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Abstract: Building performance improvement through low-energy renovation traditionally involves
building performance diagnostics of the existing building, technology evaluation, selection and imple-
mentation. Effective building performance diagnostics, post-retrofit assessment and user engagement
are essential to deliver performance as well as achieving socio-economic and environmental benefits
at every stage of the renovation project life cycle. User’s views are often ignored when renovat-
ing a building, causing sub-optimal energy performance, user comfort and wellbeing. This paper
seeks to critically evaluate the low-energy renovation process and the role of user and stakeholder
engagement in the strategic implementation of low-energy retrofit technologies for performance
improvement of higher education buildings. The research focuses on renovation methodology,
innovative materials/systems and end-user engagement throughout the renovation project phases
(pre-renovation, the renovation process and post renovation). A mixed research method was adopted,
which includes building performance modelling, monitoring and user evaluation questionnaires pre
and post-renovation. The research is part of European Union (EU)-funded project, targeting 50%
reduction in energy consumption using innovative materials and technologies in existing public
buildings. The surveys allow comparative analysis of comfort levels and user satisfaction as an
indicator of the efficacy of renovation measures. A new renovation process and user engagement
framework was developed. The findings suggest that there is a direct relationship between retrofit
intervention, improving energy performance of low-carbon buildings and the comfort of occupants.
The technologies and strategies also appear to have different impacts on user satisfaction.

Keywords: low-energy renovation; indoor environmental quality (IEQ); energy efficiency; user
satisfaction; stakeholder engagement

1. Introduction

The function of buildings is to provide a comfortable internal environment that
meets occupant satisfaction and wellbeing with optimum use of energy. Existing building
stock across the European Union is ageing and failing to meet expected energy efficiency
and environmental performance standards. Buildings account for 40% of total energy
consumption in Europe [1]; therefore, improving energy efficiency and occupant comfort in
existing buildings is essential to reduce energy dependency and greenhouse gas emissions.
Indeed, the replacement rate for existing building stock is very low (1–2% per year).
Arguably, one of the most cost-effective measures to meet energy reduction targets is to
address the performance of existing buildings [2]. However, there are several challenges
in the process. Recent building performance evaluation studies highlight the existing gap
between predicted and actual energy consumption. They also reveal failure of buildings to
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meet essential energy, environmental and occupant comfort performance standards [3,4].
One of the reasons for the performance gap is human behaviour during construction and
building use, highlighting the significance of user and stakeholder engagement at every
stage of the project life cycle.

Policy debate seems to be more focused on energy savings and emission reductions,
rather than empirical research regarding end-user perspective and wellbeing [5]. To con-
tribute to energy reduction in the building sector, various green rating systems have been
established globally to evaluate sustainability of construction projects [6]. Buildings cer-
tified by these rating systems are considered to consume less energy, providing a better
living environment and contributing to the overall reputation of the properties [7]. How-
ever, research shows that green building designs do not automatically guarantee occupant
wellbeing and satisfaction [8]. Current sustainability tools tend to focus on technical as-
pects such as energy consumption, water use or materials, prioritising quantitative over
qualitative factors. Yet it is the qualitative factors by which most people judge buildings
and their environments, hence the measure of human satisfaction needs to play a bigger
role when evaluating the performance of buildings.

There is limited research focusing on the process of end-user engagement relative
to indoor comfort levels and general management of buildings before and after build-
ing renovation. Technology Strategy Board retrofit for the future report [9] argues that
“engaging residents from the start can increase their understanding and acceptance of
the works, and this can be a defining factor for success”, highlighting the importance of
continuous refining of the process of user and stakeholder engagement in building retrofit.
This study seeks to determine effectiveness of low-energy renovation technologies and
user engagement methodology in achieving energy performance improvement, indoor
environmental quality and general management of existing higher education buildings.
The study is part of European funded project on retrofitting solutions and services for the
enhancement of energy efficiency in public edifications (RESSEEPE). The project devel-
oped and tested a variety of passive and active technologies to improve the energy and
environmental performance of public buildings in three European cities representative
of the breadth of EU climate conditions: Coventry (United Kingdom), Barcelona (Spain)
and Skelleftea (Sweden). This paper focuses on the research carried out at two demo-sites
buildings located at Coventry University in the United Kingdom.

2. Literature Review
2.1. Low-Energy Renovation in Higher Education Buildings

Further and higher education (FHE) is a fast growing sector, with student numbers
increasing by 44% over in the past ten years; with annual energy costs for the FHE sector
estimated at around GBP 400M, resulting in CO2 emissions of around 3.1 million tonnes per
year [10]. Many universities own a considerable number of 1960s and 1970s buildings; as a
result, they are facing problems of out-of-date building stock that are not fit for purpose [11].
Sustainable renovation can be a more viable, practical and potentially affordable solution
compared to complete demolition and reconstruction [12].

A number of strategies have been identified as key to deliver performance in deep
renovation of existing buildings. According to Ma et al. [13] the low-energy renovation of
existing buildings has many stages including: “project setup and pre-renovation survey,
energy auditing and performance assessment, identification of renovation options, site
implementation, commissioning, validation and verification”. The success of each of
these stages has significant impact on the efficacy of the renovation intervention measures.
Other researchers have proposed similar approaches, such as Piaia et al. [14], who have
developed a procedure for deep renovation consisting on four stages (4M): mapping,
modelling, making and monitoring. However, each of these stages will only succeed with
the support and engagement of key stakeholders, relative to their feedback and insights,
that will ensure successful evaluation and implementation of the renovation measures.
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This is arguably one of the most important elements for reducing performance and gap
and unintended consequences of low-energy renovation.

2.2. Users Perception of Indoor Environments

Knowledge about effects, latest advances in low-carbon design, impact of building
technologies on users’ health and wellbeing is still limited [15]. Energy consumption of
buildings depends significantly on the criteria used for maintaining indoor environmental
quality (IEQ) (temperature, ventilation and lighting), building design and operation. Kang
and Mak [16] found that thermal comfort, indoor air quality, acoustics and lighting levels
have proven to be important factors that significantly affect building users’ comfort, well-
being and work performance. Giddings et al. [17] found other factors such as the provision
of artwork, personal control of temperature and ventilation to be significant in increasing
stimulation and user satisfaction. They also found that the most significant factors to
consider during design stage are user choice of layout, design and décor and break areas,
suggesting that these factors should be incorporated in pre-renovation diagnostics.

Traditionally, users’ perception about indoor conditions is often measured through
feedback questionnaires. Occupant feedback questionnaires have been used as part of
post-occupancy evaluation protocols (POE), as they provide an understanding of user
satisfaction [18]. Meir et al. [19] categorised the benefits of POE into short, medium and
long term. Short-term benefits include obtaining users’ feedback on problems in buildings
and the identification of solutions; medium-term benefits include feed-forward of the
positive and negative lessons learned into next building life cycle; long-term benefits aim at
the creation of databases, update, upgrade and generation of planning and design protocols
paradigms. Hay et al. [20] argued that the role of POE in systematic learning from previous
projects is critical “to improving building performance, resulting in a built environment
that better fits the needs of clients, end users, wider society and the environment”.

Baird [21] measured user perception in sustainable buildings and found that “refur-
bished buildings can rate very highly and, in some cases, surpass new buildings, and there
are indications that a design process that includes the users can result in better perception
scores”. In renovation projects, there is often change in internal layout mainly for space
optimisation and utilisation purposes. These changes and their impact on the current users
of the building should be of paramount importance. Malkoc and Ozkan [22] argue that
assessing reaction of existing users using post-occupancy evaluation is the most efficient
way to enhance space quality and important for developing future design. This demon-
strates the need to engage the users at different stages of design and construction to achieve
maximum satisfaction and energy performance.

2.3. Occupants’ Satisfaction in Educational Buildings

There is a growing concern about indoor environmental quality in educational premises.
Many research studies show that indoor environment conditions can affect productivity
and learning performance of individuals in non-domestic buildings [23]. Students in
buildings with good environmental conditions earn test scores 5–17 percent higher than
scores for students in substandard buildings [24] and have up to 14 percent lower student
suspension rates [25]. Considering this, internal conditions and user comfort play a critical
role in teaching and learning. Kim et al. [26] used student post-occupancy evaluation to
establish space choice and rejection model. They established three categories of relation-
ships: space-oriented relationship with space environmental performance and spatial form;
user-oriented relationships with capacity and locational accessibility; equipment-oriented
relationships with equipment adequacy and equipment conditions. In every major renova-
tion project, these relationships should be clear to support informed performance improve-
ment and maximise occupant’s satisfaction; otherwise, uncomfortable occupants may take
adaptive actions to improve their comfort, which often leads to sub-optimal performance.

Despite the evidence on the effects of poor indoor environments in productivity and
learning performance, energy refurbishment projects in higher education buildings tend
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to focus on energy savings, giving less attention to occupants’ comfort and engagement.
Existing research in energy refurbishment in higher education buildings present optimized
methodologies for reducing energy consumption [27,28], performance gap [29] and preserv-
ing the historical value and building usability while improving energy savings [30,31]. The
lack of studies incorporating a holistic approach where the views of stakeholders are incor-
porated demonstrates the need of research in the area of user engagement, as a key element
to minimise the energy gap and ensure user comfort and satisfaction. Thus, renovation
of higher education buildings can be used for academic exercise to understand occupants’
satisfaction, behaviour and patterns of use before and after renovation processes.

3. Materials and Methods

Multi-methods research design involving use of case studies and QUAN-QUAL
concept [32] was adopted; meaning that quantitative method is the lead data collection
instrument, while qualitative data are used to support and validate the quantitative find-
ings. The study adopted sequential explanatory type of mixed methods design strategies,
because the research inquiry is designed to explain relationship between end-user engage-
ment, indoor comfort levels and general management of the buildings before and after
renovation. Research ethics approval was sought from Coventry University Research
Ethics Committee, and it was granted.

The research monitors and analyses the implementation of low-energy renovation
technologies, comfort levels and user satisfaction in Coventry University demo sites.
Building performance modelling, monitoring and user evaluation questionnaires have
been used before and after renovation. The surveys are designed to investigate user
perception, develop a strategy for responding to negative changes, improve user comfort,
measure the efficacy of the renovation actions, learning from the process and use the
variables studied for improving future renovations. Integrated Environmental Solution
Virtual Environment (IES-VE) has been used to model and simulate the performance of
the building and several renovation technologies. The renovation technologies have been
implemented in two real case study buildings located at Coventry University.

3.1. Case Study Location and Description

The study location was in Coventry, United Kingdom. Two buildings, namely, Richard
Crossman (RC) and Sir John Laing Building (JL) owned by Coventry University have been
used for the experiments. Coventry University and Coventry City Council own about
70–80% of the built assets within the city centre. Figure 1 shows the location of the case
study buildings and the city centre.

Figure 1. Location of Coventry and Coventry University.
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Building Physical Properties

The case study buildings are typical 1970s buildings constructed of brick and single
glazed metal frame windows. JL is a two-storey building with net floor area of 3660 m2,
and RC is a five-storey building with a net floor area of 9306 m2. The façade in both
buildings consists of brick masonry cavity wall with 6mm single glazing metal frame
windows and concrete structure. Both buildings have a Display Energy Certificate Rating
of “C”, which is an average energy efficiency rating. Table 1 shows full description of the
case study buildings, pictorial view, year of completion, net area, electricity, gas and water
consumption and carbon footprint. Recent planning approach for Coventry City Council
moving forward is the recognition of a city living lab status, “establishing Coventry as
a test-bed, incubation hub and international showcase for low carbon innovations” [33].
The living lab status is key element to this project. Thus, building selected encompasses a
living lab ethos, acting as a live experimental facility for several innovative technologies.
The heating energy data are based on the net heated floor area using the Display Energy
Certificate calculation methodology. Carbon emission factor provided by UK Government
to support Carbon Reduction Commitment (CRC) reporting has been used to calculate the
total carbon emission (electricity—0.34885 kg CO2/kWh, natural Gas—0.2042 kg CO2/kWh
and water—0.344 kg CO2/m3.) [34].

Table 1. Building characteristics.

Building John Laing Building Richard Crossman Building

Year of completion 1970 1971
Net area (m2) 3660 9306

Electricity (kWh/m2/year) * 94 116
Gas (kWh/m2/year) * (heated

floor area)
129 129

Water (m3/annum) * 957 2462
Carbon Footprint
(tonnes/year) * 282 841

* Consumption and emissions per year.

3.2. Decision-Making Process

Due to the complexity of building renovation, many factors influence the selection of
technologies. Figure 2 shows the decision-making criteria that informed the selection of the
technologies and strategies for the demonstration buildings, most of these criteria involve
user and stakeholder engagement. The decision-making criteria includes buildings related
structural and Operation and Maintenance (O&M) requirements, organisational financial
constraints, policy and regulatory limitations. Using this methodology, a decision-making
matrix was developed, as shown in Table 2, to compare different materials and technology
solutions to provide an initial basis for selecting the most efficient, cost effective and most
beneficial solutions for each demo site to achieve the best possible renovation interventions
based on the energy and indoor environmental quality requirement of the client.
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Figure 2. Decision-making criteria.

Table 2. Decision-making matrix.

-

- -

T3.2 Isolation
Strategies for

Energy
Conservation

T3.3 Solar Strategies
for Energy and Heat

Recovery

T3.4 Strategies for Thermal
Energy Storage

T3.6 Efficient
Lighting

Criteria

Demo
Site

Owner
Weight
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Pan-
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EC/
PV
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dow
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Façade
BIPV
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PCM
Ther-
mal
Stor-
age

Pass
ive

Cool-
ing

Heat
Re-
cov-
ery

Ind
oor

LED
Light-
ing

Urb
an

LED
Light-
ing

- Technical Feasibility 10 8 2 8 2 5 2 5 3 2 8 10

- Certificated? 5 2 2 5 5 0 5 5 5 5 5 5

K
ey

A
tt

ri
bu

te
s

Initial cost 4.00 4 1 1 1 2 2 1 3 2 2 2

Operating Cost and
Maintenance 4.00 5 5 4 2 2 2 4 4 2 4 4

Environmental Impact
(Potential CO2 reduction) 5.00 2 2 3 5 3 5 3 3 4 2 4

Service Lifetime
(Durability) 3.00 5 5 4 3 2 3 4 4 3 4 4

C
on

st
ru

ct
io

n Construction Works
(5=Small amount of work,

1=A lot of work)
3.00 3 2 2 1 3 2 3 3 1 2 4

Specialist contractors
require ment for

installation (Y = 1, N = 5)
1.00 4 4 4 1 5 4 4 5 5 5 5

O
th

er
sp

ec
ifi

ca
ti
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s

Aesthetics 4.00 4 4 4 1 3 1 5 4 5 3 4

Space requirements 3.00 4 3 5 3 2 1 1 2 1 5 5

Air Quality 2.00 3 3 3 3 3 3 3 3 4 3 3

Noise 3.00 2 5 4 3 5 3 5 3 2 3 3

Control Capability 3.00 5 5 5 3 5 3 2 2 5 5 5

Environment Friendly
(Embodied Carbon) 3.00 3 4 4 5 2 5 3 3 4 2 4

Compatibility with the
existing systems 3.00 4 2 4 1 1 1 2 3 1 1 3

Total 56 240 168 250 150 164 154 200 185 165 228 280

Weighted Vote 4.29 3.00 4.46 2.68 2.93 2.75 3.57 3.30 2.95 4.07 5.00

Decision Y N Y N N N Y Y N Y Y
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3.2.1. Decision-Making Matrix

From the decision-making process, a decision-making matrix was derived for compar-
ing different solutions to provide an initial ranking of the selection of the most efficient,
cost effective and most beneficial solutions for each demo site to achieve the best possible
retrofitting interventions. The decision-making matrix includes the different intervention
materials considered for the retrofit, whilst marking it against the decision making. The
matrix provides an overall cumulative score for each technology for each case study site
(taking into consideration location, climatic conditions and use), which contributes towards
selection of the optimum technology selection for the most beneficial renovation. The
decision-making matrix uses both technical and financial feasibility, client and stakeholder
perspectives and energy and environmental performance potentials.

3.2.2. Strategies for Technology Selection

A feasibility study of potential technologies was conducted with a target for reducing
building energy demand. The construction materials and technologies proposed relate to
envelop insulation, building services, passive solutions and renewable energy systems,
ranging from absolute state of the art to market ready materials and technologies. Table 3
shows the list of technologies considered for the two demonstration buildings.

Table 3. Summary of materials and technologies.

Technology Description Image

EPS-G Panel

This technology is an improved thermal
insulation panel, which is made from a
self-extinguishing expanded polystyrene,
which is used in the TRADITERM®

external thermal insulation system. This
is a great insulator, with characteristics
being lightweight, workable and a very
low conductivity [35].

Aerogel-Based Insulating Mortar

Combines its properties with
cementitious materials to provide low
thermal conductivity at <0.020 W/mK.
RESSEEPE aims to admix aerogels into
cement to design a super-insulating
mortar. The insulation performance of
the aerogel was preserved [36].

Vacuum-Insulated Panels

Vacuum Insulated Panels (VIP)panels
consist of a mesoporous core typically
fumed silica, which is wrapped in a
multilayer laminate foil barrier. They
have a low value of thermal conductivity
(λ = 0.003–0.004 W/mK) [37].

Solar PV

Solar photovoltaics (PV) allow the
production of electricity from sunlight.
The conversion happens in the PV cell,
where a semiconductor generates a direct
current (DC electricity). This happens
when it is exposed to light and in turn
due to the photovoltaic effect. The
electricity produced can be used on the
spot (off-grid systems also called
stand-alone PV systems) or into the grid
(grid connected systems) or both [38].
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Table 3. Cont.

Technology Description Image

PCM Seasonal Thermal Energy Storage

This technology stores and releases
thermal energy during the process of
melting and freezing. When they freeze,
they release large amounts of energy.
When they melt, energy is absorbed from
the environment when changing from
solid to liquid [39].

EC Windows

Changes the light transmission properties
in a controlled and reversible manner
through a small electric current which
flows through the device. This
technology can reduce energy expenses
by 19 and 48% in cooling and lighting
demand. They are considered smart
windows [40].

Ventilated Façade

This is a construction system consisting
of the attachment of an outer skin of
ventilated cladding to a new or existing
building which avoids thermal bridges
and improves thermal and acoustic
performance of the envelope. The
ventilated facade generates electric power
through the vertical PV [41].

LED Lighting

Light-emitting diodes (LEDs) are
semiconductor diodes, which emit light
when a voltage is applied. LEDs are more
efficient, durable, versatile and longer
lasting than incandescent lighting and
compact fluorescent lighting (CFL) [42].

BIPV

Trina Solar modules were selected as the
PV panels for a vertical installation. The
selected PV modules TSM-PDG5 by Trina
Solar have dimensions of 1685 × 997
mm2 with a thickness of 6 mm. This
technology was implemented in
combination with the ventilated façade
[43].

Roof Insulation

Kingspan TR27 insulation bonded in
Sarnacol adhesive with a U value of 0.18
W/m2K was selected as roof insulation
for RC. An adhered system is to be
installed using Sarnafil G410-18ELF Lead
Grey with integral 300 g/m2 polyester
fleece as the main roof sheet and Sarnafil
G410-15EL Lead Grey or S327-15EL Lead
Grey for all detail work flashings [44].

After the feasibility analysis, a twin strategy for implementation and testing of these
technologies was developed. The first strategy was based on a whole-building renovation
in RC building. In this strategy, advanced market-ready technologies for low-carbon
renovation were implemented at a large scale. The second strategy was based on the design
and implementation of innovative technologies for low-carbon renovation in selected areas
of the JL building to test their efficacy in a living lab demo site.
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Table 3 summarises all the materials and technologies considered for the renovation
project. The innovative retrofit technologies include those that have been technically
advanced, adapted, within the project; this includes aerogel-based insulating mortar,
vacuum-insulated panels, ventilated façade and PCM seasonal thermal energy storage.
These new technologies have been combined with other market ready technologies, such as
Solar photovoltaics (PV), Electrochromic (EC) windows, light-emitting diode (LED) lights
and Expanded Polystyrene with Graphite (EPS-G) insulation panels.

3.2.3. Strategic Intervention during Building Renovation

The low-carbon technologies implemented in RC and JL buildings have been sum-
marised in Table 4, which includes LED lighting, solar photovoltaic panels, a building
management system (BMS), double-glazed windows and thermal insulation for RC build-
ing; whereas for JL building, a range of fabric state-of-the-art technologies are included,
such as aerogel-based mortar, vacuum-insulated panels, ventilated façade, EPA-G panels
and passive PCM tube. They have been selected based on the decision-making criteria and
decision-making matrix presented in Figure 2 and Table 2 in response to the key energy
and IEQ challenges identified in the case study buildings.

Table 4. Summary of retrofit technologies.

Technology (m2)
Demo-Site

Richard Crossman Building John Laing Building

EPS-G Panels - 57
Aerogel-Based Insulating

Mortar - 57

Vacuum-Insulated Panels - 56
Solar PV 9395 -

Seasonal Thermal Energy
Storage (Water and PCM) - -

EC Windows - 56
Ventilated Façade - 28

LED Lighting 2600 -
High-Efficiency Windows 9395 28

BIPV - 57
Solar Thermal

Collectors—UPC - -

Solar Thermal Collectors - -
Roof Insulation 934 -

Total Area of Site Affected 9395 (m2) 3660 (m2)

3.3. Quantitate and Qualitative Data Collection

The research design entails user comfort evaluation exercise and energy evaluation
using both quantitative and qualitative research methods. The data collection instrument
includes questionnaires distributed to occupants before, during and after the renovation
to collect data on perceived comfort, level of user control and level of user engagement
in the renovation process shown in Table 5. The questionnaires have been distributed
using hardcopies and BOS online platform. Population sample includes both students
and staff of Coventry University. All data have been collected from October 2015 to
February 2017. The questionnaires were designed following the standards EN 15251 and
ISO 7730 [45,46]. The indoor environmental parameters included in the survey followed
the recommendations of EN 15251, which identifies parameters for monitoring the indoor
environment as recommended in the Energy Performance of Buildings Directive. These
parameters refer to thermal environment, indoor air quality, humidity, lighting and noise.
ISO 7730 was followed for assessing the general thermal sensation and degree of discomfort
(thermal dissatisfaction) of occupants, through the analysis of the 7-point thermal sensation
scale, based on the heat balance of the human body.
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Table 5. Research method for user comfort evaluation.

Process Followed Parameters Analysed

Before renovation User satisfaction survey

User characteristics: role, age,
gender, preference, interests

User experience:
Indoor Environmental Quality

(IEQ)
Level of control

General maintenance

During renovation User satisfaction survey of the
renovation process *

User characteristics: role, age,
gender, preference, interests
Evaluation of the renovation

process:
Level of engagement
Level of disruption

After renovation User satisfaction survey

User characteristics: role, age,
gender, preference, interests

User experience:
IEQ

Level of control
General maintenance

Assessment of the IEQ
improvement

* Only in Richard Crossman building.

The questionnaire consists of four parts (Table 6). Part 1 targets user information,
including age, gender, seat position, occupancy hours and the main work activity of
respondents. Parts 2, 3 and 4 include a quantitative set of questions based on a 7-point scale
and open-ended questions to capture qualitative views of users such as their experiences
pre, during and post building renovation. Part 2 involves the perception of respondents’
relating to four key IEQ conditions (air quality, thermal environment, lighting environment
and acoustic environment), rating 1 (very dissatisfied) to 7 (very satisfied). Temperature
and air quality are rated 1 (very hot) to 7 (very cold) and from 1 (fresh) to 7 (stale),
respectively. Part 3 investigates the level of user control of environmental conditions in
the work area. Participants were asked to rate the level of heating, cooling, ventilation and
lighting control from 1 (no control) to 7 (full control). Part 4 assesses the overall building
performance from 1 (unsatisfactory) to 7 (satisfactory). An additional set of questions
(part 5) have been included for RC to evaluate the level of satisfaction with the renovation
process regarding indoor environmental quality improvement, disruption and level of
user engagement during the design and construction stages. The stratified sampling
method was used to target staff participants in RC building. The questionnaire has been
distributed using staff mailing list, after completion of renovation works to assess IEQ
improvement, level of engagement and project disruption (Table 2). The questionnaire
was designed to make participants reflect on the changes between pre and post renovation
environmental conditions.

Table 6. User satisfaction survey structure.

Part 1 Part 2 Part 3 Part 4 Part 5 *

Individual Factors IEQ Aspects Personal Control Overall Building
Conditions

Richard Crossman
Renovation

Age
Gender

Seat position
Hours in the building

Temperature
Air quality

Lighting
Noise

Heating
Cooling

Ventilation
Lighting

Comfort
Facilities
Health

Indoor environment
improvement

Level of engagement
Disruption
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3.4. Energy Modelling

Building performance modelling and simulation has been used for building perfor-
mance diagnosis, selection and optimisation of the different technologies. The building
performance diagnosis methodology includes predicting potential impact of renovation
technologies on the building energy and environmental performance has been assessed
using building energy performance analysis simulations software IES Virtual Environ-
ment (IESVE), whole building modelling and simulation software (Software by Integrated
Environmental Solutions Limited, Glasgow, UK). There are a number of building and
system modelling software tools used within industry and academia for the predictive
analysis of building systems and their impact on energy and environmental performance.
Each program has unique features in terms of modelling resolution, solution algorithms,
intended target audience, modelling options and ease of use vs. flexibility [47]. IES Virtual
Environment (IESVE) is an in-depth suite of integrated analysis tools for the design and
retrofit of buildings, which is widely used for research and industrial applications within
the building services industry. IES-VE software 2018 version [48] has been used for the
analysis. Crawley et al. [49] categorized the IESVE as one of the software that has under-
gone most rigorous validation studies in addition to other software such as EnergyPlus
(Software by Department of Energy’s (DOE) and National Renewable Energy Laboratory
(NREL) USA)., ESP-r (Software by University of Strathclyde, UK), ICE ((Software by Ice
Edge Business Solutions, Ltd., USA) and TRNSY(Software by University of Wisconsin,
USA) after robust critical comparison of their features and capabilities for building energy
simulation programs. The first stage was to establish building information for RC and JL
using legacy data as well as different retrospective surveying methods. The building data
have been used to create an intelligent BIM models using Autodesk REVIT and IESVE dy-
namic energy simulation model with the building geometry, materials, buildings systems
and building occupancy and use profile (Figure 3).

Figure 3. Building simulation IESVE models of John Laing and Richard Crossman.

To maximise accuracy of the building performance prediction, three different sets of
simulations were performed. The first set of simulations for energy savings were carried
out on the pre retrofitting stage where no technologies had been installed to establish
energy performance baseline scenario. The next set of simulations were carried out with
the technologies proposed for each demo site, taking into consideration the exact location
and installation of the technologies. The final set of simulations provided an extrapolation
where the performance of the technologies were extrapolated to the whole building scale.
The simulation results had been collected and analysed and used at different stages of the
renovation project. The results also form the basis recommendations and prioritisation of
technology selection and for the future verification and correct use of these technologies on
the final installation places (demo sites).
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4. Result Analysis

The estimated population in the buildings are 310 and 1378 for JL and RC, respectively,
with staff population considered as stable. Indeed, students’ population are transient and,
therefore, difficult to estimate with certainty, and it was estimated based on the average
student population of the various modules using spaces in the buildings. Table 7 shows
the distribution and characteristics of building users that responded to the questionnaire
both before and after the various renovation actions were implemented, in JL, and after
renovation was completed in RC.

Table 7. Characteristics of respondents.

Building
John Laing

Richard
CrossmanArchitecture Studio Offices

Before After Before After

Questionnaires distributed 35 35 20 20 -
Number of questionnaires fully completed 32 30 18 13 48

Response % 91.43% 85.71% 90% 65% 48%

Age Under 30 33 28 0 0 2
Over 30 3 2 19 13 45

Sex
Male 21 17 18 12 7

Female 14 13 1 1 41
Days per week in the building 4.93 4.27 4.71 4.46 3.81

Hours per day 7.53 6.45 7.97 7.92 7.21
Hours per day at desk 5.96 5.42 5.39 5.31 5.04

As shown in Table 7, the response rate was higher in the JL Building (between 65
and 91.43%) than in the RC Building (48%). Perhaps, differences in response rate are
because hard copy questionnaires were distributed and collected at JL, whereas online
questionnaires were used in RC Building. The questionnaires in JL were distributed in
person during class time, in the case of the Architecture Studio, or office by office. This
action led to a considerable increase in the response rate.

4.1. Quantitative Data Analysis

SPSS version 25 and MS Excel have been used to analyse questionnaire data. The data
analysis revealed Cronbach’s alpha sigma value of 0.71; meaning that the internal reliability
of the quantitative data is very good. For emphasis and better understanding of the study,
data collected were classified into five categories namely: individual factors, IEQ aspects,
personal control, overall building conditions and renovation process. Subsequently, the
data were analysed based on each individual building.

4.1.1. John Laing Building

Table 8 summarises the descriptive statistics of JL results pre- and post-renovation.
Questions A2.1 to A5.3 are described in Table A1 in the Appendix A. Table 8 shows the sta-
tistical analysis of the data based on 7-point scale from 1 (uncomfortable) to 7 (comfortable).
The results infer that classrooms participants (students) noticed a slight improvement in
the overall thermal conditions in winter (A2.3), with a comfort mean value of 4.17 after
renovation compared to 3.47 before renovation; the overall conditions in summer (A2.6),
with a mean value of 4.17 after renovation compared to 3.81 before renovation. Temper-
ature conditions (A2.1 and A2.4) improved, with the indoor environment being warmer
in winter and cooler in summer. The result reveals improvement in user satisfaction with
overall comfort condition in the building (A5.1) with a mean value of 4.00 after renovation
compared to 3.51 before renovation and a healthier indoor environment (A5.3) with a mean
value of 3.60 after renovation compared to 3.40 before renovation. In terms of spread, IEQ
responses after renovation have a lower variance, and therefore, standard deviation, than
before renovation. This means that there is no significant change in IEQ conditions post
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renovation, but there is a consensus among students that indoor conditions have improved.
Findings from the study also infer that installation of a passive low-carbon technology
such as PCM tubes made a positive impact on the indoor environment, because students
identified indoor air temperature to be more stable both in winter and summer (A2.2 and
A2.5). Note: PCM technology helps to reduce peak temperatures to a more stable indoor
environment.

Table 8. Descriptive statistics for IEQ responses in John Laing Building.

-

Classrooms Offices

Before After Before After

Mean Variance
Standard

Devia-
tion

Mean Variance
Standard

Devia-
tion

Mean Variance
Standard

Devia-
tion

Mean Variance
Standard

Devia-
tion

A2.1 4.83 1.66 1.29 4.13 1.22 1.11 4.86 0.81 0.90 4.60 0.80 0.89
A2.2 4.30 3.46 1.86 3.73 1.93 1.39 5.29 4.24 2.06 4.00 4.00 2.00
A2.3 3.47 2.05 1.43 4.17 1.87 1.37 4.43 2.29 1.51 4.40 1.80 1.34
A2.4 3.41 1.25 1.48 3.77 0.46 0.68 2.71 0.90 0.95 2.40 0.80 0.89
A2.5 4.26 2.66 2.02 4.00 1.59 1.26 5.14 3.81 1.95 3.60 5.30 2.30
A2.6 3.81 2.31 1.52 4.17 0.76 0.87 3.29 1.24 1.11 3.40 2.30 1.52
A5.1 3.51 2.08 1.44 4.00 1.38 1.17 3.29 2.24 1.50 3.60 1.80 1.34
A5.2 4.03 3.26 1.81 3.83 1.94 1.53 3.29 3.57 1.89 3.80 2.70 1.64
A5.3 3.40 1.60 1.26 3.60 0.94 0.97 3.57 0.62 0.79 3.60 0.80 0.89

Similarly, staff identified significant improvement in the overall comfort of the offices
(A5.1), with a mean value of 3.60 after renovation compared to 3.29 before renovation works
as illustrated in Table 8. The perception of users regarding indoor temperature and air
quality in winter show an improvement (A2.1 and A2.2) with a less cold environment and
more stable air temperature. However, temperature conditions in summer (A2.4) did not
show significant improvement with a mean value of 2.40 after renovation compared to 2.71
before renovation (rated on a 7-point scale from 1 (too hot) to 7 (too cold)). Additionally,
variance is higher after renovation for summer conditions, which indicates a considerable
performance difference between renovated offices. This might be related to the fact that
PCM tubes were installed only in two offices, where staff benefitted from the reduction of
up to 4 degrees Kelvin in the hottest days of summer. Despite the temperature reduction,
the general user perception for the PCM renovated offices did not show any significant
improvement in the summer temperature satisfaction (A2.4). However, an improvement
in temperature stability was observed (A2.5) and overall conditions in summer (A2.6), as
shown in Table 9. This might be linked to lack of night-time ventilation, because it was
observed that rooms with PCM were warmer during early morning periods compared to
rooms without PCM. Possibly, the issue could be avoided using effective night ventilation
to remove the heat absorbed in the PCM during hot summer afternoons.

4.1.2. Richard Crossman Building

As mentioned in the research design, additional questions related to key problems
before renovation, improvement of indoor environmental parameters and levels of stake-
holder engagement with the renovation work were added to allow for comparison of the
thermal comfort before and after the renovation. Figure 4 shows the indoor environmental
parameters identified by study participants as major problems before low-carbon retrofit
and level of improvement of the same factors after renovation. Respondents rated thermal
comfort as the most important as the main indoor environmental problem before renova-
tion 34.18%, followed by lighting/visual comfort at 21.52%, noise 13.92% and air quality
by 8.86%. After renovation, visual comfort was identified as most significant improvement
rated 41.67%; followed by lighting 25%, thermal comfort 16.67%, noise 12.50% and air
quality 4.17%. The results obtained show that, although thermal comfort and noise have
experienced some improvement, visual/lighting comfort experienced more significant
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improvement. This assessment is positive, considering the fact that visual comfort and
lighting were identified as key environmental problems before renovation works.

Table 9. IEQ descriptive statistics for offices with PCM and control rooms in the JL Building.

-

Offices Not Retrofitted Offices Retrofitted with PCM

Before After Before After

Mean Variance
Standard

Devia-
tion

Mean Variance
Standard

Devia-
tion

Mean Variance
Standard

Devia-
tion

Mean Variance
Standard

Devia-
tion

A2.1 4.36 2.05 1.43 4.13 2.41 1.55 5.5 0.33 0.58 4.5 1.00 1.00
A2.2 4.18 2.76 1.66 4.88 0.98 0.99 6.25 0.92 0.96 4 5.33 2.31
A2.3 4.36 2.85 1.69 3.75 2.21 1.49 4.25 2.92 1.71 4.25 2.25 1.50
A2.4 2.58 1.36 1.16 2.75 2.50 1.58 2.75 1.58 1.26 2.5 1.00 1.00
A2.5 5.17 2.52 1.59 4.88 2.41 1.55 6 0.67 0.82 4.25 4.25 2.06
A2.6 3.17 2.33 1.53 2.25 1.07 1.04 2.75 0.92 0.96 3.5 3.00 1.73
A5.1 4.33 1.33 1.15 3.63 1.41 1.19 2.75 2.92 1.71 3.25 1.58 1.26
A5.2 3.83 1.06 1.03 3.25 1.64 1.28 3 4.00 2.00 3.25 1.58 1.26
A5.3 3.92 1.17 1.08 2.75 0.79 0.89 3.25 0.92 0.96 3.5 1.00 1.00

Figure 4. Improvement of indoor environmental parameters in Richard Crossman.

Table 10 presents findings relating to IEQ questions. The assessment of overall thermal
conditions in winter (A2.3) and summer (A2.6) is average, with mean values of 3.27 and
3.39, respectively. A5.3 has a low variance in relation to the other variables. All winter
conditions (A2.1, A2.2 and A2.3) have a variance higher than 2.0, which highlight the
difficulty of achieving uniformity and consistency of thermal comfort with new open-plan
office layout design. Overall, the values obtained show that users are more satisfied with
thermal conditions in summer compared to winter.

Table 10. Descriptive statistics for IEQ responses in the Richard Crossman Building.

Mean Variance Standard Deviation

A2.1 4.62 2.83 1.68
A2.2 5.74 2.24 1.50
A2.3 3.27 2.07 1.44
A2.4 3.02 1.50 1.22
A2.5 5.25 2.10 1.45
A2.6 3.39 1.93 1.39
A5.1 3.46 2.00 1.41
A5.2 3.42 1.99 1.41
A5.3 2.96 1.06 1.03

Significant improvement (mean value of 3.25) was observed for overall assessment of
indoor environmental quality improvement (B.8), shown in Figure 5, similar to the overall
IEQ of the building (A5.1), which is 3.46. Though variance for most variables is greater
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than 2.0, IEQ questions were included in the same questionnaire with additional questions
about engagement in the renovation process and disruption experienced, which may have
led to some bias in user responses.

Figure 5. Overall assessment of the indoor environmental quality improvement. Mean rank 3.25,
variance 2.58, standard deviation 1.61.

4.2. Qualitative Data Analysis

Questionnaires had open-ended questions to providing opportunity to express views
in more detail. To ensure validity of qualitative process; three main areas were addressed:
production (questionnaire design, circulation and data recording), presentation (replicabil-
ity, valid inference and data arrangement) and interpretation (data discussion). Content
analysis is used for qualitative data.

Textual contents of the open-ended questions were transcribed into manuscript, in-
putted into NVivo 12 software and coded using key study themes. For example, when
participants were asked to express their view concerning whether they observed noticeable
improvements since building renovation; a host of issues was raised about the subject
matter. Key issues observed by participants are mainly related to aesthetic improvements
and new office arrangements due to new office layout and space allowance rather than
indoor environmental aspects. For example, some comments highlight an increase in the
noise pollution experienced, causing disruption and affecting staff concentration levels.
This is due to the new office layout after renovation (from small offices to open-plan offices),
which means a higher density of occupancy per unit area causing significant changes to the
working environment compared to pre-renovation. This further emphasizes the need for
robust user engagement during renovation planning to ensure user awareness and input
into planned changes and the possible positive and negative impact of these changes so
they can adapt to them when reoccupying the building post renovation.

In terms of lighting conditions, study participants claim to miss natural light because
windows were small and have to rely on artificial light. Additionally, the new deeper
open-plan offices have significantly less daylight penetration compared to perimeter offices
before renovation. Though, users generally felt that lighting levels improved significantly
during post renovation, due to the installation of new strip lighting, they find these lights
to be very bright, causing glare and complaints of headaches and migraines. Overall,
participants claim that there was significant improvement in indoor air quality, thermal
comfort and room lights after renovation.

4.3. Energy Performance Result

Several simulations had been carried out regarding the demo sites, with simulations
for a pre-renovation, post-renovation and post-renovation with renovation extrapolation.
Through the development of the energy models and the building performance analysis
simulations, the results summarised in Table 11 are derived showing the results of building
energy performance based on the three scenarios for each of case study building.
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Table 11. Energy performance result of both buildings.

Performance Parameter
Richard Crossman Building John Laing Building

Pre Post Post Full Change Pre Post Post Full Change

Boilers energy (MWh) 2593.34 749.83 0.71 418.76 399.30 371.25 0.11

Total system energy
(MWh) 3180.57 1097.08 0.66 448.84 428.90 401.35 0.11

Total lights energy (MWh) 0.00 0.00 0.00 0.00 0.00

Total equip energy (MWh) 0.00 0.00 0.00 0.00 0.00

Total nat. gas (MWh) 2593.34 749.83 0.71 418.76 399.30 371.25 0.11

Total electricity (MWh) 1103.26 1168.41 −0.06 30.08 30.10 30.10 0.00

Total Carbon Emissions
(Kgco2) 1,132,751.00 632,847.00 0.44 106,064.00 101,614.00 95,810.00 0.10

Total energy (MWh) 3696.60 1885.39 0.49 448.84 428.90 401.35 0.11

Total energy (MWh/m2) 0.39 0.20 0.49 0.12 0.12 0.11 0.11

Total energy (KWh/m2) 393.46 200.68 0.49 122.63 117.19 109.66 0.11

Total grid disp. Elec
(Mwh) 0.00 −32.84

Three scenarios have been presented in JL building, which include pre- and post-
renovation results, because the renovation did not cover the total building area. A third
scenario was created, and the results have been extrapolated based on the assumption that
the total floor area of the building will be renovated, this has been referred to as “post full”.
The results for Richard Crossman Building have only two scenarios simulated, due to the
full-scale renovation plans; therefore, the extrapolation and the real intervention are the
same. The results show the Richard Crossman Building having energy savings of 49%,
which is a significant improvement compared to the base case scenario. The improvement
is down to a mix of technologies targeting the building envelope, glazing and lighting.
This includes the use of light-emitting diodes (LED) lighting, changing of the glazing
and windows to a more efficient glazing system and frames and the improvement of the
roofing material.

Furthermore, all three simulations were carried out for the JL Building, with the
results showing a 10.58% savings in terms of energy performance. The savings are not
as significant compared to the RC Building because the JL Building has been chosen as a
living lab testing facility for the innovative renovation solutions. Different materials were
selected at small scale for testing their efficacy. Further analysis is required to compare the
different innovative materials at full extrapolation to find the most empowering innovative
technology for optimum performance.

The results of the modelling of RC show significant reduction in total energy consump-
tion for the entire building in the region of 49%, which meets the initial project objective of
50% post retrofit energy reduction. The modelling shows an increase in electricity consump-
tion in the retrofit scheme due to increase in air-condition in areas that where otherwise
naturally ventilated. Even though there is slight increase in electricity consumption, this
will be upset by the 75 kWp Solar PV system integrated in the RC building.

4.4. Proposed New Methodology for User Comfort Evaluation

The evaluation of project implementation, decision-making process and the results
obtained from the user comfort evaluation questionnaires led to the development of a new
renovation process and stakeholder engagement protocol for managing low-energy reno-
vation projects. The framework proposes the stages of continuous stakeholder engagement
and information flow for effective building performance improvement and user satisfac-
tion across renovation projects life cycle for higher education buildings. The framework
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has been structured in four stages: pre-renovation, during renovation and handover and
post-occupancy/in-use stages. Figure 6 shows the proposed building renovation project
framework with communication process flows between building occupants and the estates
and facilities management team. The process has been broken down into four core stages:

Figure 6. Proposed renovation project user engagement and evaluation framework.

Stage 1: Pre-renovation. This is the building performance diagnostic stage; the estates
and facilities management team engage users to assess general building conditions and
aspects of building environmental quality. This will feed into the project planning and
be the basis for proposing alternative renovation designs. The estates management team
further engages building users in relation to renovation plan and timelines, alternative
space arrangement and contingency planning during renovation, before finalising the
renovation design and planning. During this phase, the development and use of the
decision-making and performance matrix should be developed and applied. Energy and
indoor environmental data should be monitored and analysed where there is no existing
building energy and environmental management system (BEEM). The application of
Internet of Things (IoT)-enabled devices will make this process easier in building renovation
projects without existing BEEM systems. Pre-renovation retrospective modelling and
performance simulation should be planned and carried out at this stage.

Stage 2: Renovation/construction process: The construction team enhances contin-
uous communication and engagement within timeline agreed in stage 1. Any potential
construction work that may cause disruption or alter quality of internal environment such
as noise, air quality (e.g., particulate matter) and cooling and heating systems should be
adequately communicated. Workspace allocation and changes to construction timeline
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should be discussed and carefully communicated with all stakeholders. A two-way com-
munication platform for reporting any significant deviation from to agreed protocol should
be available construction team and building users.

Stage 3: Handover and occupancy stage: Estates management team prepares for
handover and occupancy. This should involve an effective and smooth soft-landing process.
Before occupants are fully back into the building, there should be effective communication
and training relating to the new technologies and systems installed, especially the control
systems and aspects of user control for opening and closing windows, lighting, HVAC,
etc. Additionally, occupant feedback regarding the entire construction process, alternative
accommodation arrangements and the process of moving back into the facility should be
evaluated. A clear communication channel should be created for users to send feedback
regarding any problems with operating any systems and for general maintenance requests.

Stage 4: Post-occupancy/in-use: Post-occupancy evaluation of the building should be
done at least up to a year after handover using a range of objective and subjective building
assessments. The subjective assessment focusses on the views of building users relating to
the quality of the internal environment and the general building standard of operation. The
estate/facilities management team should maintain a two-way user communication and
feedback channels. A database should be created to document the findings from handover
and post-occupancy evaluation, which will be helpful in optimising future maintenance
and building renovation planning, design and implementation.

5. Conclusions

The paper presents a methodology for the implementation of low-energy renova-
tion using innovative materials and technologies. The purpose is to improve the en-
ergy/environmental performance and user satisfaction in existing higher education facili-
ties. The paper sets out to evaluate the role of technology, process and people in achieving
the socio-economic and environmental benefits of low-energy renovation technologies
and processes. By bringing together these components, it is essential to have a systematic
approach from project inception to guide the renovation planning, technology integration
and evaluation.

Building renovation is essential for improving energy and environmental perfor-
mance, comfort and wellbeing of users. User evaluation questionnaires have been used to
investigate end-user comfort and satisfaction in two existing higher education buildings
with varying degrees of low-carbon renovation. Surveys were circulated before and after
the refurbishment, providing data on user comfort and engagement at different stages
of the project. The study shows the importance of using a holistic approach to meet
not just the energy reduction targets, but also to improve the health and wellbeing of
building occupants.

Overall, findings from the study suggest that there is a relationship between building
performance improvement and an increase in the thermal comfort of occupants. However,
user engagement at different stages of a project is essential for maximising the socio-
economic and environmental benefits of low-energy renovation. Findings from the study
infer that end-user engagement at the early stage is highly recommended, for smooth space
configuration and control of indoor environment, which can be translated into a better
comfort perception.

Where end-user views have not been implemented for technical and financial reasons,
it is essential to engage them in constructive discussions regarding the new scheme and its
potential impacts as well as adaptation measures necessary to mitigate effect of changes.
Learnings from the renovation project and feedback from stakeholders were used to
propose a new renovation and communication framework. Continuous engagement is
vital to renovation process, not only for understanding user perception, but to improve
user comfort and quicker response to adverse changes.

Ultimately, the study also indicates efficacy of renovation and its potential to achieve
up to a 50% reduction in energy consumption through a mix of systematic and robust
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planning, diagnostics and selection of the most empowering combination of active and
passive materials and technologies. Successful low-energy renovation can be achieved if
a holistic process that gives strong consideration for both energy and user satisfaction is
implemented.
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Appendix A

Table A1. Questions analysed.

Topics Rating Scale

Temperature and air quality

A2.1 Temperature in winter Too Hot = 1 to Too cold = 7
A2.2 Air in winter Stable = 1 to 7 = Varies through day
A2.3 Overall conditions in winter Uncomfortable = 1 to Comfortable = 7
A2.4 Temperature in summer Too Hot = 1 to Too cold = 7
A2.5 Air in summer Stable = 1 to 7 = Varies through day
A2.6 Overall conditions in summer Uncomfortable = 1 to Comfortable = 7

Overall building performance
A5.1 How do you rate the overall comfort of the building environment? Unsatisfactory = 1 to Satisfactory = 7
A5.2 In the building as a whole, do the facilities meet your needs? Unsatisfactory = 1 to Satisfactory = 7
A5.3 Do you feel less or more healthy when you are in the building? Uncomfortable = 1 to Comfortable = 7

Additional questions for Richard Crossman building

B.1 In your opinion what were the key indoor environmental problems with the
building before retrofit?

Thermal comfort/Visual comfort/Air
quality/Noise/Lighting

B.2 What level of engagement did you have with the refurbishment project before
construction works started?

Just informed/I was engaged in the
process/None/Other

B.3 What level of engagement did you have during the construction works? Just informed/I was engaged in the
process/None/Other

B.4 Were you provided with clear information about potential disruptions during
retrofit works? Yes/No/Some

B.5 What was the level of disruption experienced during refurbishment? Moving from your offices/Changing lecture
rooms/Noise/Pollution/Other

B.6 Would you have liked to be more engaged in the refurbishment process? Yes/No/I don´t know

B.7 Which of the following improvements are noticeable since refurbishment? Thermal comfort/Visual comfort/Air qual-
ity/Noise/Lighting/Aesthetics/Toilets/Other

B.8 What is your overall assessment of the indoor environmental quality improvement? Low improvement = 1 to High improvement = 7
B.9 What is your overall assessment of the quality of building improvement? Low improvement = 1 to High improvement = 7
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