources, energy consumption in building construction

and in demolishing/disassembling (Table 7).

construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score
difference for both cases is 4.90% and this is because
GG does not consider many important aspects such as:
economic cost, and energy consumption in building

construction (Table 8).
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4.8 GS Evaluation

GS has only 3 indicators involved in demountable
construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score
difference for both cases is only 5.46% and this is
because GS does not consider many important aspects
such as: economic cost, resources needed, level of
exploitation of resources (Table 9).

4.9 IGBC Evaluation

IGBC has only 2 indicators involved in demountable
construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score
difference for both cases is only 3% and this is because
IGBC does not consider many important aspects such
as: economic cost, resources needed, level of
exploitation of resources, energy consumption in

building construction (Table 10).
4.10 LEED Evaluation

LEED has only 2 indicators involved in demountable

construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score difference
for both cases is only 4.54% and this is because LEED
does not consider many important topics such as:
economic cost, resources needed, level of exploitation
of resources, energy consumption in building construction

and in demolishing/disassembling (Table 11).
4.11 SBTools Evaluation

SBTools has 13 indicators involved in demountable
construction and therefore their score varies in the
evaluation of Sayab, and ND-Sayab. The score difference
for both cases is only 12.4% and this is because SBTool
does not consider some topics such as: economic cost,
resources needed, level of exploitation of resources
(Table 12).

The results of the comparative evaluation by each
GBRS have been the following: ASGB: 2.06%, BEAM:
1.17%, BREEAM: 5.38%, CEDES: 22.72%, DNGB:
14.79%, GBI: 7%, GG: 4.90%, GS: 5.46%, IGBC: 3%,
LEED: 4.54% and SBTools: 12.4% (Tables 13, 14).

Table 10 IGBC indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab

Indicators Category Score Max. Ind.icator Cat'egory Result Result Score Max. Indjcator Cat'egory Result Result
score weight weight (0-100) score weight  weight (0-100)

C2 MR *1) 1 1 - - - 1% 0 1 - - - 0%

C7 MR 2 2 - - - 2% 0 2 - - - 0%

Partial score 3% 0%

Difference 3%

(*1) Material resources.

Table 11 LEED indicators involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab

Indicators Category Score Max. Ind.icator Cat.egory Result Result Score Max. Ind.icator Cat.egory Result Result
score weight weight (0-110) (0-100) score weight  weight (0-110) (0-100)

BLCIR (*1) MR *3) 3 5 - - 3 2.72% 0 5 - - 0 0%

CDWM (*2) MR 2 2 - - 2 1.82% 0 2 - - 0 0%

Partial score 4.54% 0%

Difference 4.54%

LEED provides a maximum score of 100 points, and can provide an additional 10 points, therefore, the total score ranges from 0 to
110. Indicators of the manual for collective housing. (*1) Building life cycle impact reduction, (*2) Construction and demolition waste

management, (*3) Materials and resources.
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Table 12 Indicators of SBTool involved in demountable construction. Score differences between Sayab and ND-Sayab.

Demountable group Sayab ND- Sayab

. Max. Indicato Category Result Result Max. Indicator Category Result Result
Indicators Category Score score r weight weight (0-100) Score score weight  weight (0-100)
B1.1 ERC (*1) 3 5 6,48% - - 3.89% 0 5 6,48% - - 0.00%
B1.2 ERC 3 5 3.24% - - 1.95% 0 5 3.24% - - 0.0%
B33 ERC 3 5 0.20% - - 0.12% 0 5 020% - - 0.0%
B35 ERC 5 5 0.20% - - 0.20% 3 5 020% - - 0.12%
B3.6 ERC 3 5 0.20% - - 0.12% 0 5 020% - - 0.0%
Cl1.1 EL(*2 3 5 4.86% - - 292% 0 5 4.86% - - 0.0%
C1l2 EL 3 5 4.86% - - 292% 0 5 4.86% - - 0.0%
E4.1 SQ¢3) 5 5 0.05% - - 0.05% 3 5 0.05% - - 0.03%
E42 SQ 5 5 041% - - 041% 3 5 041% - - 0.25%
E43 SQ 5 5 0.05% - - 0.05% 3 5 0.05% - - 0.03%
Gl.1 CEA (*4) 5 5 0.10% - - 0.10% 0 5 0.10% - - 0.0%
Gl.2 CEA 3 5 0.10% - - 0.06% 0 5 0.10% - - 0.0%
G113 CEA 5 5 0.10% - - 0.10% 3 5 0.10% - - 0.06%
Partial score 12.89% 0.49%
Difference 12.4%

(*1) Energy and resource consumption, (*2) Environmental loadings, (*3) Service quality, (*4) Cost and economic aspects.

Table 13 Score differences between Sayab and ND-Sayab for the 11 GBRSs.

GBRS ASGB BEAM BREEAM CEDES DNGB GBI GG GS IGBC LEED SBTool
Score Sayab 430 1.40 5.85 34.06 40.24 8.00 6.10 9.09 3.00 4.54 12.89
Score ND-Sayab 2.24 0.23 0.47 11.34 25.45 1.00 1.20 3.64 0.00 0.00 0.49
Score difference 2.06 1.17 5.38 22.72 14.79 7.00 4.90 546  3.00 4.54 12.40

Sayab can be dismantled and reassembled as many
times as desired. In addition, all its components are
easily demountable, repairable and reusable, so the
durability of the building can be maximized and with
minimal maintenance required the environmental
impact per unit of time can be minimized. Likewise, its
construction reduced energy consumption to a
minimum, resources were optimized to the maximum
and the generation of emissions and waste was greatly
reduced. It could thus be expected that all the GBRSs
would adequately value these environmental
advantages by giving to Sayab a high score, although
this was not the case.

Only three of the GBRSs used adequately assessed
the environmental advantages of a demountable
based on concrete

construction prefabricated

components (CEDES: 22.72%, DNGB: 14.79% and
SBTools: 12.40%). The other GBR considered it of
little value and three gave it a very low score (BEAM
(1.17%), ASGB (2.06%) and IGBC (3.00%). However,
the most surprising aspect of the results is the disparity
in the scores obtained.

Taking into account the average scores of the
11 GBRSs, the
demountability to the level of sustainability of
buildings is 7.58% ((2.06 + 1.17 + 5.38 + 22.72 +
14.79 +7.00 +4.90 + 5.46 + 3.00 + 4.54 + 12.40) / 11
=17.58).

However, if only CEDES, DNGB and SBTools are
taken into account, the contribution of demountability
to the level of sustainability of buildings is 16.63%
((22.72 +14.79 + 12.40) / 3 =16.63).

contribution of low-weight
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Table 14 Contribution of demountable construction to a building’s sustainability level, using 11 GBRSs.
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5. Discussion

In this work, the contribution of high-weight
demountable construction to the sustainability of
buildings was quantified. To this end, a building, Sayab,
was analyzed as a representative of high-weight
demountable construction systems, using 11 GBRSs.

The results show that low-weight demountable and
modular construction increases a building’s level of
sustainability.

The study was conducted using a single case study,
but the results of this case study are generalizable, since
the different GBRSs used do not have the capacity to
detect small changes in high-weight demountable
construction systems. Furthermore, the study has
important implications for practitioners, policy makers,
and standard-setting bodies because, for the first time,
an important reference can be found. If a high-weight,
demountable construction is used, the increase in the
building’s sustainability is 16.63% according to the
most appropriate GBRS.

However, it is surprising that the results obtained
varied considerably. Only three GBRSs adequately
assessed the sustainability of a demountable modular
home, while the others considered it unimportant, and
three of them gave it an extremely low score.

It is unacceptable that the level of sustainability

depends on the GBRSs chosen, which suggests that the

GBRSs analyzed are not suitable for adequately
assessing a building’s level of sustainability. However,
further comparative studies should be conducted to
determine whether other GBRSs are more suitable for
assessing sustainability.

It should be noted that an increasing number of
studies are appearing that question the validity of the
current GBRSs. Some works doubt their validity due
to the fact that they are very different from each other,
different

evaluating the same building. This is because there is

and therefore provide results when

no international consensus on the concept of
sustainability and there is no common framework to
achieve and evaluate it [41]. Other studies indicate
that the current GBRSs cannot evaluate sustainability
correctly since they do not consider architectural
design in their scoring system [38-40, 42-44], while
still others are even more critical and conclude that
when analyzing many buildings designed according to
some of these GBRSs, substantial energy savings or
optimization of
conventional buildings [42, 43, 45-47]. As if that were

not enough, there are increasingly more works that

resources were compared to

harshly criticize the usefulness of some of the best-
known GBRSs, such as LEED [48]. The current
GBRSs should therefore be substantially modified or

replaced by more suitable ones.
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It is often argued that the different GBRSs are very
different from each other due to the vast environmental
and socioeconomic differences between countries.
However, within a single country (China, USA, Italy,
Brazil, Germany, France, etc.) there are big differences
between its different regions, and there is a tendency to
impose a single GBRS. On the other hand, many
GBRSs have been designed to be international, and in
fact, they are used in many places. Finally, there are
countries where several GBRSs are often used, which
are very different from each other (UK, France, Spain,
Portugal, Brazil, etc.).

The real reason for the enormous differences
between current GBRSs is that they have been
conceived with different conceptions of sustainability,
including specific economic interests [49].

Therefore, an international consensus on the concept
of sustainability is needed, and based on this, a global

conceptual taxonomic framework must be created
under which new, more appropriate GBRSs can be
created. Obviously, these GBRSs would have small
differences, depending on the socio-economic and
environmental context of their applicability. In fact,
there are already proposals for new, more valid and
legitimate GBRSs that can serve as a reference
framework for developing new GBRSs at the
international level [29].

However, until such a consensus is reached, existing
GBRSs should be improved. To this end, two important
suggestions are made. The first is that much less
emphasis should be placed on the devices and much
more on the design. Second, the weights of the different
indicators should be adjusted to make them more
balanced. In this regard, a table has been prepared with
the opportunities and areas of growth for each of the 11
GBRSs used (Table 15).

Table 15 Categories, scores, opportunities and areas of growth of the 11 GBRSs.
GBRS Categories and scoring system Opportunities Areas of growth
Very balanced categories| Too much importance to
Safety and durability, health and comfort, living comfort, and indicators. Values  |prerequisites. Official guides
ASGB resource conservation, livable environment, improvement and  |the innovation to carry |and tools are written only in
innovation. out sustainable Chinese. Does not give
(1 star, 2 stars, 3 stars) strategies. Categories importance to
well grouped waste/emissions
. . . Values decrease in Too much relative importance
Integrated design and construction management, sustainable . S .
. . resource consumption  |of interior quality. The
site, materials and waste, energy use, water use, health and . S
BEAM S . 7. through industrialization. |assessment must be renewed
wellbeing, innovations and additions. The category’s weights |every 5 years. The assessment
(Diamond, Platinum, Gold, Silver, Bronze, Certified) gory & Ty > years.
are very balanced environment is too close
. D t give i It 1
Management, Health and well-being, energy, transport, water, |Importance of resource ¢S Ot give Importance to
< . . . . L natural energy. Passive
BREEAM |materials, waste, soil and ecology, pollution and innovation. optimization. Values . i
. . . design doesn’t have much
(Unrated, Correct, Good, Very Good, Excellent, or Exceptional) |passive design weight
Optimization of resources, reductlon.ln energy consumption, | o4 system of |The weights of the categories
use of natural energy sources, reduction of waste and emissions, . 4 L
. . . 1 categories and indicators, |and indicators must be
increased health and quality of life of building occupants, > . .
CEDES . . . avoiding oversized and |adapted to each socio-
economic cost, social adequacy, complementary sustainable A . .
aspects undersized indicators.  |economic and environmental
(final score: 1 to 10) Design properly assessed |environment
Ecological quality, economic quality, sociocultural and It values life cycle, Little value to energy, water
DNGB functional quality, technical quality, process quality, site resource optimization  |consumption and waste. Too
quality. and bioclimatic design |many bonus points and
(Bronze, Silver, Gold, Platinum) and component recovery |difficulty in scoring
E ffici i i t quality, planni oy . .
nergy erticiency, indoor COVITONMENT quality, p anning and The buildings continue |Does not value design and
sustainable management of the site, materials and resources, . . . .
GBI . - . to be evaluated in their |disassembly. Little value to
water efficiency, innovation. use. Easy to use economy. High value to site
(Platinum, Gold, Silver, Certified) - Hasy Y- Hig
Project management, site, energy, water efficiency, materials, |It includes design for .
. . . Does not give importance to
GG and indoor environment. deconstruction, modular natural enerey Sources
(One to four green globes) and prefab construction il
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Table 15 to be continued

Management, indoor environmental quality, energy, RTIIr
. . . . |It values bioclimatic
transportation, water, materials, land use and ecology, emissions . . It does not value the use of
GS . . design, construction and
and innovation. monitorin natural energy sources
(1 star, 2 stars, 3 stars, 4 stars, 5 stars, 6 stars) &
. . . Takes i h T hi
General aspects, quality of life, respect for the environment, akes nto account the 00 muc importance to
. local context. It refers to |equipment performance.
HQE economic performance. . :
. the disassembly of the  |Does not give much
(Approved, Good, Very Good, Excellent, Exceptional) s . Lo .
building importance to bioclimatic design
Integrative process, location and transportation, sustainable sites, It does not give importance to
LEED water efficiency, energy and atmosphere, materials and resources, (It has a relatively simple |bioclimatic design. In many
indoor environmental quality, innovation, regional priority. operation categories points can be
(Platinum, Gold, Silver, Certified) added using technology
Site development and infrastructure, energy and resource s .
e . . . Little importance to indoor
consumption, indoor environmental loads, environmental Adaptable to all regions | . . .
. . . . . . 2. air quality. Gives much
SBTools |quality, service quality, social, cultural and perceptual aspects, |with their cost variation. |.
. . 1mportance to energy
costs and economic aspects. International . :
(-1,0,1,3,5) consumption and site

6. Conclusions

This work has quantified for the first time the
contribution of high-weight demountable construction
systems to the sustainable level of buildings. For this, a
demountable and a non-demountable buildings were
assessed by 11 GBRSs and the results obtained were
compared. The chosen GBRSs were: ASGB, BEAM,
BREEAM, CEDES, DNGB, GBI, GG, GS, IGBC,
LEED and SBTools. The building analyzed, Sayab, is
completely demountable, and its components can be
easily assembled and disassembled, so they can be
easily removed from the building, repaired and reused
as many times as necessary to extend its durability to
the maximum and reduce its environmental impact per
unit of time to the minimum.

Taking into account the considerable environmental
benefits of demountable construction (maximum
durability, minimum environmental impact per unit of
time, reduced emissions and waste, optimized
resources, low energy consumption, elimination of
programmed obsolescence, etc.), one would expect all
GBRSs to rate them appropriately, providing a high
score. However, that has not been the case.

Although the eleven GBRSs used gave a higher level
of sustainability to the demountable building, eight
gave it very low scores, despite its obvious
environmental benefits, and only three GBRSs have

provided a more adequate score. Aditionally, the scores

of the eleven GBRSs varied widely, which is

unacceptable, since the same building obtained
different scores depending on the GBRSs used.

The study’s first conclusion is that, based on the
results obtained, the GBRSs that best assess high-
weight demountable construction are CEDES, DNGB
and SBTools. Therefore, and if only these three GBRSs
the

demountability to the level of sustainability of

are taken into account, contribution of
buildings is 16.63%. The results of this case study are
very generalizable, since the different GBRSs can
hardly differentiate one demountable construction
system from another.

The second conclusion is that most current GBRSs
cannot correctly assess sustainability and should be
modified.

Of course, more studies must be conducted, and
different GBRSs must be used. But with this study,
build

demountable buildings now have a reference for the

professionals who wish to completely

sustainable level they can add to their buildings.
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