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Abstract

The escalating demand for energy and resources in the construction industry, together with poor energy
performance of existing buildings, pose challenges for sustainability. Despite the incorporation of
advanced technologies in modern construction to reduce energy consumption, a significant number of
buildings are yet to adopt sustainable practices, owing to lack of awareness about potential technologies,
and the considerations for selection. To this end, the current study aims to survey commercial buildings to
explore the technologies implemented together with the basis that influenced the implementation. A
detailed survey including semi-structured interviews with professionals engaged in the selected non-
domestic buildings were conducted. The selected buildings comprise three (3) certified retrofit, eight (8)
certified new and seven (7) non-certified green. The findings show that the buildings have incorporated 54
different technologies under the main sustainability criteria of water efficiency, lighting, heating,
ventilation, and air conditioning (HVAC) systems, indoor environmental quality, and sustainable site.
Advanced technologies, such as free cooling appliances, on-site wastewater treatments, and water-efficient
climate-tolerant plantings, were predominantly found in green-certified buildings, while non-certified
buildings tend to adopt more universally applicable and accessible technologies, like LED lighting,
compact fluorescent lamps, and low-flow plumbing fixtures. The paper presents a detailed analysis on use
of technologies with different building function, green rating levels, and challenges faced. Hence, the study
findings would facilitate technology adaptation for a given context by providing insights into the
availability and adaptability of green retrofit technologies in the Sri Lankan context for non-domestic
buildings.
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1. Introduction

The construction of new green buildings by demolishing existing structures often conflicts with energy
conservation principles ], While an increasing number of buildings are being converted into green buildings,
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most existing structures were not originally designed in a sustainable mannerl?l. Retrofitting these buildings
with green technologies has emerged as a more efficient and sustainable alternative to new construction,
providing significant opportunities to improve energy performance and reduce environmental impact(3l.

Unfortunately, retrofitting existing buildings poses greater challenges than constructing new green buildings.
For example, in existing multi-tenant commercia buildings, any sustainable retrofit or technology upgrade
requires the cooperation and participation of a wide range of stakeholdersl*®l. Additionally, long payback
periods, high upfront costs, and limited access to capital make green retrofits less attractive to investors and
building owners5-8l. Moreover, there is lack of retrofit experience and lack of understanding of the available
retrofit technologies, which, combined with unwillingness of building owners to pay for retrofit prevent
owners from undertaking sustainable retrofits 6101,

Despite the growing availability of green technologies for retrofitting, the selection process remains
complex!* 1. Investors often underestimate the long-term benefits of retrofitting, particularly during the
operational phase of the buildingl-12l, This has prompted the need to evaluate the long-term performance,
cost implications, and potential savings of retrofit technologies!®13l. For example, Ma et al.[14l proposed
various retrofit actions and decision support tools to upgrade building performance. Similarly, more efficient
methods for selecting the best retrofit aternatives for existing buildings have been outlined in the study by
Jagarajan et al.[1°]. Alannel16] proposed a multi- criteria ‘knapsack’ model to help designers select the most
feasible retrofitting actions during the conceptual phase of retrofit projects. In addition, Lavy et al.l17]
proposed a decision support model for semi-automated selection of retrofitting alternatives. Subsequently,
Ma et al.['3] provided an orderly way to deal with appropriate determination and identification of the best
retrofit alternatives for existing buildings.

Although, various decision making models have been developed to facilitate the selection of green retrofit
technologies, practical implementation fall short of expectations. For instance, Mejjaouli & Alzahranil1€l
developed a model using mixed integer linear programming (MILP) to select optima energy retrofitting
strategies for residential buildings, but its application to non-domestic buildings in Sri Lanka is limited due
to differing building uses and energy consumption patterns. Also, Lu et al.[1% developed a framework which
integrates energy simulation with cost-benefit analysis, yet excluded key retrofit technologies such as
heating, ventilation, and air conditioning (HVAC) systems and renewable energy installations. Chen et al.[€]
developed an agent-based homeowner decision-making model, which did not fully account for the
heterogeneity and specificity of individua projects. Similarly, Shenl?9 proposed the SimBldPy model,
which uses advanced technologies like EnergyPlus, but its application is constrained by the high technical
expertise and computing resources required.

In the context of Sri Lanka, its substantial existing buildings presents greater potential to reduce energy,
waste, air pollution and global warming. However, only alimited number of buildings have been recognized
as green certified for incorporating green features. This is largely due to the perception among investors in
green buildings that such constructions are expensivell2l. Since the commencement of the retrofit trend in
2021, in Sri Lanka, only 11 (9%) buildings, 10 non-domestic and one single domestic building in the entire
country, have achieved green certification[21.

The approach to the rating of green building varies from country to country due to difference in climatic
conditions, cultures and traditions, building styles, and disparate environmental, economic, and socia
concerns. Non-domestic buildings vary in their operating characteristics, which can either create
opportunities or impose limitations when selecting the most suitable green technologies to adopt in particul ar
buildings?Z. In non-domestic buildings, sustainable retrofits or technology upgrades require the
collaboration and engagement of various stakeholders, which could present numerous challengedl. As a
result, industry professionals are reluctant to embrace green retrofit initiatives. To overcome these obstacles,



comprehensive strategies are required to address financial, technical, and information barriers, and to foster a
favorable environment for the widespread adoption of sustainable retrofit practices in non-domestic
buildingg2l.

Appropriate selection of retrofit technologies is essential for effective decision-making in green retrofit
development[?4l. Thus, a comprehensive guide for selecting retrofit technologies and overcoming these
obstacles becomes imperative for the Sri Lankan context. Therefore, this research aims to explore the green
technologies implemented towards facilitating green technology selection decision-making. The study will
consider the challenges and applicability of green retrofit technologies in non-domestic buildings in Sri
Lanka.

2. Literature Review

2.1 Green retrofit technologies

Green technology refers to advancements in the utilization of equipment, methods, and products to conserve
the natural environment and resources, while minimizing and reducing their negative impact on human
activities 2], These technologies could enhance the sustainability of existing buildings by improving energy
efficiency and indoor air quality with the use of renewable energy sources?¢l. Thus the provision of fresh
and filtered air throughout the building's interior, thereby elevating the overall performance of building
structured 24271 ravani et al.[25] and Zhang et al.[28] suggest that green retrofit technologies are desired to
reduce environmental deterioration, greenhouse gas emissions, and conserve natural resources and energy.
They increase the use of renewable energies, and promote a healthy and enhanced environment for al kinds
of life.

Numerous green technologies have been developed to attain sustainability in the building sector(29:30].
However, the approach to green retrofit technology selection varies from country to country due to their
inherent distinctiveness in terms of climatic conditions, cultures and traditions, various building styles, and
disparate environmental, economic, and social concernd11.22l. There are many categorisations of green
technologies for sustainable development(23]. Through a comprehensive review of past studies, green retrofit
technologies are grouped under the following seven major categories 26:31-33],

«  Water efficiency technologies

» Lighting Technologies

« HVAC systems and Control Technologies

* Indoor environmental quality (IEQ) Technologies
»  Building Envelope Technologies

* Indoor Environmental Quality Technologies

e Sustainable sites Technologies

Further details on each of the categoriesis provided in Section 4.
2.2 Green retrofit challenges

This section provides a review of green retrofit challenges in spite of its importance in the conservation of
resources and energy!343°l. Jagargjan et al.[' concluded that green retrofitting is yet to reach its full
potential in many countries because of some challenges engthy payback periodd 1136371 high investment
outlay requirements, and limited access to capital[38l. Furthermore, application of green retrofit technologies
is hindered by the general lack of retrofits experiencel36:371, and the understanding of available retrofit
technologies. In the context of Sri Lanka, Ramachandra and Weerasinghell, report on very low uptake (1.5-



2.0%) by LEED certified green buildings. Table 1 presents the different types of challenges experienced in
retrofitting buildingsin different contexts.

Table 1. Green retrofits challenges.

Challenges Sources
1) Market Challenges

e Inadequate understanding and [10,15,25,38]
awareness of green retrofit

e Scarcity of performance data for
retrofitted existing structures

e Lack of market consensus on

leading green standards

e Possibility of failing to meet

market expectations

2) Palitical Challenges

e Deficiency of monetary incentives [8,10,11,20]
e Tax and regulatory incentives are

not consistent

e Incentives with unknown expiry

dates

e Insufficient government and

private sector investment and

engagement

3) Financial Challenges

e High initial capital cost [1.8.21,25,28,39]
e Transportation cost

e Inadequate funds

e Inadequate understanding of

lifecycle costs

4) Green technological Challenges

e Unreliable or unproven technology [7.15.40]
e Insufficient supply of green

materials and technologies

e The performance of new materials

is not evaluated throughout time

5) Performance Challenges




e Various considerations throughout [[>1521.24

the decision- making process for
introducing green technology

e Lack knowledge and training

e Lack of professionally trained
design teams

The Table 1 reveas the common obstacles. For developed countries, the primary focus is on optimizing the
implementation of existing green technologies and addressing market resistancel10:38]. This contrasts
developing nations, where the challenges are more fundamental, and include financia limitations, and
insufficient infrastructure to support the widespread adoption of green retrofitting practiced810.11. Others
include inconsistent policies, and market uncertainty that could affect the adoption of retrofit technologiesin
both contextsl®2%. Although it has been suggested that the barriers to green retrofitting are globall19], their
impact is felt differently in developed and developing countries. Therefore, a country based assessment is
needed for accurate evaluation of green retrofitting solutionslSl.

3. Research Methods

This study utilizes a qualitative approach to assess the influence of certain factors on the selection of green
retrofit technologies. Thus, a survey was administered among newly constructed green and non-green
certified non-domestic buildings. Professionals involved in the aforementioned building projects participated
in the survey. For non-domestic green retrofit buildings, the focus was primarily on structures certified by
GREENSL (GBCSL) due to limited data availability on buildings certified by LEED (Leadership in Energy
and Environmental Design, in Sri Lankal3®l. Thus, the GREENSL grading system, developed by the Green
Building Council of Sri Lanka (GBCSL) is common. This is modeled after LEED and promotes the design
and construction of green buildings with a focus on cost-efficiency, health, and safetyl4142l. The analysis is
based on GREENSL -certified buildings, while for newly certified non-domestic category of buildings, both
GBSL and LEED certified buildings were examined.

3.1 Profile of the selected buildings

18 non-domestic buildings integrated with green technologies were selected through a survey. The buildings
are categorized into three: (1) green certified retrofit buildings (GRB), (2) green certified new buildings
(GNB) and (3) non-green certified buildings (NGB). Under these three categories, building with different
functions, and green ratings were examined for variations in the technol ogies integrated in them.

To achieve arational basis for comparison between the three main categories of buildings, an equal sample
of buildings was intended to be surveyed for each category. However, information was obtained from only
three (3) GRBs, eight (8) GNBs and seven (7) NGBs for the analysis. The profile of the surveyed buildings
was summarized in Table 2.

Table 2. Profile of the surveyed buildings.

Categories GRBs (03) GNBs (08) NGBs (07) Totd
Type of Office 02 07 03 12
Function

Institutional 01 - 02 03




Hotel - 01 02 03
Awarded Silver 01 - - 01
Rating
Gold 02 05 - 07
Platinum - 03 - 03
Non-certified - - 07 07
Gross Floor 1,000-5,000 02 05 04 11
Area (m2) 5,000-10,000 02 03 05
10,000-70,000 |01 01 - 02
No of Lessthan 4 00 05 03 08
storey 4-6 02 01 04 07
Above 6 01 02 00 03
Building age Lessthan Syrs |- 02 01 03
5-10yrs 01 04 04 09
Above10yrs |02 02 02 06

GRB: green certified retrofit buildings; GNB: green certified new buildings; NGB: non-green certified
buildings.

Asindicated in Table 2, the surveyed buildings exhibit diverse characteristics across three selected building
types. In terms of functions, most of the buildings are green certified offices. Further most of the certified
buildings were Gold rated. Building sizes range widely, with a significant portion falling within 1,000-5,000
m? of gross floor area range. The majority of buildings are below 6-storeys, with varying ages distributed
across different categories. This profile is further analyzed with the technologies implemented in the
following section.

To collate the challenges and criteria involved in the selection of green retrofit technologies in the selected
buildings, the study conducted interviews with professionals. One professiona per building was interviewed.
Those professionals included project manager (PNGB1), Engineers (PGNB1/PGNB4/ PNGB1L/PNGB2/
PNGB4), Quantity Surveyor (PGNB8/ PNGB7), Facilities Manager (PGRB1/PGNB2/PGNB3/PGNB6/
PGNB7/PNGB6), Architect (PGRB3/PGNB5) and General Manager (PGRB2) with major of them having
05-15 years of experience in the field. Most of them (14 out of 18) have involved in green building projects
as well. Regarding field experience, a significant portion (33%) has 10-15 years of experience, while 28%
have 5-10 years. Mgjority of the participants (78%) have been involved in green projects, indicating a
substantial level of experience and engagement within sustainable construction practices.

4. Findings and Discussion

4.1 Green technologiesincor porated in the surveyed buildings and the selection basis

The survey for the study, was guided by a list of 42 retrofit technologies obtained from literature. Those
retrofit technologies aim at achieving sustainability in buildings through various aspects such as water
efficiency, lighting, HVAC systems, building envelope, indoor environmental quality and sustainable sites.
Accordingly, the technologies in surveyed buildings are grouped under the above sustainability aspects in
Table 3. According to the table, the surveyed buildings have integrated altogether 54 different technologies,



twelve over those identified in literature, and marked under their respective categories.

Table 3. Retrofit technologies incorporated in the surveyed buildings.

Technologies GRB GNB NGB Totd Source
G |GGG |G |G |GG |G |G |G|N N |N|N N |N N
R IR IR IN N N N NN [N N |G |G |G |G |G |G |G
B B B B B B B B B B B B B B |[B B |[B |B
12 3 |1 |2 3 4 |5 6 |7 8 |1 |2 3 |4 5 |6 |7
Water Efficiency Technologies
DLow-flow plumbingfaucets v v |V W (Vv ¥ VW WV W W ¥ W ¥V VW W ¥ W |[¥ |18 [43.44]
2) Low flow shower, water vV iy VIV VNV VIV VNNV NNV V¥ |18 [44-49]
closet, Urinals, and wash basin.
3)Dual flushing toilets* v WV W WYY W WY YW W WY Y18 Author
4)Less capacity cistern tank* v WV WYY YWY W WY W W W W18 Author
5) Micro irrigation v v W - W W - WY ] ] 22 [32]
6) Rainwater harvesting v v v v v v VY - ¥ - ¥ |- - W - |- |- |- |10 [32,47,48]
7)Water efficient, climate Y A e P L Y A Y A Y A A e e e e e 014 [32,49,50]
tolerant plantings
8)High-efficiency automatic v v |- v |- |- W |- W |- W |- |- |- |- |- |- |- |06 [32]
water control systems
9)On-site wastewater/greywater v |- ¥ |- |- ¥ W |- |- W N |- |- |- |- |- |- |- |06 [47,49]
treatments
10)Rain sensors* e R T O A e e A e e N O N RN R0 24 Author




11)Permeable surface - - - 00 [32]
technology

Lighting Technologies

1) LED lighting v VW 18 [51]
2)Task Lighting v VO 14 [52,53]
3)Daylight Linked Lighting v VOV 11 [54]
Control System

4)Compact fluorescent lamps* |V |- |V 10 Author
5)Occupancy-based Lighting |- |- |- 05 [52]
Control System

6)Light pipe technology - - - 02

7)Lighting Controlled by Time |- |- |- 10 [54,56,57]
Scheduling

HVAC Systemsand Controls Technologies

1)Optimum Start/Stop v VO 15 (58]
Controller

2)Free Cooling Applications v V- 06 [59,60]
3) Load shedding and v - - 05 Author
scheduling process*

4)Demand Control Ventilation |- |- |- 04 [61]
5)Variable Refrigerant Volume |- |- |V 02 Author
(VRV) System*

6)Variable Air Volume (VAV) |- |- |- 02 Author

System*




7)Energy efficient chillers v v 02 Author
8) Having motorizes louversfor |- 01 Author
heat*

9) Rotary Heat wheels and Heat |- 00 [62]
Pipes

10) Energy Recovery Ventilator |- 00 [59,61]
(ERV)

Building Envelope Technologies

1) Low emissivity glass v v 18 [33]
doors/windows

2) Window shutters v v 18 [33,63]
3) Window shade v v 18 [33,63]
4) Low conductive frame v v 18 [33]
doors/windows

5) Solar photovoltaic system v v 13 [26,33]
6) Cool roofs v Vv 09 [33,64]
7) Solar shading elementsin the |V v 09 [33,69]
wall

8) Reflective surface roofs v v 08 [43,66]
9) Green roofs v 05 [33,67]
10) Green wall v v 03 [33,49]
11) Opaque ventilated facades* |- Vv 02 Author
12) Nano insulation v v 00 [33]




|EQ Technologies

1) Light-coloured paints vV vV VYAV NNNYNNNNNNV NV Y V|18 [31]
2) Ample ventilation for v W W W W - WY W W W WY - - - W - 113 [31,47]
pollutant & thermal control

3) Cross ventilation v W Vv v v VN VYWV W - W - - - W13 (68]

4) Co2 sensors v - N |- Y ¥ ¥ - V- V- WY Y- - 10 [1.69
5) Negative-pressure smoking |- - |- |- |- |- |- |- |- |- |- |- |- |- |- |- |- |- |00 [70]
rooms

6) Wing Walls T P e e P e ) [47]

7) Air filtration S P T T e T T [1,37]
8) Air sealing technique e e e e e e e O e e e 0] (1
Sustainable Sites Technologies

1) Roof top gardening Y A Y L I I o e Y o o e e e 06 [31]

2) Vertica gardening N e P e e O A O A R I N 1Y A P R e R E PR ERL 0 [31]

3) Cool pavement Y T P o e e e e O e P T e N o] [71]

4) Bicycletracks e M e e e [1,31]
Other Technologies

1) Regular audit* v - VvV VvV ¥V VYV VNV VY |- Y V¥ VW |- |- |- |13 Author
2) Smart meters* A N Y e e £ A N L A N L A S R e R 04 Author

GRB: green certified retrofit buildings; GNB: green certified new buildings; NGB: non-green certified buildings; IEQ: indoor environmental quality.

4.1.1 Water efficiency technologies

Along with literature, the survey identified 10 different technologies used in buildings to achieve water efficiency. Technologies like low-flow plumbing faucets, low



flow shower, water closet, urinals, and wash basin, dual flushing toilets and less capacity cistern tank were
available in all the surveyed buildings. The widespread implementation of these technologies in both green-
certified buildings (GBs) and non-green buildings (NGBs) underscores their universal applicability. Hence,
buildings that are prioritizing sustainability, can readily adopt these technologies, irrespective of green
certification, due to their practicability and adaptability to diverse architectural contexts.

Notably, on-site wastewater/greywater treatments, water efficient, climate tolerant plantings, high-efficiency
automatic water control systems and rain sensors were predominantly found in green-certified buildings
(GBs). These findings indicate a close link between green certification and the adoption of these specific
technologies. While, these four technologies are exclusively prevalent in GBs, none of the NGBs (7 out of 18
surveyed) implemented them.

Micro-irrigation and rainwater harvesting systems were incorporated into all three GRBs and the magjority of
NGBs (5 out of 7), highlighting their significance in obtaining green certification. Two (out of 3) retrofit
buildings (GRBs) had high-efficiency automatic water control systems and on-site wastewater/greywater
treatments, and four new green buildings (GNBs) were integrated with these technologies. This discrepancy
highlights a potential gap in the adoption of advanced water control measures in GBs including new as well
as retrofit buildings compared to non-certified buildings.

A similar challenge was observed in the adoption of water-efficient, climate-tolerant plantings, where only
one retrofit building was implemented with this technology whereas most of the (six out of 7) new green
buildings incorporate this technology. This difference may be attributed to design challenges or limitationsin
incorporating such plantings into existing structures. Further to evidence, the participant representing green
retrofit building (PGRB3) pointed out that, “ Though the client is really into green retrofitting, budget isabig
deal for them. So, because of that, they can't really go for most of those advanced technologies’.

However, participants PGNB4 and PGNB8 mentioned that rain sensors were integrated into the buildings to
conserve water by pausing any automatic cycles programmed after a sufficient amount of rain has
accumulated. Thus, it helps to prevent overwatering of plants and saves water. To evidence, PGNBS,
representing green certified new building mentioned that “ The floor area of this building is over 20,000sg.m
and it is a hotel building with 14-storeys, thus the operational cost of building is comparatively high, thus we
particularly chose this technology disregarding its high investment to reduce the operational cost and water”.
Additionally, mgjority (13 out of 18) of the surveyed buildings including certified and non-certified have
regular 3rd party inspection and audit programs for monitoring the efficiency of water consumption. Some
certified buildings also reported the use of smart meters to remotely control water usage, providing alerts for
overconsumption and facilitating data comparison.

4.1.2 Lighting technologies

The survey conducted alongside the review identified seven distinct technologies that are commonly utilized
in buildings to achieve lighting energy efficiency. These technologies are implemented to reduce the
consumption of energy while maintaining the desired lighting levels in a building. Among them, LED
lighting emerges as a universally embraced energy-efficient choice, present in all surveyed buildings
irrespective of their green certification status. Therefore, it can be used in any type of building to maintain
the energy-efficiency. Similarly, the majority of respondents (10) mentioned that they have considered
compact fluorescent lamps as one of the lighting technologies to reduce electricity bills. When looking at the
certification level, five (out of 11) green-certified buildings and five (out of 7) non-certified buildings use
this lighting. This validates that compact fluorescent lamps can be effectively utilized in buildings that
prioritize energy sustainability.

None of the non-green buildings have incorporated daylight-linked lighting control systems, occupancy-
based lighting control systems, and light pipe technology. However, with the exception of daylight-linked



lighting control, these technologies were integrated into a limited number of green-certified buildings. This
underscores the significance of daylight-linked lighting control systems in promoting green certification and
the limitations in the adoption of occupancy-based lighting control systems, and light pipe technology in Sri
Lankan context.

Task lighting, designed to enhance occupant comfort and reduce eye strain, was implemented in ten (out of
11) green-certified buildings and four non-green buildings. The widespread use of task lighting in office and
institutional buildings, but its absence in hotel buildings, indicates that its selection is closely linked to
building functionality.

In one specific case, GNB8, a large hotel, adopted time-scheduled lighting control to enhance guest
experience and optimize operational efficiency. This investment, though costly, was justified by the specific
needs of the building function.

4.1.3HVAC systems and control technique

As seen in Table 3, the survey has identified 10 different technologies used in buildings to achieve HVAC
energy efficiency, which are in line with those obtained in literature. Compared to water efficiency and
lighting technologies, the implementation of HVAC system technologies in buildings is comparatively low
in Sri Lanka.

Among the surveyed buildings, 15 out of 18 have implemented optimum start/stop controllers, a widely
adopted technology across all green retrofit buildings (GRBs) and green new buildings (GNBs). This
indicates the emphasis on energy-efficient HVAC operations in certified buildings. Two of the three GRBs
also incorporated free cooling appliances. According to the building representatives (PGRB1 and PGRB2),
these appliances played a crucia role in obtaining green certification. However, PGRB3 noted the high
capital cost as a challenge, stating, "Even though we had a choice to select free cooling appliances, the
capital cost is very high." This highlights both the energy efficiency benefits and financia challenges
associated with the implementation of free cooling technologies.

Among the non-green buildings, there is a notable absence of certain energy-efficient technologies, including
load shedding and scheduling processes, demand control ventilation, variable refrigerant volume (VRV),
energy-efficient chillers, and motorized louvers for heat control. In contrast, a subset of green-certified
buildings has embraced technologies such as load shedding and scheduling processes, along with demand
control ventilation. However, none of the existing green buildings have implemented demand control
ventilation, and only GRB1 has incorporated load shedding and scheduling processes. This derives from a
perception that green certification has influenced the incorporation of load shedding and scheduling
processes, and demand control ventilation in new buildings. The case of GRB1, with its considerable size (39
storeys and the floor area of 70,000 sg.m), necessitates the adoption of load shedding and scheduling
processes to manage the overall system load efficiently. Participant PGRB1 emphasized the significance of
this technology, stating, "HVAC accounts for up to 40% of the building’s energy consumption, so we had to
reduce energy use. However, since the retrofitting occurred 17 years after construction, incorporating this
system presented significant design challenges. We now have a building automation system integrated with
load shedding”. This case demonstrates how large existing buildings with high operationa costs can till
benefit from advanced HV A C technol ogies, even though implementation may be complex.

Despite the recognition of rotary heat wheels and heat pipes, energy recovery ventilators (ERVS) as a green
retrofit technologies in the literature, none of the surveyed buildings, incorporated them. Respondents
attribute this lack of adoption to the perception that these retrofit techniques are deemed ineffective in
tropical climates, like that of Sri Lanka, where there is minimal variation in ambient temperatures between
night and day. Thisinsight aligns with both survey findings and existing literature.



4.1.4 Building envelope technologies

Along with the literature, the survey has identified 12 different building envelope technologies. Of them,
technologies like low emissivity glass doors/windows, window shutters and window shade were available in
al the surveyed buildings. The widespread implementation of these three technologies in both green-
certified and non-certified buildings underscores their universal applicability, making them practica and
adaptable choices for avariety of architectural contexts, regardless of green certification.

Notably, cool roofs, solar shading elements, green roofs and green walls were exclusively prevalent in green-
certified (both new as well as retrofit) buildings. This indicates a strong correlation between green
certification and the adoption of these specific building envelope technologies, as none of the non-certified
buildings (7 out of 7) implemented them.

Technologies such as low emissivity glass doors/windows, window shutters, window shades, low conductive
frame doors/windows, solar photovoltaic systems and solar shading elements in the wall were implemented
in all three retrofit buildings (GRBs), prove their adaptability by blending with existing structures during
retrofitting projects. These technologies are commonly associated with new green construction (GNBs) as
well. While two of the retrofit buildings incorporated green walls and cool roofs, the third opted for green
roofs. None of the retrofit buildings included opagque ventilated facades while these are integrated into green-
certified new (GNBSs) buildings. This distinction underscores the different challenges and considerations in
retrofitting existing buildings versus designing new sustainable buildings.

Despite Nano insulation being recognized in the literature as a green retrofit technology, none of the
surveyed buildings contained such technology. Thisis attributed to the perceived lack of necessity in the Sri
Lankan context, where the prevailing climatic conditions do not warrant the utilization of this specific
insulation technol ogy.

4.1.5 Indoor environmental quality technologies

Along with literature, the survey has identified 08 different technologies used in buildings to achieve indoor
environmental quality. Of them, light-colored paints were available in all the surveyed buildings. Mgority of
the green certified buildings (GBs) (10 out of 11) have incorporated ample ventilation for pollutant &
thermal control and cross ventilation, while only 3 (out of 7) non-certified buildings (NGBs) have
incorporated these technologies. Particularly, most of the office (10 out of 12) and institutional (3 out of 3)
buildings have implemented cross ventilation technology, while none of the hotels (3 out of 3) incorporated
the said technology.

Participants emphasized the importance of cross ventilation in educational and office buildings for improving
air quality and reducing energy consumption by minimizing the need for mechanical ventilation. However,
retrofitting high-rise buildings with cross ventilation posed challenges due to their vertical structure and
limited access to outdoor air.

4.1.6 Sustainable site technologies

Of the literature identified technologies respective to this category, the survey has identified 04 different
technologies used in buildings to achieve sustainability. Compared to other technology classifications, the
adoption of sustainable site technologies was notably lower across the surveyed buildings. Participants cited
a lack of externa space and maintenance challenges as the primary reasons for not adopting these
technologies. All the available sustainable site technologies in surveyed GRBs were integrated during the
retrofitting process. None of the NGBs have incorporated these technologies, emphasizes the necessity of
these sustainable site technologies in green certification procedures.

Roof-top gardening is specifically embraced by GRB2 and green new buildings GNB1, GNB2, GNB3,



GNB4, and GNB8. The participant PGRB2 mentioned “During the retrofitting process for green
certification, we incorporated a green roof and roof garden, as the design alowed. The upper roof is a
lightweight structure covered with plants. The surrounding area is a rooftop garden with a viewing area’”.
Participants from the green new buildings noted that installing roof gardens was much simpler in new
constructions compared to retrofits.

Cool pavement was adopted in one retrofit building (GRB1) after a detailed site analysis, demonstrating its
potential in retrofit projects when space and design considerations align. Further, vertical gardening is
incorporated in GNB3, GNB4 and GNB8. Remaining green building representatives opined that due to the
high initial investment including the cost of materials, plants and irrigation system, it could not be feasible in
those buildings. Moreover, participants PGRB1, PGRB2 and PGRB3 mentioned that there are many design
difficulties in incorporating vertical gardening, thus they select traditional gardening methods over vertical
gardening.

4.2 Challenges and barriersto integrating Green retrofit technologies

Following the survey of technologies implemented in the selected buildings, the participants representing the
selected buildings were interviewed to identify the challenges that have influenced the adoption of particular
technologies. The participants were facilitated with challenges identified under five categories. market,
political, financial, green material and technological and performance challenges. Table 4 tabulates the
opinions of participants on the challenges encountered when implementing green retrofit technologies in the
surveyed buildings.

4.2.1 Market challenges

The data summarized in Table 4 reveas a prevalent issue of inadequate understanding and awareness of
green retrofit practices among surveyed buildings, potentialy leading to the failure to meet market
expectations. Notably, this challenge extends across various types of buildings: all three green retrofit
buildings (GRBs), all seven non-certified buildings (NGBs), and three (out of 8) certified new buildings
(GNBs) reported encountering this issue. This highlights that insufficient knowledge and awareness of green
retrofitting are widespread concerns, particularly among existing and non-certified structures, compared to
newly certified constructions. Further, eight (8) of the surveyed buildings which were integrated green
retrofit technologies before 2015 faced the scarcity of performance data and a lack of market consensus on
leading green standards in the country. As aresult, this summarized table reflects that a significant amount of
market challenges have been mitigated over the years as a consequence of greater awareness and knowledge
of green and green retrofit principles.

4.2.2 Political challenges

Amongst the surveyed buildings, GRB3, GNB1, GNB6, GNB7 and NGB3 are public buildings belonging to
the government. As a result, the political challenges faced by governmental buildings are comparatively less
than non-governmental buildings. Tax and regulatory incentives emerge as a prominent concern across all
building types, with inconsistent implementation noted in several instances. Deficiencies in monetary
incentives are also highlighted, particularly among GNBs (4 out of 8) and NGBs (2 out of 7). Furthermore,
insufficient government and private sector investment and engagement are identified as significant obstacles,
particularly affecting GRBs and GNBs. Moreover, the presence of incentives with unknown expiry dates
adds complexity to the decision-making process, with implications for all building categories. However, the
political challenges faced by green buildings have diminished over the years is one of the findings in the
study. It emphasizes the importance provided by the government towards the green concept in recent years.

4.2.3 Financial challenges



As per the literature findings, financial challenges are considered the main barrier to the implementation of green retrofit technologied39l. It was ascertained in Table
4. High initial capital costs are identified as a significant barrier across al building types, reflecting the substantia investment required for green retrofitting and new
green construction. Additionally, inadequate funds present a prevalent challenge, affecting the ability of all building categories to finance sustainable initiatives. The
majority (12) of the respondents agreed that there was an inadequate understanding of the lifecycle cost of green retrofit technologies during the implementation
process. Furthermore, this was highlighted as a primary issue for GRBs (2 out of 3) and NGBs (7 out of 7), indicating a need for improved financial studies in these
sectors. Transportation costs and price fluctuations also emerge as concerns, particularly impacting GNBs and NGBs. Moreover, economic recessions are noted as a
specific challenge for GNBs, further complicating financial planning and implementation.

Table 4. Challenges encountered while implementing Green retrofit technologies

GRB GNB NGB
Challenges G G |G |G |G |G |G |G |G |G |GIN|N N N N [N |N |Totd
R R IR NN N |N [N N NN |G |G |G |G |G |G |G
B BB B B B B |B B B B B B B B B |[B B
1 /2 3 /12 2 (3 (4 5 16 |7 (8 |1 |2 |3 |4 |5 |6 |7
Market Inadequate understandingandawareness v (v |V ¥V W [V |- |- |- |- |- ¥ W W W ¥ ¥ |¥ |13
of green retrofit
Possibility of failing to meet market v v - - W Vv ¥ - W V¥ YV Y- W Y18
expectations
Scarcity of performance data v v o- - - - e s - - W - YW |08
Lack of market consensus on leading S L A N A A L e A O L e N OV AN N N VAR E R BV AR AR 0 <]
green standards
Palitical Tax and regulatory incentives are not v V- W - YWY - - e W |12
consistent
Deficiency of monetary incentives Y e e e B A O A LY A O N e O A L e o R E Y A (04
Insufficient government and private sector |[vv |- |- |V - vV ¥ |- |- |- |- |- |- |- |- |- W |- |05
investment and engagement




Financial Incentives with unknown expiry dates A e N Y A A A - - - - |- |- |- |04
High initial capital cost v vV WY v ol v v W Y ¥V |18
Inadequate funds v v Vv Y Y Y YV v oY v v [V ¥ ¥ |18
Inadequate understanding of lifecycle Y A Y A R VAR BV A EV AR - W v VOV WV |12
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Transportation cost N B A A e Y A Y A N L v |V v V- - V|12
Price fluctuations* - - W e v v vV - |- |07
Economic recession* - - W - VARE v - - |- |- |03
Green Maintenance difficulties* v Vv - VYW YWY v o v vV YT
material and oy ementation difficulties® VYRV VR VR -V v VNV Y 14
Technological
The performance of new materialsisnot |- |- |- |v |V |V |V |V |V - W - W W W W11
evaluated over time
Spare parts availability* A e A Y A A Y A (VA Y, - - - W W W Y11
Insufficient supply of green materialsand v |V |- |V v |V |- |- |- - W S R N A CVAR 074
technologies
Unreliable or unproven technology R V2 R T R R - W v |- |- v |06
Performance |Various considerations throughout the v v vV v |V v v v v oV |18
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Insufficient supply of knowledge and v vl - W W W - W v v vV V|14
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client*
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1*: Additional challengesidentified from the Survey; GNB: green certified new buildings; NGB: non-green certified buildings.

4.2.4 Green material and Technological Challenges

Green material and technological challenges did not significantly impact the buildings compared to other categories of challenges during the implementation of green
retrofit technologies. However, maintenance difficulties emerge as a prominent concern across amost all building types (17 out of 18), indicating the challenges in
sustaining green technol ogies over time.

Implementation difficulties are also widespread, particularly affecting GRBs (3 out of 3) and NGBs (7 out of 7). The lack of long-term performance evaluation for new
materiasis highlighted as an issue primarily for GNBs (6 out of 8) and NGBs (5 out of 7). The rationale behind this trend lies in the necessity for GNBs and NGBs to
carefully consider material utilization from the initiation of the construction process. Unlike retrofit buildings, which have limited flexibility in changing material types,
GNBs and NGBs have the opportunity to select and integrate materials based on long-term performance considerations. Therefore, the lack of comprehensive
evauation for new materials in these buildings underscores the importance of careful planning and assessment processes to ensure the durability, efficiency, and
sustainability of construction materials over time.

Furthermore, spare parts availability poses challenges, especialy for GRBs (1 out of 3) and GNBs (6 out of 8), impacting the maintenance of green technologies. In
certain instances, they purchased the spare parts from foreign countries with higher shipping expenses. Insufficient supply of green materials and technologies is noted
as a concern across all categories, suggesting a need for improved access to sustainable resources. Despite these challenges, the study found that many issues have
diminished over time, with improvements in the supply chain and material availability. However, questions around the reliability and effectiveness of green
technologies persist, particularly among NGBs (5 out of 7), underscoring the importance of testing and validation processes. Improvements in these areas may
significantly contribute to fostering a greater willingness among NGBs to incorporate green technol ogies and pursue certification in the future.

4.2.5 Performance challenges

As shown in Table 4, each surveyed building encountered difficulties during the decision-making process for implementing green technology underscoring the
complexity involved in integrating green technologies. Further, the table validates the literature findings that still there is a lack of supply of knowledge and
professionally designed teams for the green retrofitting processi14l. Insufficient supply of knowledge and training is also a prevalent issue, in the majority of the
buildings (14 out of 18), highlighting the importance of enhancing education and skills development in the industry. Additionally, the difficulty in obtaining



professionally trained design teams poses a barrier to effective implementation, impacting all building
categories. Lack of awareness among clients is noted as a challenge only for GRBs (2 out of 3) and NGBs (5
out of 7), suggesting a need for improved communication and client education regarding the benefits of
green technologies. Additionally, the participants from GRB1, GRB2 and GRB3 stated that the major
challenge they faced during the integration process of green retrofit technology was a barrier to their
functioning and operation of the building.

5. Conclusions

The aim of the study was to examine the selection of green retrofit technologies in various non-domestic
buildings. Through an in-depth literature review and survey of 18 non-domestic buildings, a comprehensive
set of 54 distinct technologies were identified and categorized into seven primary areas. water-efficient
technologies (11), lighting technologies (7), HVAC systems and control technologies (10), building envelope
technologies (12), indoor environmenta quality (IEQ) technologies (8), sustainable site technologies (4), and
other (2). The findings demonstrate that, while significant progress has been made in integrating these
technologies, the adoption of these technologies remains limited, particularly in non-green certified
buildings. Certain technologies were universally adopted across both green-certified and non-green
buildings, highlighting their adaptability in various architectural contexts. These include low-emissivity glass
doors/windows, window shutters, window shades, low-flow plumbing faucets, low-flow shower and water
closets, dual flushing toilets, less capacity cistern tanks, LED lighting, and task lighting. On the other hand,
more advanced technologies were predominantly found in green-certified buildings. In retrofit projects,
technologies like free cooling appliances, optimum start/stop controllers, and load shedding and scheduling
processes were particularly favored due to the operation benefit requirement of existing structure. Non
certified buildings, however, mostly incorporated more basic technologies, such as compact fluorescent
lamps and standard HV AC systems without advanced energy control mechanisms.

Challenges associated with green retrofitting, such as high initial costs, lack of awareness, inconsistent
incentives, and inadequate access to green materials, continue to impede progress. Particularly, issues related
to maintenance difficulties and the long-term evaluation of new materials highlight the complexity of
integrating advanced technologies into existing structures. Political and financial barriers, including
fluctuating tax incentives and insufficient government support, further contribute to the slow adoption of
green retrofits.

However, it is worth noting that the survey was unable to investigate a larger number of buildings and equal
distribution between the building types. This may have skewed the result; hence caution is required in the
generalization of the study findings across Sri Lanka. Further research will be necessary to cover this
inadequacy. Ramping up related sustainability studies, could help create the necessary awareness to Sri
Lanka practitioners, to seek effective technological solutions for their sustainable green retrofits.

Declar ations

Author s contribution

Sachchithananthan M: Writing—original draft, Literature survey, Data Analysis, Visualization.
Ramachandra T: Writing—review & editing, Validation, Supervision.

Thayananth M: Literature survey, Data collection.

Rotimi JOB: Writing—review, Validation.

Conflicts of interest

The authors declare no conflicts of interest.



Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Funding

Not applicable.
Copyright

© The Author(s) 2024.
Refer ences

. Ramachandra T, Weerasinghe AS. Greening existing garment buildings: A case of Sri Lanka future.
Emerging Res Sustainable Energy Build Low- Carbon Future. 2021.
[DOI]

2. Miller E, Buys L. Retrofitting commercia office buildings for sustainability: Tenants' perspectives. J
Prop Investment Finance. 2008;26(6):552-561.

3. Pardo-Bosch F, Cervera C, Ysa T. Key aspects of building retrofitting: Strategizing sustainable cities. J
Environ Manage. 2019.
[DOI]

4. Korkmaz S, Messner JI, Riley DR, Magent C. High-performance green building design process
modeling and integrated use of visualization tools. J Architect Eng. 2010;16(1):37-45.
[DOI]

5. Lapidus A, Abramov |. An assessment tool for impacts of construction performance indicators on the
targeted sustainability of a company. Int Sci Technol Conf. 2020;753(4):042089.
[DOI]

6. Kasivisvanathan H, Ng RTL, Tay DHS, Ng DKS. Fuzzy optimisation for retrofitting a palm oil mill into
a sustainable palm oil-based integrated biorefinery. Chem Eng J. 2012;200-202:694-709.
[DOI]

7. Menassa CC. Evaluating sustainable retrofits in existing buildings under uncertainty. Energy Build.
2011;43(12):3576-3583.
[DOI]

8.Chen R, Fan R, Yao Q, Qian R. Evolutionary dynamics of homeowners' energy-efficiency retrofit
decision-making in complex network. J Environ Manage. 2023:326:116849.
[DOI]

9. Ali MM. Therole of tall buildings in sustainable cities. WIT Trans Ecol Environ. 2008:117:345-354.


https://doi.org/10.1007/978-981-15-8775-7_10
https://doi.org/10.1016/j.jenvman.2019.07.018
https://doi.org/10.1061/(ASCE)1076-0431(2010)16:1(37)
https://doi.org/10.1088/1757-899X/753/4/042089
https://doi.org/10.1016/j.cej.2012.05.113
https://doi.org/10.1016/j.enbuild.2011.09.030
https://doi.org/10.1016/j.jenvman.2022.116849

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

[DOI]

Fan R, Chen R, Wang Y, Wang D, Chen F. Simulating the impact of demand-side policies on low-
carbon technology diffusion: A demand-supply evolutionary model. J Cleaner Prod. 2022:351:131561.
[DOI]

Dangana Z, Pan W, Goodhew S. A decision making system for selecting sustainable technologies for
retail buildings. Energy Built Environt Proc. 2013:108-119.
https.//www.researchgate.net/publication/271685550

Waidyasekara KGAS, Fernando WNJK. Benefits of adopting green concept for construction of buildings
in Sri Lanka. ICSBE-2012: International Conference on Sustainable Built Environment; 2012 July10-12;
Kandy, Sri Lanka; 2012. Available from: http://dl.lib.mrt.ac.lk/handle/123/11850

Shen P, Braham W, Yi Y. The feasibility and importance of considering climate change impacts in
building retrofit analysis. Appl Energy. 2019;233:254-270.
[DOI]

Ma Z, Cooper P, Daly D, Ledo L. Existing building retrofits: Methodology and state-of-the-art. Energy
Build. 2012;55:889-902.
[DOI]

Jagarajan R, Abdullah Mohd Asmoni MN, Mohammed AH, Jaafar MN, Lee Yim Mei J, Baba M. Green
retrofitting — a review of current status, implementations and challenges. Renewable and Sustainable
Energy Rev. 2017;67:1360-1368. [DOI: 10.1016/j.rser.2016.09.091

Alanne K. Selection of renovation actions using multi-criteria “knapsack” model. Auto Constr.
2004;13(3):377-391.

[DOI]

Lavy S, Shohet IM. A strategic integrated healthcare facility management model. Int J Strategic Prop
Manage. 2007;11(3):125-142.

[DOI]

Mejjaouli S, Alzahrani M. Decision-making model for optimum energy retrofitting strategies in
residential buildings. Sustain Prod Consum. 2020;24:211-8.
[DOI]

LuY, Li P, Lee YP, Song X. An integrated decision-making framework for existing building retrofits
based on energy simulation and cost-benefit analysis. J Build Eng. 2021;43:103200.
[DOl]

Shen P. Building retrofit optimization considering future climate and decision-making under various
mindsets. JBuild Eng. 2024:110422.
[DOI]

Ofek S, Portnov BA. Differential effect of knowledge on stakeholders’ willingness to pay green building
price premium: Implications for cleaner production. J Cleaner Prod. 2020;251:119575.
[DOI]

World Green Building Council. What is green building? World Green Building Council. Published 2016.
Available from: https://www.worldgbc.org/what-green-building

Gleeson MP, Thomson CS. Investigating a suitable learning environment to advance sustainable
practices among micro construction enterprises. 28th Annual Association of Researchersin Construction
Conference; 2012 Sep 3-5; Edinburgh, UK. 2012, p. 1245-1255. Available from:
https.//www.arcom.ac.uk/-docs/proceedings/ar2012-1245-1255 Gleeson_Thomson.pdf


https://doi.org/10.2495/SC080331
https://doi.org/10.1016/j.jclepro.2022.131561
https://www.researchgate.net/publication/271685550
http://dl.lib.mrt.ac.lk/handle/123/11850
https://doi.org/10.1016/j.apenergy.2018.10.041
https://doi.org/10.1016/j.enbuild.2012.08.018
https://doi.org/10.1016/j.autcon.2003.12.004
https://doi.org/10.1080/1648715X.2007.9637565
https://doi.org/10.1016/j.spc.2020.07.008
https://doi.org/10.1016/j.jobe.2021.103200
https://doi.org/10.1016/j.jobe.2024.110422
https://doi.org/10.1016/j.jclepro.2019.119575
https://www.worldgbc.org/what-green-building
https://www.arcom.ac.uk/-docs/proceedings/ar2012-1245-1255_Gleeson_Thomson.pdf

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hermann RR, Mosgaard M, Kerndrup S. The function of intermediaries in collaborative innovation
processes. Retrofitting a Danish small island ferry with green technology. Int J Innovation Sustainable
Dev. 2016;10(4):361-383.

[DOl]

Iravani A, Hasan M, Zohoori M. Advantages and disadvantages of green technology; goals, challenges
and strengths. Int J Sci Eng Appl. 2017;6(9):272-284. Available from:
https://www.ijsea.com/archive/volumet/issued/ ISEA 06091005. pdf

Ahmad T, Thaheem MJ, Anwar A. Developing a green-building design approach by selective use of
systems and techniques. Archit Eng Des Manage. 2016;12(1):29-50.
[DOI]

Lockwood C. Building the green way. Harvard Bus Rev. 2006;84(6):129-137. Available from:
http://courseresources.mit.usf.edu/sgs/geb6930/module_4/read/building_the green_way.pdf

Zhang J, Ouyang Y, Ballesteros-Pérez P, Li H, Philbi , SP, Li Z, et a. Understanding the impact of
environmental regulations on green technology innovation efficiency in the construction industry.
Sustainable Cities Soc. 2021.

[DOI]

Rasmus L, Adrian L. Technology transfer? The rise of China and India in green technology sectors.
Innovation Dev. 2012;2(1):23-44.
[DOI]

Sim YL, Putuhena FJ. Green building technology initiatives to achieve construction quality and
environmental sustainability in the construction industry in Malaysia. Manage Environ Quality.
2015;26(2):233-249.

[DOI]

Aktas B, Ozorhon B. Green building certification process of existing buildings in developing countries:
cases from Turkey. J Manage Eng. 2015;31(6):1-9.
[DOI]

Ngo HH, Guo W, Surampalli RY, Zhang TC. Green technologies for sustainable water management.
American Society of Civil Engineers (ASCE). 2016.
[DOI]

Aslani A, Bakhtiar A, Akbarzadeh MH. Energy-efficiency technologies in the building envelope: Life
cycle and adaptation assessment. J Build Eng. 2019;21:55-63.
[DOI]

Kavani N, Pathak F. Retrofitting of an Existing Building into a Green Building. International J Res Eng
Technol. 2014;03(06):339-341.

[DOl]

Liu G, Li X, Tan Y, Zhang G. Building green retrofit in China: Policies, barriers and recommendations.
Energy Policy. 2020.

[DOI]

Ikudayisi AE, Chan AP, Darko A, Adegun OB. Integrated design process of green building projects: A
review towards assessment metrics and conceptual framework. JBuild Eng. 2022;50:104180.

[DOI]

Andiappan V, Ko AS, Lau VW, Ng LY, Ng RT, Chemmangattuvalappil NG, Ng DK. Synthesis of
sustainable integrated biorefinery via reaction pathway synthesis: economic, incremental environmental


https://doi.org/10.1504/IJISD.2016.079581
https://www.ijsea.com/archive/volume6/issue9/IJSEA06091005.pdf
https://doi.org/10.1080/17452007.2015.1095709
http://courseresources.mit.usf.edu/sgs/geb6930/module_4/read/building_the_green_way.pdf
https://doi.org/10.1016/j.scs.2020.102647
https://doi.org/10.1080/2157930X.2012.667206
https://doi.org/10.1108/MEQ-08-2013-0093
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000358
https://doi.org/10.1061/9780784414422.fm
https://doi.org/10.1016/j.jobe.2018.09.014
https://doi.org/10.15623/ijret.2014.0306062
https://doi.org/10.1016/j.enpol.2020.111356
https://doi.org/10.1016/j.jobe.2022.104180

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

burden and energy assessment with multi objective optimization. AIChE J. 2015;(1):132-46.
[DOI]

Davies P, Osmani M. Low carbon housing refurbishment challenges and incentives: Architects’
perspectives. Build Environ. 2011;46(8):1691-1698. [DOI: 10.1016/j.buildenv.2011.02.011

Hwang BG, Zhao X, See YL, Zhong Y. Addressing Risks in Green Retrofit Projects. The Case of
Singapore. Project Manage J. 2015;46(4):76-89.
[DOI]

Pedini AD, Ashuri B. An overview of the benefits and risk factors of going green in existing buildings.
In J Facility Manage. 2010;1(1). Available from:
https://www.researchgate.net/publication/277101251 An Overview_of the Benefits and Risk Factors
_of_Going_Green_in_Existing_Buildings

Kumanayake R, Luo H, Paulusz N. Assessment of material related embodied carbon of an office
building in Sri Lanka. Energy Build. 2018;160:250-257.
[DOI]

Ade R, Rehm M. The unwritten history of green building rating tools. a personal view from some of the
‘founding fathers.” Build Res Infor 2020.

[DOI]

Akbari H, Matthews HD. Global cooling updates: Reflective roofs and pavements. Energy Build.

2012;55:2-6.
[DOI]

Sheth KN. Water efficient technologies for green buildings. Int J Eng Innovation Sci Res. 2017;1(3):5-
10. Available from: https://www.researchgate.net/publication/316582554

Partzsch L. Smart regulation for water innovation - the case of decentralized rainwater technology. J
Cleaner Prod. 2009;17(11):985-991.
[DOI]

Verbeeck G, Hens H. Energy savings in retrofitted dwellings: Economically viable? Energy Build.
2005;37(7):747-754.
[DOI]

LiY,RenJ Jing Z, Janping L, Ye Q, Lv Z. The existing building sustainable retrofit in China-A review
and case study. Procedia Engineering. 2017;205:3638-3645.
[DOl]

Mauro M, Zuzana P, Umberto B, Silvana FL, Felipe PA, Teresa B. The energy retrofit of building
facadesin 22@ innovation district of Barcelona: energy performance and cost-benefit analysis. |OP Conf
Series: Mater Sci Eng. 2019;609(7):072067.

[DOI]

Chen H, Ganesan S, Jia B. Environmental challenges of post-reform housing development in Beijing.
Habitat International. 2005;29(3):571-589.
[DOI]

Din SU, Al Dousari, Al Ghadban. Sustainable fresh water resources management in northern Kuwait-A
remote sensing view from Raudatain basin. Int J Appl Earth Obs Geoinformation. 2007;9(1):21-31.
[DOI]

Varman M, Faizal A. Lighting Retrofits with LED; Energy and Environmental Benefit. A Case Study in
Car Park Building. International Conference on Sustainable Initiatives (ICSI 2015) in conjunction with


https://doi.org/10.1002/aic.14616
https://doi.org/10.1002/pmj.21512
https://www.researchgate.net/publication/277101251_An_Overview_of_the_Benefits_and_Risk_Factors_of_Going_Green_in_Existing_Buildings
https://www.researchgate.net/publication/277101251_An_Overview_of_the_Benefits_and_Risk_Factors_of_Going_Green_in_Existing_Buildings
https://doi.org/10.1016/j.enbuild.2018.01.065
https://doi.org/10.1080/09613218.2019.1627179
https://doi.org/10.1016/j.enbuild.2012.02.055
https://www.researchgate.net/publication/316582554
https://doi.org/10.1016/j.jclepro.2009.01.009
https://doi.org/10.1016/j.enbuild.2004.10.003
https://doi.org/10.1016/j.proeng.2017.10.224
https://doi.org/10.1088/1757-899X/609/7/072067
https://doi.org/10.1016/j.habitatint.2004.05.002
https://doi.org/10.1016/j.jag.2006.03.001

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

8th ASEAN Environmental Engineering Conference (AEEC); 2015 Aug 24-25; UTM Kuala Lumpur,
Malaysia. 2015. p . 1-5. Available from:
https://www.academia.edu/downl 0ad/42694183/m_varman_lighting_retrofits.pdf

Al-Ghaili AM, Kasim H, Al-Hada NM, Othman M, Saleh MA. A review: Buildings energy savings -
lighting systems performance. |EEE Access. 2020;8:76108-119.
[DOI]

Papinutto M, Colombo M, Golsouzidou M, Reutter K, Lalanne D, Nembrini J. Towards the integration
of personal task-lighting in an optimised balance between electric lighting and daylighting: A user-
centred study of emotion, visual comfort, interaction and form-factor of task lights. J Physics: Conf Ser.
|OP Publishing Ltd. 2021.

[DOI]

Kaminska A, Ozadowicz A. Lighting control including daylight and energy efficiency improvements
analysis. Energies. 2018;11(8):2166.
[DOI]

Sharma L, Ali SF, Rakshit D. Performance evaluation of a top lighting light-pipe in buildings and
estimating energy saving potential. Energy Build. 2018;179:57-72.
[DOI]

Hag MAU, Hassan MY, Abdullah H, Rahman HA, Abdullah MP, Hussin F, et a. A review on lighting
control technologies in commercial buildings, their performance and affecting factors. Renewable
Sustainable Energy Rev. 2014;33:268-279.

[DOI]

Yang IH, Nam EJ. Economic analysis of the daylight-linked lighting control system in office buildings.
Solar Energy. 2010;84(8):1513-1525.
[DOI]

Asadi E, Da Silva, Antunes CH, Dias L. Multi-objective optimization for building retrofit strategies: A
model and an application. Energy Build. 2012;44(1):81-87.
[DOl]

Behrooz F, Mariun N, Marhaban MH, Radzi MAM, Ramli AR. Review of control techniques for HYAC
systems-nonlinearity approaches based on fuzzy cognitive maps. Energies. 2018;11(3):495.
[DOI]

Gholamzadehmir M, Del Pero, Buffa S, Fedrizzi R, Aste N. Adaptive-predictive control strategy for
HVAC systemsin smart buildings— A review. Sustainable Cities Soc. 2020.
[DOI]

Wang L, Greenberg S, Fiegel J, Rubalcava A, Earni S., Pang X, et al. Monitoring-based HVAC
commissioning of an existing office building for energy efficiency. Appl Energy. 2013;102:1382-90.
[DOI]

Afroz Z, Shafiullah GM, Urmee T, Higgins G. Modeling techniques used in building HVAC control
systems: A review. Renewable Sustainable Energy Rev. 2018;83:64-84.
[DOI]

Chen B, Ji Y, Xu P. Impact of window shading devices on energy performance of prototypical buildings.
Proceedings of ASim Conference 2012: 1st Asia Conference of IBPSA; 2012 Nov 25-27; Shanghai,
China. 201 2. Availahble from
https.//publications.ibpsa.org/proceedings/asim/2012/papers/asim2012_0148.pdf


https://www.academia.edu/download/42694183/m_varman_lighting_retrofits.pdf
https://doi.org/10.1109/ACCESS.2020.298923
https://doi.org/10.1088/1742-6596/2042/1/012115
https://doi.org/10.3390/en11082166
https://doi.org/10.1016/j.enbuild.2018.09.022
https://doi.org/10.1016/j.rser.2014.01.090
https://doi.org/10.1016/j.solener.2010.05.014
https://doi.org/10.1016/j.enbuild.2011.10.016
https://doi.org/10.3390/en11030495
https://doi.org/10.1016/j.scs.2020.102480
https://doi.org/10.1016/j.apenergy.2012.09.005
https://doi.org/10.1016/j.rser.2017.10.044
https://publications.ibpsa.org/proceedings/asim/2012/papers/asim2012_0148.pdf

64.

65.

66.

67.

68.

69.

70.

71.

Hes D, Jensen C, Aye L. Cool roof retrofits as an alternative to green roofs. In: Wilkinson S, Dixon T,
editors. Green Roof Retrofit: Building Urban Resilience. John Wiley & Sons, Ltd; 2016. p. 216-234.
[DOI]

Sarihi S, Mehdizadeh Saradj, Faizi M. A critical review of fagade retrofit measures for minimizing
heating and cooling demand in existing buildings. Sustainable Cities Soc. 2021;64:102525.
[DOI]

Heracleous C, Michael A, Savvides A, Hayles C. A methodology to assess energy-demand savings and
cost-effectiveness of adaptation measures in educational buildings in the warm Mediterranean region.
Energy Reports. 2022;8:5472-5486.

[DOI]

Dixon T, Wilkinson S. Building resilience in urban settlements through green roof retrofit. Green Roof
Retrofit: Building Urban Resilience. In: Wilkinson S, Dixon T (editors).
[DOI]

Tham KW, Wargocki P, Tan YF. Indoor environmental quality, occupant perception, prevalence of sick
building syndrome symptoms, and sick leave in a Green Mark Platinum-rated versus a non-Green Mark-
rated building: A case study. Sci Technol Built Environ. 2015;21(1):35-44.

[DOI]

ZakariaR, Foo KS, Zin RM, Yang J, Zolfagharian S. Potential retrofitting of existing campus buildings
to green buildings. Appl Mech Mater. 2012;178:42-45.

[DOI]

Abdul MM. Introductory chapter: Indoor environmental quality. In: Mujeebu MA Editors. Indoor
Environmental Quality. Intech Open; 2019.

Ismaeel WSE. Sustainable site selection using system dynamics; case study LEED-certified project.
Archit Eng Des Manage. 2022;18(4):368-386.
[DOI]


https://doi.org/10.1002/9781119055587.ch11
https://doi.org/10.1016/j.scs.2020.102525
https://doi.org/10.1016/j.egyr.2022.03.140
https://doi.org/10.1002/9781119055587.ch1
https://doi.org/10.1080/10789669.2014.967164
https://doi.org/10.4028/www.scientific.net/AMM.178-181.42
https://doi.org/10.1080/17452007.2021.1889955

