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Abstract
In response to rising energy costs and the impetus to reduce environmental impacts, upgrading

Keywords
pre-retrofitting,
the large building stock that is responsible for 40% of the total energy consumption to maximum  as-is built modeling,

energy efficiency is becoming an important task. Despite the many benefits associated with post-occupancy evaluation,

retrofit projects, they are still only slowly being implemented because of the many challenges that ~ building information modeling (BIM),

exist. One of these challenges is optimizing the decision between renovation scenarios based on  9eographical information systems (GIS),

economic and environmental goals, which can be made possible with an accurate pre-retrofit ~ data mapping

model. The intention of this paper is to introduce a pre-retrofit model that efficiently obtains and A .
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integrates multiple forms of building data as a critical step to develop a comprehensive
understanding of a building to be renovated. Opportunities for utilizing building information
modeling (BIM) and geographical information systems (GIS) for retrofitting projects were explored
through the study of a historical campus building. With the use of as-is geometric data and as-is
data, building data maps were obtained. The next step of this study is to use the model to conduct
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scenarios comparison and optimize renovation decision based on economic and environmental . . .
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goals.

1 Introduction

It is projected that worldwide energy consumption will
grow by 56% between 2010 and 2040 (EIA 2013). According
to the Human Development Report of the United Nations
(United Nations 2007), climate change, the human
development challenge of the 21st century, is not simply a
future scenario. From the view point of building science,
one of the potential solutions to climate change is to ensure
that buildings, which are responsible for approximately
40% of all annual energy consumption and related green
house gas emissions, should be environmentally sustainable
throughout their lifecycle (Miller and Buys 2008). Rising
energy costs and the impetus to reduce environmental impacts
have made reusing an existing building and upgrading it
to achieve the maximum energy efficiency the best option,
regardless of building type and climactic conditions (National
Trust for Historic Preservation 2011; Verbruggen 2008;
Verbeeck and Hens 2005). The recently released European
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Parliament Report on the Energy Roadmap 2050 (EU 2012)
stated that building renovations are essential to bringing
economical and environmental benefits to public and private
sectors. Moreover, there is a need to scale up the current
rate of building renovations to mitigate climate change and
achieve adaptation goals. This strategy sets the foundation
for a transformation of existing building stocks and would
drive significant improvements in developing minimum
energy efficiency standards. Related to these considerations,
there is a growing interest in the market for an “energy
efficient retrofit” of existing buildings, which offers significant
benefits towards improved energy conservation, operation
cost reduction (Wang and Xia 2015), increased indoor
environmental quality, user satisfaction, and work productivity
(Ma et al. 2012).

There is a large global building stock that needs to be
retrofitted in order to reduce energy consumption and
environmental impact. The practice of energy efficient
retrofitting in terms of replacing chillers and boilers with
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more efficient ones and renovating building windows has
been well known for years (Henriques et al. 2015; Berardi
2015). However, considering the long-term benefits of
retrofits within a holistic approach is still an issue worth
exploring (Olgyay and Seruto 2010). Retrofitting an existing
building poses many challenges in addition to the benefits
mentioned above. Due to the multifaceted goals of retrofit
projects, including expansion of facility capacity, incorpora-
tion of new green technologies, improvement of indoor
environmental quality, and safety, these projects are becoming
increasingly complex and usually involve many stakeholders
and a substantial amount of professional expertise. Retrofit
projects are still only slowly being implemented for several
reasons such as (i) the complexity resulting from aging
systems and changes that have occurred, (ii) user involvement,
(iii) the involvement of multiple stakeholders at different
stages of the building lifecycle, (iv) additional challenges in
financing retrofit projects, and (v) a lack of a comprehensive
understanding of the financial benefits of retrofitting
buildings (Yu et al. 2011; Miller and Buys 2008; Ma et al.
2012). There are still tools and methodologies that must
be discovered in order to scale up the current retrofitting
practice to transform the large existing building stock. These
tools must be capable of factoring in multiple variables for
identifying retrofit opportunities. From the perspective of
investors and homeowners, financial returns and risks are
unclear. This uncertainty results in a lack of a central database
of aggregated retrofit savings potential that could lead and
motivate future strategies. Financial barriers, limitations,
and payback periods were introduced to retrofit analysis
in addition to energy analysis of retrofitting buildings by
several researchers (Rysanek and Choudhary 2013; Heo et al.
2012; Kumbaroglu and Madlener 2012).

Despite the increasing demand, there is limited literature
on building retrofit methodology and outcomes (Balaras
et al. 2000; Caputo et al. 2013; Amstalden et al. 2007; Cellura
et al. 2013). With regard to the short-term benefits and the
limited framework, studies focusing on “energy efficient
retrofitting” have become prominent (Tommerup and
Svendsen 2006; Fracastoro and Serraino 2011; Ben and
Steemers 2014; Goldstein et al. 2014). Some of these relevant
studies reveal a number of methods that can be classified
into the following groups: (i) those based on a statistical
approach (Polly et al. 2011; de Wilde et al. 2011; Heo and
Zavala 2012), (ii) those based on artificial neural networks
(Kwok et al. 2011; Yalcintas 2008; Swan et al. 2011;
Mavromatidis et al. 2013) and (iii) those based on com-
putational models (Asadi et al. 2012; Poel et al. 2007). In
addition, some applied simulation-based studies with the
use of building simulation programs such as EDSL Tas
software, EnergyPlus, DOE-2, TRNSYS, ESP-r, and BLAST
(Ascione 2011; Giigyeter and Giinaydin 2012; Stazi et al.

2013). Many of these methods produce 2D graphical elements
and cannot satisfy users’ needs of complex information
sharing (Che et al. 2010). There is an obvious lack of a well-
defined methodology that can be used to develop pre-retrofit
models to meet the requirements of collaborative design
teams in retrofit projects. This study emphasizes the need
for pre-retrofit model generation in order to understand
and manage building information for further retrofitting
studies. Based on these findings, the proposed building
information modeling (BIM) and geographical information
systems (GIS) integrated with a pre-retrofit model can improve
the performance assessment and provide a multidisciplinary
source to address all the geometric and functional information
concerning an entire building. Based on a thorough review
of 3D as-is geometric modeling tools, we propose a novel
method to create a pre-retrofit model that efficiently obtains
and integrates multiple forms of building data (Fig. 1).

2 The crucial need for pre-retrofit models

The task of converting a substantial inventory of large, dated,
energy-intensive buildings into sustainable and energy
efficient buildings can be overwhelming. A cost-effective way
to analyze building performance, and optimize renovation
scenarios based on economic and environmental goals, can
be found using an accurate pre-retrofit model. Gathering
this data, which is segmented and has seldom been analyzed,
is one of the major challenges of retrofitting. Appropriate
information capture, management, and visualization techniques
may solve, mitigate, or circumvent problems caused by
inefficient communication and thus decrease project costs,
shorten schedules, and enhance performance outcomes. In
addition, clients can be better protected from major sources
of delays and cost overturns. An integrated design and
engineering process can be front-loaded and proceed more
efficiently. There is an obvious need for data-embedded
tools which could be used to support and optimize retrofit
decisions. With an accurate pre-retrofit model of an existing
building, it is possible to visualize, analyze and ensure that
proposed retrofit solutions meet the owner’s requirements
and provide the best value (Woo et al. 2010).

The need to gather data in various formats and consider
input from multiple stakeholders makes retrofitting of an
existing building more difficult than construction of a new
green building. During the retrofitting process, there are
critical disconnections and gaps that commonly exist as
obstacles in the process. Outdated or nonexistent building
2D or 3D drawings and energy consumption histories can
limit the prediction of the proposed renovation project’s
future performance. Considering that 74% of the building
stock in the United States was built before 1990 (EIA 2013),
it is well understood that as-is building documentation may
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Fig. 1 Retrofitting process

not have been modified to reflect changes made during
subsequent renovations or these records may simply not
exist. Under these circumstances, there are a number of
drivers for retrofitting in existing building projects, and by
extension, the use of BIM for these purposes. The concept
of BIM and BIM tools has shown great potential for the
future of the Architecture, Engineering and Construction
(AEC) industry. There is a rapid increase in the current use
of BIM for new construction to create and maintain an
integral digital representation of all building information
for different phases of a project (Gu and London 2010). In
contrast, only a few examples of the adoption of BIM or
BIM-related concepts in retrofits exist (Woo et al. 2010;
Tang et al. 2010) showing that the general rate of BIM
adoption in retrofit projects is slow. Hence, the use of BIM
while retrofitting buildings is an emerging research field
that has been the subject of limited research.

3 The structure of “pre-retrofit model”

This paper presents a pre-retrofit model that efficiently
obtains and integrates multiple forms of building data as a
critical step in developing a comprehensive understanding
of a building to be renovated. Addressing the gap that building
data is fragmented and user data is lacking and not integrated,
we have proposed a novel BIM-GIS integrated model to
combine different types of data on the same platform by
creating a database structured on the geometric model. To
generate the as-is 3D geometric model, photogrammetry
and BIM tools are used, and to analyze and visualize as-is
collected data on generated 3D model, GIS is used. With the
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integration of BIM and GIS, building data maps have been
obtained as seen in Fig. 2.

3.1 As-is 3D geometric model generation

The availability of many powerful graphic workstations
and technological advancements in digital and computer
multimedia (Styliadis 2007) has made it possible to generate
3D models to assess as-is building conditions. The creation
of as-is geometric models using existing technologies can
capture detailed depictions of the state of a building as it exists
currently and allows for visualizing and analyzing proposed
retrofit scenarios more accurately. Existing as-built survey
technologies were reviewed and compared according to the
settings of the study (laboratory work vs. fieldwork) for the
data collection stage, format of the produced data, and
accuracy (Table 1).

In traditional manual methods, simple devices are used
and little training is needed; however, qualified workers are
required in order to integrate produced data in 2D paperwork
into digital 3D format. This stage is time-consuming and
the accuracy verification of the as-built documentation is
required.

Recent advances in technology made laser scanning for
digital documentation of buildings very popular due to
how it measures the angles and distances automatically and
rapidly (1000 points/second) (Arias et al. 2006). While the
laser scanning method is preferred for capturing complex
shape geometry and detecting small details (Frohlich and
Mettenleiter 2004), its high cost of the equipment can be a
disadvantage.
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Fig. 2 The structure of the pre-retrofit model

The large amount of spatial information aggregated
with the 3D point clouds method is required to be converted
into a 3D geometric model. For this purpose, commercial
softwares are available such as Meshlab, Leica cloudWORX,
and 3Dipsos. The available processes for the transformation
of laser scanning point cloud data, which include millions
of points, still have significant limitations (Laefer et al. 2011).
Gao et al. (2012) proposed a method to perform multiple
laser scans of a facility and fuse the laser scan data captured
at different times to overcome the challenge due to the
occlusions caused by furniture, machinery, and building
components. On the other hand, Bhatla et al. (2012) reported
that the laser scanning approach has limitations due to
expensive and fragile equipment, lack of portability, and a
need for trained operators.

The other remote sensing method, “photogrammetry”,
uses extracted input data from two-dimensional photo images
to map them onto a three-dimensional space (Dai and Lu
2010) This results in a low-cost, quick, simple, and safe method
(Rodriguez et al. 2008). However, this method requires
calibration (self-calibration and object-based calibration),
which cannot work in uncontrolled environments (Peng and
Li 2010). In order to overcome the problems of resolution,

accuracy, speed, and operational requirements in as-is BM,
there are a number of publications on the combination of
photogrammetric and laser scanner systems, which com-
plement one another (Lerma et al. 2010; Ronnholm et al.
2007; Jean-Angelo 2004; Kern 2001).

In conclusion, existing as-built survey technologies (from
traditional manual methods to advanced techniques such as
photogrammetry, laser scanner systems, and a combination
of these) need expensive and fragile equipment, trained
operators, and can be time consuming.

Today, it is possible to use Autodesk Photofly, 123D
Catch, and Photo Scene Editor to generate 3D models of
image-captured facilities in 3D point clouds or discrete
point formats. These software programs are mainly based
on the principle of semi-automatically selecting and matching
visual feature points, calculating camera positions, distortions,
and orientations, and generating 3D point clouds (Klein et al.
2012). Klein et al. (2012), used Autodesk 123D Catch in
capturing a 3D model of a test bed building along with an
interior field test.

Another very simple and easy way to create as-is
geometric models is the photo-matching technique found
in Google SketchUp, which allows a model to be built



Goger et al. / Building Simulation / Vol. 9, No. 5

517

Table 1 Existing as-built survey technologies in capturing as-is geometric model

Fieldwork data
Method Tools Laboratory work collection stage Accuracy Produced data
Tape measure, plumbs, manual laser
Traditional manual diSta?:; measull‘ement, ﬂexometersl, Simol . 5.30-2.46 cm [http://
methods (X, Y &2, T 0 Ines, poies, squares, manua IPTE, TEQUITES: e consuming nickerson.icomos.org/ 2D plans
Triangulation) laser distanciometers (Arias et al. at least 2 persons teve/ rs/ m htm]
anguiatio 2006), caliper (Addison and Gaiani steve/papers/ mea-c.
2000)
Topographic Tachometers (total stations) & Simple. eas Time consuming & 30" up to 1/1'-6" 3D point
methods Theodolite (optical and electronic) ple, easy complex [http://totalstation.org/]  clouds
. ) Quick measurement, 5 mm and 5 m (Arias 3D point
Laser scanning (Gao et al. 2012; Tang et al. 2010) Complex only few minutes 2006) douds
Time of flight Callidus, Leica, Mensi, Optech, Riegl <10 mm
(Frohlich and
Mettenleiter 2004) Optech, Rieg] <20 mm
Phase measurement
(Frohlich and IQSun, Leica, VisImage <10 mm
Mettenleiter 2004)
Optical
(Fréhlich and Mensi, Minolta <1mm
Mettenleiter 2004)
Short period of time
spenF measuring from 1 mm (highly
requires camera
. . . accurate methods)
Close-range Camera Simple. cas calibration techniques to 5 cm (simple
Photogrammetry ple, easy (Peng and Li 2010), p .
reference points photogrammetric
approach (Achour and methods) (Arias 2006)
Benkhelif 2001)
Laser scanning & (Kern 2001; Jean-Angelo 2004) Complex 3D point
Photogrammetry clouds
Videogrammet Kodak DCS420-DCS460 (Ganci and Complex 3D in digital
& Y Handley 1998) p format
Converting from 2D  Upgrading to BIM from a 2D Requires skilled . . Not accurate (Woo et al.
A A Time consuming 3D
drawings drafting system workers 2010)

based on a photograph or by matching the model view to a
photograph (www.sketchup.com). By using two sides of a
building, the exact two-point perspective of the image can
be established. The obtained 3D as-is geometric model can
be exported in different formats as 3ds, dwg, dxf, etc.

In this study, the appropriateness of the tools such as
Autodesk 123D Catch, Google SketchUp, and Autodesk Revit
to generate geometric models was explored. The possibility
of generating more precise models to support retrofitting
projects has been investigated. An as-is 3D geometric model
of a case building has been obtained by integrating Autodesk
Revit and Google SketchUp. The model created by using
the photo-matching technique in Google SketchUp was
imported to Autodesk Revit and transformed into a BIM
smart object. Using this simple and easy method to get

as-is 3D geometric models, testing was implemented on a
historical campus building. However, generating 3D models
of image-captured facilities with the use of the photo-
matching technique in Google SketchUp still needs to be
improved since the difference between real and simulated
dimensions exceeds 2%.

3.2 As-is data collection

Retrofitting projects are becoming increasingly complex
and usually involve many stakeholders and professional
expertise. There is also an increase in the amount of building
data that needs to be communicated among multiple
stakeholders with diverse backgrounds. It is difficult to
establish a common understanding of working procedures
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among the stakeholders, including the client and the users.
The lack of efficient communication and data sharing often
leads to misinterpretation and missed opportunities for
better performance outcomes and returns on investment.

Table 2 shows the contribution of stakeholders with
various types of unstructured data sources in retrofitting
projects. Traditional ways of communication create “a barrier
for integrated design teams to make decisions efficiently as
information is frequently conveyed through documents in
tabular (pdf, xls, doc etc.) formats, and perceived outside of
the context of the 3D representation” (Yang et al. 2013).

In order to have a comprehensive assessment of existing
building performance, the data creates a pre-retrofit model
(Fig. 1) in various formats with characteristics inputed by
multiple stakeholders. To find the optimum solution through
different retrofitting scenarios, the following building data
needs to be gathered on the same platform;

e 3D drawings of building in dwg, dxf, 3ds etc. (site plan,
floor plans, sections, elevations etc.)

e Energy performance data in kWh and related emissions
in kg CO, /kWh (energy consumption, peak loads, CO, )

e Water consumption and production of sewer and waste in
m’ (potable water, sewer, waste etc.)

e Indoor environmental conditions in g/m?, °C/°F, dB, Ix etc.
(concerning hygro-thermal, acoustic and visual comfort)

e Indoor air quality in g/m> air m*/hour etc. (indoor air

pollution, existence of mold and moisture, air ventilation)
o Occupancy evaluation (behavior and attitude of occupants,
their satisfaction)
o Commissioning (initial, retro-, and continuous)
o Maintenance (corrective, preventive, predictive, & deferred)

3.3 Building data mapping: Integrating BIM and other
collected data into GIS

BIM technologies can be used to capture as-is geometric data,
which is needed for various aspects of the energy performance
analysis. However, the pre-retrofit model, including only
as-is geometric data, is not sufficient to perform the activities
mentioned above. The use of BIM during construction
has focused, for the most part, on the visualization and
manipulation of geometric model elements (East et al. 2010).
Some exchange programs have been developed for infor-
mation capture and management needs (Eastman et al. 2011).
Retrofit projects not only focus on upgrading building
envelope, but also on upgrading building systems, such as
installing efficient lighting, mechanical and electrical systems,
and water-efficient plumbing that results in financial savings
(Bernstein 2010). Due to the fact that old buildings do not
have information technology tools for facility management,
substantial effort should be given to reveal as-is functional
data from files filled with the technical descriptions of the

Table 2 Steps of retrofit design process and multiple channels of communication among multi-stakeholders
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materials, products, equipment, and systems used in the
building.

Retrofit design requires a pre-retrofit model which has
accurate as-is geometric data as well as information about
the existing space, system and equipment layouts, and relevant
user data for a proper analysis. The proposed pre-retrofit
modeling suggests the integration of data such as program
requirements as well as the priorities and complaints of
clients and users which are captured in the end-of-briefing
process through building surveys, questionnaires, discussions,
etc. First Hua et al. (2014) suggested using ArcGIS which
enables processing post-occupancy evaluation (POE) data
as an input data from different information and systems.
“The GIS-based spatial mapping method” builds a link with
BIM tools and combines data-collecting and data-presenting
methods with the use of geographic information system
(GIS) technology. The GIS-based spatial mapping method
has been adapted and expanded by exploring capturing
as-is 3D geometric data and forming a “pre-retrofit model”
which would be used later to achieve better energy perfor-
mance and user satisfaction.

The ArcGIS-based digital floor plans are connected to a
BIM model and can be queried directly from the BIM model.
More specifically, a BIM geometric file is used as an input
file in ArcGIS to locate data from a POE study. A POE study
was carried out by gathering quantitative and qualitative
data collected through surveys and physical measurements.
The statistical program SPSS was used to store aggregated
data. Qualitative data was converted into quantitative data

FACILITY Post-Occupancy

MANAGEMENT Evaluation surveys &
interviews

with an ID number for each workplace. With the use of
crosstab descriptive techniques in SPSS, it is possible to
assign the same ID for both environmental data and users
sharing the same space. Each space was defined as a polygon
in ArcGIS. Doing so allowed each polygon, which refers a
space, to become a database that we can upload every kind
of data to. This method (Goger et al. 2015) has been adapted
and expanded by exploring capturing as-is geometric data
in forming a pre-retrofit model that can be used later to
achieve better energy performance and user satisfaction. The
spaces having their own ID involve environmental data and
user data to visualize design outcomes easily. Each space
and data collected from this is given a unique ID number.
Then, each space is redefined as a polygon in ArcGIS. A
polygon is the basic unit of analysis in ArcGIS and each
polygon is essentially a database. Thus, when a given space
is redefined as a polygon, it acquires the ability to hold
any data. Transforming a space into a database allows it to
become a flexible toolthat can be adapted to various needs.
The procedure of creating a database using different types
of building data and outputting their maps can be seen
in Fig. 3.

4 Implementation of the proposed “pre-retrofit
model”

The model was applied on a campus building constructed
in 1913, which had a major renovation in 1935. After that,
numerous piecemeal renovation projects were performed
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to address functional requirements and to replace building
materials.

4.1 As-is 3D geometric model generation of the case
building

Due to the obstacles caused by vegetation and the adjacent
buildings (as seen in Fig. 4), an accurate model could not be
captured by Autodesk 123D Catch. Capturing only a partial
view of a building limits the construction of an as-is geometric
model of any building.

The building was modeled using a photo-matching
technique in Google SketchUp. The generated model was

imported directly into the Autodesk Revit BIM tool as a
Revit Building mass for further geometric data installation
(Fig. 5). Existing building records, interior space photo
shooting, and 2D drawings were used for the data installation.
The Autodesk Revit model, which represents the building
as an integrated database of coordinated information, gives
architects immediate feedback in order to evaluate design
alternatives early in the design process (Autodesk 2005).
With the use of Autodesk Revit, it is possible to generate
more precise insight to better support energy performance
simulation of a retrofitting project and work more efficiently
with extended project teams (www.autodesk.com). However,
manually measured dimensions were used to verify the
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Front elevation

Lelll

e

o P IRARREREINT 8.

Construction site and
parking lot

Fig. 4 Capturing as-is 3D geometric model of campus building with the use of Autodesk 123D Catch
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corresponding dimensions extracted from the as-built BIM
model. The percent errors for exterior surfaces range from
-0.56% to 4.33% or —0.56 to 9.59 cm. Since a notable level
of disagreement was found between the manual measure-
ments and simulated survey assessment outcomes, it can be
concluded that generating 3D models of image-captured
facilities is out of the current capabilities of Google
SketchUp.

4.2 As-is data collection of the case building

Detailed information about the inspected buildings was
gathered from the appropriate sources such as facilities
inventory, energy and sustainability division of facilities
services, facilities and operation service, walk through
observations, building visits, and a pre-retrofit survey.
Through a building audit, information on the building’s
physical properties in terms of structure, material and size,
building installation systems and appliances, operation,
maintenance and commissioning, usage of resources and
related emissions, programming and spatial arrangement,
occupancy remarks, and exterior environmental factors
could be aggregated and organized.

A total of 53 occupants participated in the pre-retrofit
survey. The occupancy profile is seen in Table 3. The average
number of hours that the participants spent in the building
per week was 40. Overall, the occupants were statisfied with
the workspace, which can be seen on a seven-point Likert
scale as shown in Fig. 6. However, during the winter, thermal
comfort was comparatively low. The indoor environmental
quality for work performance was generally high.

From the view point of visual privacy, the results (Table 4)
show that occupants in individual offices were more satisfied
than those in shared offices. The occupants’ control over
their work environment was surveyed. In controlling tem-
perature, the occupants’ “coping” methods and abilities were
very limited.

The satisfaction levels of the participants in different
zones and interior workplaces were examined regarding
indoor air quality (Fig. 7). The satisfaction level of indoor

Table 3 Summary of occupant profiles

40 years old and up Up to 40 years
Age

64.7% 35.3%

Faculty staff &

Administrative Management aculty sta

support staff ersonnel graduate Others
Job category pp p students

50% 34% 8% 8%
Working > 12 months 6-12 months <1 month
experience in
that building 8L.1% 5.6% 1.9%

: /
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14 v
| [
0
T T T T T T T
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Temperature Humidity Air Level of

r Air Air Lighting Level of
Quality Movement Freshness Conditions Visual Speech
Privacy Privacy

SUMMER

Fig. 6 Overall satisfaction with indoor environment quality during
winter and summer (7-point Likert scale)

Table 4 The visual and speech privacy and controlling behaviour
results of the survey

Shared offices
(lower dissatisfaction)

Individual offices
(lower dissatisfaction)

Visual privacy ~ 44.4% 5.1%

Speech privacy ~ 80% 23.1%

Adding or removing Drinking hot or use

. . o cold beverages  thermostat
Controlling clothing (58%) (50%) (38%)
behavior over - —
work environment Caumg the facility ?nd Using portable heaters (54%)

maintenance services  J . O e (34%)
when needed (4%) &P ?

environmental quality in workspaces with varying orientation
was investigated. Temperature satisfaction levels were very
low, especially for the Northwest, West, and interior zones.
There is a significant decline in the satisfaction level of air
quality and air movement for the East zone and in air
freshness for the Northwest zone in the winter and summer
months. However, the Southwest zone exhibited the highest
ratings in terms of indoor environmental conditions of the
workspace.

4.3 Building data mapping of the case building

Pre-retrofitting data maps were created with aggregated
information and these maps were given under the following
sub-headings.

4.3.1 Indoor Environment

The measurements were carried out during two weeks in the
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(7-point Likert scale)

summer. Building data maps of temperature and humidity
distributions were prepared using GIS (Fig. 8) to explain
hygro-thermal and air quality dissatisfaction reports in
workspaces.

1. Hygro-thermal Conditions

The hourly temperature and humidity distributions during

a workday for each zone on the 1st and 2nd floors
were prepared using GIS (Fig. 8). The highest indoor air
temperatures were recorded in the South zone on the
basement floor and in the West zone on the 1st floor. These
temperatures exceed 26 °C most of the time. As expected,
the lowest temperatures were recorded in the Northwest
zones on the Ist and 2nd floors. The minimum and
maximum indoor air temperature difference was 8.52 °C
on the 1st and 2nd floors.

The 2nd floor air temperature was higher than the
other floors. The highest temperatures were recorded above
24.6 °C in the West, East, and interior zones on the 2nd
floor. All of the participants in the West zone cited their
reason for dissatisfaction as the space being “too hot”. The
lowest temperature was recorded below 21.2 °C in the South
zone on the 1st floor, which is used as a design studio.

The recorded relative humidity was within the comfort
level (45%-60%) in all zones, except the North zone on the
Ist and 2nd floors (Fig. 8). The lowest relative humidity
was recorded as 43.3% in the North zone. The participants
(33.3% in the winter and 20% in the summer, respectively)
in the North zone reported their reason for dissatisfaction
as “too low relative humidity”.

2. Indoor Air Quality

Throughout this study, CO,levels of the shared offices in
the 1st and 2nd floor workspaces were measured, and it was
concluded that the level of CO, was not always within the
range recommended by the ASHRAE Standard 62.1-2010

°°"! 14:00 " 09:00

joor | 09:00 °" | 14:00

10:00 " 15:00) 7% 10:00]

ioor | 10:00

11:00] °°"l 16:00 'oor| 1100/

toor | 11:00] loor (16:00

12:00 "[17:00] '°°r| 12:00

¥
toor | 12:00] loor (17:00

13:00] '°or! 18:00 loor | 1300/

2% Fioor|

loor | 13:00]

2% Fioor

21.6-224°C [I]224-23.1°C [23.2-237°C [23.7-25.0°c |HEM>25.08°C 43.3%—43.6%

43.7%47.4% [N 47.5%48.6% [ 48.8%49.9% [N 50.1%-54.3%

|490-519 ppm 520-561 ppm [l 562-626 ppm M 527-742 ppm

Fig. 8 Spatial mapping of temperature (°C), relative humidity (%) and CO: (ppm) distributions for each zone on each floor
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(ASHRAE 2010). The recorded data was reorganized
according to working hours: from 9 am to 6 pm. It is clear
that the CO, concentration was above the required comfort
level both in the interior and in the perimeter offices
(Fig. 8). During the measurements on the 2nd floor, the air
conditioning unit was running. Because the windows remained
closed while the air conditioning units were on, there was
no natural ventilation. With regard to this, it was observed
that especially during the hours between 10 am to 2 pm, the
CO; concentration was above the acceptable level. There is
an air exchange unit that exchanges the air four to six times
per hour on the 1st level. Because of this, the recorded CO,
concentration level on the 1st level was lower than that of
the 2nd level.

Survey results revealed that an unpleasant odor is a
common problem, especially for basement floor occupants,
due to unventilated restrooms on this floor.

3. Lighting conditions

The lighting system only consists of old incandescent bulbs
and fluorescent lamps without any control mechanisms,
such as motion or light-sensitive sensors that can help to
save energy.

The illuminance measurement revealed very high levels
(above 500 Ix, 56%) on the occupants’ primary work surfaces
and on computer monitors in many areas of the building.
Participants were asked if the “as-is conditions” were typical,
and 80.4% of the participants indicated that the configurations
of the lights and blinds were in their normal state at the
time of survey. It was noted that,45.1% and 78.4% of the
participants did not have under-bin lights and task lights,
respectively, and 60.7% and 45.5% of the participants who
had under-bin lights and task lights did not need to use
their desk lamp or under-bin lights, respectively.

The spot measurement lighting levels of the work table
and monitors indicated that the workspaces were illuminated
above a comfortable level. Only 10% of the participants turn
the overhead lights off when not needed. Further discussion
is needed to understand occupants’ attitude in controlling
the lighting system.

4.3.2  System equipment and layout

The building is heated using a hot water pipe system. Steam
comes from a central plant at the university. The heat emitters
have control valves for regulating zone air temperature by
increasing or decreasing the flow rate of steam. The heating
system is set to maintain the zone at a constant tempera-
ture of 20 °C. There is no differentiation among different
types of zones such as offices, corridors, entrance halls, and
staircases. It is observed that occupants are not satisfied
with the zone temperature based on the fact that many of
them have their own space heaters. Only the basement

floor of the building is cooled by chilled water because of
the existence of a server room on that story. The other
stories are naturally ventilated. There are some cooling units
attached on the windows and these units are used by the
occupants to meet their cooling needs. The cooling units
that were replaced during the renovation in 2001 are not
energy efficient. Because they are attached to the windows, air
leakage and energy loss problems occur during hot and cold
seasons (Fig. 9).

4.3.3 Detected problematic points

To understand the problematic aspects of the building, the
participants are asked report if certain conditions existed in
their personal workspaces. The statements reported by the
participants are seen in Fig. 10. The most commonly reported

Hot/cold surfaces (floor, walls and windows) | Drafts from windows

Basement floor

1% Floor

2" Floor

-
4" Floor

Thermostat is adjusted by other people

1% Floor 1* Floor

[TT1_E ]

2" Floor

2" Floor 2" Floor

3" Floor 3" Floor 3" Floor

I

4" Floor 4" Floor

FlE

4" Floor

Mechanical system has too much noise linds or shades are inaccessible ant
difficult to operate,

Fig.9 Spatial mapping of the portable devices for each zone on
each floor
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Fig. 10 Spatial mapping of the detected problematic points for
each zone on each floor

complaint was a “draft from windows” due to the single glazed
windows in use. Other complaints about thermostats and
the heating/cooling system point to a necessary heating
and cooling system renovation. Noise problems caused by
mechanical systems were reported only in the basement
and on the 1st level because the other floors do not have any
mechanical heating systems. Solar radiation penetration is
also another recorded problem, especially in the South, East
and West zones.

5 Discussion of case study findings

This pre-retrofit study of an historical campus building
revealed several key findings which are listed below.

Study finding: Overall, the occupants were satistied with
the indoor environment in their workspaces in the building
of study; however, thermal comfort was comparatively low
during the winter. The complaints were focused on the
arguments that occupants felt “too cold” and “too hot” during
the winter and summer, respectively.

What to do: This problem points to the urgent need for
an energy efficient retrofitting. Energy-efficient retrofitting
measures on the window area and building envelope can
solve thermal discomfort in users. Beside this, the building
heating and cooling system should be renewed with efficient
HVAC systems. Also, “mixed mode” natural ventilation
through operable windows should be allowed. “Mixed mode”
refers to a hybrid approach to space conditioning that uses a
combination of natural ventilation from operable windows
(either manually or automatically controlled), and mechanical
systems that provide air distribution and some form of
cooling.

Study finding: The air movement dissatisfaction was reported
as “too high” during the winter in the North zones. Users
commonly reported problems with “drafts from windows”.

What to do: Replace old windows with efficient ones.

Study finding: There were predominantly higher CO, levels
in interior offices on the basement floor (exceed the limit of
ASHRAE Standard 62.1-2010).

What to do: Air change per hour should be increased in
these zones.

Study finding: The lighting levels in the building studied
were determined to be higher than needed. According
to this, 45.1% and 78.4% of the participants did not have
under-bin lights and task lights, respectively, and 60.7%
and 45.5% of the participants who had under-bin lights and
task lights did not need to use their task lights and under-
bin lights, respectively. The lighting system needs to be
replaced with efficient and dimmable lamps to minimize
energy consumption.

What to do: Integrate an electric lighting system with
daylighting features. Reduce the lighting density and make
task lights more usable (e.g. desk lights with articulated arm,
underbin lights) and prevalent in all workspaces.

Study finding: From the view point of visual and speech
privacy, occupants in individual offices were more satisfied
than those in shared offices, which was expected.

What to do: Make a new spatial arrangement and evaluate
unfunctional zones. Proper space planning is needed to
improve productivity and satisfaction. Avoid sharing
workspaces and provide occupants individual control over
their work environment.

Study finding: Personal control over the indoor environment
through “adjust thermostat”, “light switch”, and “window
blinds” was found unsatisfactory in the building. Some of
the participants were sharing thermostats with an adjacent
office. Because of this, occupants mostly have their own
portable equipment, such as heaters, fans, and humidifiers,
to regulate the indoor environment in response to their
needs. This also causes excessive and unpredictable electricity
consumption. Moreover, it conflicts with the heating and

cooling strategy of the university’s campus buildings.

What to do: Improve personal control over indoor envi-
ronment via thermostat and dimming control of the light
fixtures.

Study finding: Despite being faced with uncomfortable
working conditions, the participants generally expressed
that “they prefer to work in a historical building instead of
the new and modern ones”, and one of them pointed out
that “I can control my own workspace with my portable
equipment and I can even open my window whenever I
want”. These remarks show the power of participants’ sense
of belonging.
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What to do: Take into consideration the identity of the
building and try to keep it during renovation. Be aware of
the users’ sense of belonging.

6 Conclusions

With regard to the rising energy costs and the impetus to
reduce environmental impacts, energy efficient retrofitting
is gaining importance. Although there are several benefits
associated with retrofit projects, implementation of them
are limited. Retrofitting existing buildings is challenging due
to the requirements for gathering data in various formats
and input from multiple stakeholders. The understanding of
a building requires complete cooperation and participation
from a wide range of stakeholders (i.e., owners, managers,
occupants and contractors), who often reside in the building
during the potentially disruptive retrofitting process. During
the retrofitting process, there are critical disconnections
and gaps that commonly exist as obstacles. Outdated or
nonexistent building plans and incomplete energy consumption
histories make it difficult to predict the future performance
of a proposed renovation project. Gathering this type of
data, which is segmented and have rarely been analyzed, is
a major challenge for the building industry.

One of the most significant challenges during the process
of retrofitting design is capturing an accurate as-is building
model. Existing as-built technologies (from traditional manual
methods to advanced techniques such as photogrammetry,
laser scanner systems and combination of these) have
limitations in capturing 3D as-is building models due to the
need of expensive and fragile equipment, trained operators,
and time consuming practices. To obtain geometric models,
different tools were explored and their appropriateness for
retrofitting was tested. Although an accurate model could
not be captured with the use of Autodesk 123D Catch, the
integration of Google Sketchup and Autodesk Revit 3D
allowed for a geometric model to be created. Using this
method, the possibility of generating more precise models
to better support the energy performance evaluation stage
of a retrofitting project and to work more efficiently with
extended project teams has been proved. Although a very
simple and economical method to get an as-is geometric
models has been introduced, a notable level of disagreement
was found between the manual and simulated survey
assessment. Generating 3D models of image-captured
facilities with the use of BIM still needs to be improved.
This study not only makes the use of 3D modeling and
building envelope characteristics information available in a
BIM model, but also leverages the spatial programming and
data input by various parties involved in the project. The
integration of GIS with BIM is proposed for visualization
and organization of building data mapping.

The study is about generating a pre-retrofit model that
efficiently obtains and integrates multiple forms of building
data as a critical step to developing a comprehensive
understanding of a building to be renovated, addressing the
gap that building data is fragmented and user data is lacking
and not integrated. As a follow-up to this study, a model
can be used to conduct different scenario comparisons and
to optimize renovation decisions based on economic and
environmental goals. The concluding remarks and recom-
mendations for future work are as follows:

o Building scientists and professionals should raise social
consciousness for reusing an existing building and
upgrading it to achieve the maximum energy efficiency.
However, retrofitting projects are still only slowly being
implemented.

e Replacing chillers and boiler with more efficient ones
and renovating building windows have been well known
for years, but considering the long-term benefits of the
whole-of-building retrofit is still an issue worth exploring.

o The use of BIM for building retrofit projects is an emerging
research field that has been the subject of limited research.

o There is a crucial need for a well-defined methodology
that can be used to develop 3D pre-retrofit models to meet
the requirements of collaborative design teams in retrofit
projects.

e The proposed BIM- and GIS-based pre-retrofit method
allows researchers: (i) better social, geometric and physical
data organization, (ii) more effective building diagnosis
analysis to improve performance, and (iii) through the
use of data visualization, a contribution to more effective
communication among stakeholders for optimizing retrofit
scenarios.

o The paper points out the lack of support for BIM systems
used for the retrofitting of buildings and how to embed
pre-retrofit information in real BIM tools. The further
step for the project team will be to implement the
information in the retrofit process itself.
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