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ABSTRACT

Operational energy consumption in buildings has a crucial impact on global energy
consumption. Nevertheless, significant energy savings can be achieved in buildings if
properly designed, constructed, and operated. Building Energy Simulation (BES) plays
a vital role in the design and optimisation of buildings. BES is used to compare the cost-
effectiveness of energy-conservation measures in the design stage and assess various
performance optimisation measures during the operational phase. However, there is a
significant ‘performance gap’ between the predicted and the actual energy performance
of buildings. This gap has reduced the trust and application of the BES. This article
focused on investigating BES, reasons that lead to a performance gap between predicted
and actual operational energy consumption of buildings, and the ways of minimising the
gap. The article employed a comprehensive literature review as the research
methodology. Findings revealed that reasons such as limited understanding of the
building design, the complexity of the building design, poor commissioning, occupants’
behaviour, etc., influence the energy performance gap. After that, the strategies have
been identified to minimise the energy performance gap such as proper commissioning,
creating general models to observe occupants’ behaviour in buildings, and using the
general models for energy simulation, ensuring better construction and quality through
training and education, etc. Further, the findings of this study could be implemented by
practitioners in the construction industry to effectively use energy simulation
applications in designing energy-efficient and sustainable buildings.

Keywords: Building Energy Simulation (BES); Building sector; Operational Energy
(CE)

1. INTRODUCTION

Buildings play an important role in consuming a large share of global energy consumption
(Fan and Xiao, 2017). A building’s Life Cycle Energy (LCE) comprises embodied energy
(EE) and Operational Energy (OE). Energy spent for the construction of buildings,
including transportation is known as embodied energy, and energy use by building
services is known as OE (Praseeda et al., 2016). Stephan and Stephan (2016) stated that
operational energy in buildings is the core energy consumption mode throughout the total
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lifetime of buildings. The energy consumed by the building during its use phase accounts
for 80%-90% of the energy consumption of the entire life cycle (Brady and Abdellatif,
2017). According to Liu and Mi (2017), the operational energy of a building is mainly
consumed by air conditioning, ventilation, lighting, and water distribution systems.
Furthermore, in most buildings, the energy consumption of Heating Ventilation and Air
conditioning (HVAC) systems make up 52%, and lighting accounts for 25% of total
operational energy consumption (Pérez-Lombard et al., 2008). Further, there are other
factors that contribute to the use of energy during the operation phase of a building. The
occupants’ careless activities have a significant impact on the energy consumption. For
instance, the occupants habitually tend to keep windows and doors open waste energy by
creating an additional load on the HVAC system. This may result in an increase of three
and a half times more energy utility for the HVAC system when compared to its regular
consumption (Lee and Yang, 2017). The aging of equipment, defects in components and
systems, and ineffective practices in buildings also cause energy wastages (Fan and Xiao,
2017). Further, an increase in population, changes in lifestyle, improvement in facilities,
and duration of occupation in buildings impact the energy consumption of a building.
(Pérez-Lombard et al., 2008). Considering the thermal comfort, increasing the comfort
level of the buildings elevates energy usage by 20%, and the hours of use of air
conditioning has contributed to increasing the energy usage by 42-68% in similar weather
conditions (Mastrucci and Rao, 2017).

Compared to other costs, the operational energy cost of the buildings is considerably high.
Reducing the cost of energy in the operation phase significantly increases net profit.
Therefore, it is necessary to plan at the initial stages of a building lifecycle to reduce the
energy consumption during the operation phase. Energy simulation is a perfect and
essential tool to measure and predict the operational performance at the design stage of a
building to eliminate possible shortcomings during its use phase. Further, BES enables
facility managers to analyse buildings’ energy usage whilst optimising the performance
(Cong et al., 2009). There are many energy simulation software such as Ecotect, eQuest,
IES-VE, Design Builder, OpenStudio, ArchiCad 16, and EnergyPlus (Jari¢ et al., 2013).
BES tools have been combined with modern technology and calculated energy
consumption based on the parameters of the internal environment to predict the impact
of the building’s urban environmental energy demand (Gobakis and Koolokotsa, 2017).
According to Hong et al. (2017), BES is widely used to forecast future energy utilisation
and reduce energy wastage by implementing the necessary modifications. BES produces
sound output through receiving input of energy utility information and other required
parameters on energy consumption. BES is a tool used to measure the effect of the internal
environment regarding the utility of energy in the building (Gobakis and Kolokotsa,
2017). Further, BES tools could also be used to view the energy performance changes
before and after modifications are done (Zoras et al., 2017). BES tools help determine
energy performance and find the possible advantages and mechanisms that help with
energy savings and cost reductions (Ciampi et al., 2015).

However, Van Dronkelaar et al. (2016) mentioned that simulated energy prediction varies
from actual energy consumption. Further, Hong et al. (2018), Turner and Frankel (2008),
and Soebarto and Williamson (2001) agreed that variation in predicted and measured
energy is a barrier to promote BES tools. Hence, to enable the use of BES tools, the gap
should be identified and minimised. Less work has been devoted to exploring the factors
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that cause the gap between predicted and actual operational energy consumption of
buildings, and these set the research agenda for the future. In this sense, an academic gap
exists in recognising and analysing factors that cause the gap between predicted and
actual operational energy consumption of buildings. Therefore, this study explores the
factors that cause the gap between predicted and actual operational energy consumption
of buildings. The study also identifies strategies to reduce the gap between predicted
energy and actual energy consumption of buildings.

2. RESEARCH METHODOLOGY

As mentioned by Uyangoda (2010), a literature review is an important assessment
conducted by researchers, to search for existing knowledge in the relevant problem
domain. It enables the researcher to identify gaps with relevant evidence through the
knowledge that is currently prevailing. Therefore, as in any research carried out, a sound
literature review enriches and strengthens the research process. Hence, this study
employed a comprehensive literature review to investigate the BES concept, factors that
create a gap between predicted and actual operational energy consumption of buildings,
and the ways of minimising the gap. The relevant literature was searched using search
engines and data bases limited to ‘Google Scholar’, ‘Scopus’, ‘Science direct’ and
‘Emerald’. When searching, ‘OPERATIONAL ENERGY AND BUILDINGS’,
‘ENERGY SIMULATION AND BUILDING SECTOR’, and ‘SIMULATED ENERGY
AND ACTUAL OPERATIONAL ENERGY CONSUMPTION’ were used as the
keywords to find the relevant publications for the research problem. Accordingly, around
55 peer-reviewed articles published between 2000-2020 were reviewed in this study. In
addition, book chapters, conference proceedings, and publicly available publications
were reviewed to gain a broader understanding of the area. Even though there are some
steps of the systematic literature reviews integrated into this literature search, still it is
identified as a conventional “comprehensive literature review”. This is due to not
following the formal systematic review protocols in this study to comply as a systematic
literature review. In line with the review study conducted by Rathnayake et al. (2020),
the steps shown in Figure 1 are conducted to perform the comprehensive literature review.

\ STEP 1 | STEP 3
‘/ Formulating research focus ) Computer search
Analysing the gap between predicted and ! Search relevant research article in the
actual operational energy consumption in selected databases with the consideration
buildings on eligibility criteria
S l
STEP 4
v
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Determine the search engines/academic AL syltlahe'silsc:rg B
databases l e.findings
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B L N content analysis
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= Key words: OPERATIONAL
ENERGY AND BUILDINGS,
ENERGY SIMULATION AND STEP 6
BUILDING SECTOR, —
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ENERGY CONSUMPTION Screen relevant articles based on careful

analysis of full text

Figure 1: Research process (Adapted from: Rathnayake et al., 2020)
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3. LITERATURE REVIEW

3.1 OPERATIONAL ENERGY AND BUILDINGS

According to Devi and Palaniappan (2014), OE is the energy required for building
operation during its use phase. Furtherm, Rasmussen et al. (2018) defined operational
energy as the energy needed to maintain comfortable conditions in the building through
processes such as heating, ventilation, air conditioning, hot water supply, and lighting.
Further, according to Giordano et al. (2015), OE refers to Primary Energy Demand (PED)
for heating, ventilation, cooling, hot water production, and lighting. Ramesh et al. (2010)
stated that the OE of the building accounted for 80-90% of total energy consumed by the
building.

Air conditioning and illumination are the primary consumers of operational energy
(Praseeda et al., 2016). Air conditioning uses 50% of operational energy in buildings in
the developed nations (Pérez-Lombard et al., 2008). Mastrucci and Rao (2017) stated that
energy consumption for heating associated with the countries with cold climatic
conditions accounts for around 25-36% of the OE. The illumination occupied around 6-
13% of OE. China is now the world’s largest consumer of energy, the largest producer
and consumer in 2019. According to the statistics of Building Research Establishment
(BRE) and the Institute for the Diversification and Saving of Energy (IDEA), the energy
composition of end uses in buildings is compared in three countries viz, United States of
America (USA), United Kingdom (UK), and Spain. The comparison has been drawn
based on the building facilities such as HVAC, lightings, equipment, Domestic Hot Water
(DHW), refrigeration, food preparation, and others. In all three countries, HVAC
accounted for the highest percentage, whilst lighting is placed as the second. Food
preparation comes as the lowest percentage of total energy consumption in offices. The
statistics of BRE and IDEA are presented in Table 1.

Tablel: Operational energy composition of buildings in the USA, UK, and Spain

Energy end uses USA (%) UK (%) Spain (%)
HVAC 48 55 52
Lighting 22 17 33
Equipment (appliances) 13 5 10
DHW 4 10 0
Food preparation 0
Refrigeration 0
Others 10 5

(Sources: Pérez-Lombard et al., 2008)

The OE in buildings is seen to have escalated with an increase in population, changes in
lifestyle, improvement in facilities, and duration of occupation (Pérez-Lombard et al.,
2008). Further, operational energy varies to a great extent with the level of comfort
required, climatic conditions, and operating schedules (Ramesh et al., 2010). A 20%
increase in energy usage together with increasing hours of air conditioning usage to
maximise the comfort level of the built environment has contributed to increasing the
energy usage by 42-68% in similar weather conditions (Mastrucci and Rao, 2017).
According to Kong et al. (2012), during the last 10 years, the energy use of the built
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environment has rapidly risen in China contributing to 30% of the total energy
consumption of the country. Further, the energy consumption of the built environment in
2010 was twice as in 1996 due to the increase of the average annual rate by 10%.

Overall, compared to other costs of buildings, the OE cost is a considerable amount. This
reduction of the OE cost can greatly increase the net profit of the organisations. Therefore,
it is necessary to control OE consumption. This can be planned from the early stages of
the building’s lifecycle. Considering such early interventions to reduce the OE, energy
simulation can be identified as one of the best tools to evaluate changes in the built
environment to meet varying requirements (Garwood et al., 2018). Further, the Building
Energy Simulation (BES) is not only limited to the early phases of the building’s
lifecycle, there is room for energy efficiency improvements in the operation phase as well.
The next section explains more details about BES.

3.2 BUILDING ENERGY SIMULATION (BES)

BES is also known as Building Energy Modelling (BEM) (Pang et al., 2016), Building
Performance Simulation (BPS) (Kim and Park, 2016), or Building Energy Performance
Simulation (BEPS) (Egan et al., 2018). BES applications for predicting building
performance have been growing rapidly since the 1980s (Wright et al., 2013). BES
provides several benefits for the users including prediction of the energy consumption of
the buildings through the ever-increasing knowledge of information technology (Doukas
et al., 2009; Mondrup et al., 2014), integrating standards to buildings (Doukas et al.,
2009; Rallapalli, 2010), forecasting energy performance to facilitate decision-making
(Garwood et al., 2018), estimation of the energy usage considering prevailing external
conditions (Wang et al., 2018), verifying the accuracy of energy-related modifications in
buildings (Murray et al., 2014) and supporting buildings designers such as architects and
engineers to reduce energy consumption and cost (Abdullah et al., 2014).

BES software collects inputs from various sources and performs predictions at different
phases of the building lifecycle (Abdullah et al., 2014). Energy simulation software plays
a key role in reducing the cost of energy in buildings (Sousa, 2012). There are several
energy simulation software such as DesignBuilder, EnergyPlus, eQuest, Green Building
Studio, Integrated Environmental Solutions (IES), Sefaira, etc. (Sousa, 2012) with
various interfaces for users by applying a variety of simulation engines (Abdullah et al.,
2014). The software forecasts of the energy consumption include various parameters
relating to energy in buildings such as the thermal condition, effect of air circulation and
the use of natural ventilation, the energy consumption of equipment, and impact of the
behaviour of occupants (Rallapalli, 2010). Further, according to Yi (2016), BES software
also helps in using daylight in various places within the building that will help to minimise
energy usage, improve the comfort of the workplace, and increase efficiency. For
example, the use of current practices on illumination planning and power density are
compared using energy simulation with standards, which can identify potential changes.
Such changes in buildings reduce energy consumption, which leads to minimising
operational costs (Delgoshaei et al., 2017). With the application of BES software, the
HVAC load can be predicted throughout various seasons (Florentin et al., 2017).
Consideration of climatic information using weather predictions has enabled us to weigh
the effects of the external environment that contributes to the energy utilisation of the
building (Gobakis and Kolokotsa, 2017).
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EnergyPlus is a freely available software, created by the United States Department of
Energy to examine the performance of building services. EnergyPlus, simulation software
comprehensively estimates energy loads of built environment such as heating and cooling
and predicts energy consumption by providing the required parameters, which are
necessary to verify predicted and real consumption. eQUEST was also created by the
United States Department of Energy which has a less complex and user-friendly interface
for energy evaluation to eliminate issues in Graphical User Interface (GUI). Sefaira is
another commercial modelling software that supports the customers in creating a 3-
dimensional analysis of the model to examine the consumption of energy for HVAC.
Further, the Sefaira application supports all architectural, engineering, or construction
tools like Sketchup and Autodesk Revit. In addition, DesignBuilder is also a software that
helps to produce 3-dimensional effective energy designs and operation models for
buildings designed in a manner that can extract the required information from Building
Information Modelling (BIM).

Van Dronkelaar et al. (2016) state that there is a difference between modeled energy
prediction and the measured actual energy use in buildings. Further, Hong et al. (2018),
Turner and Frankel (2008), and Soebarto and Williamson (2001) agree that variation in
predicted and measured energy is a barrier to the acceptance of the BES tools for
buildings. The next section explains the reasons identified in the literature for the gap in
simulated energy and actual operational energy consumption in buildings.

3.3 REASONS FOR THE GAP IN SIMULATED AND ACTUAL OPERATIONAL
ENERGY CONSUMPTION OF BUILDINGS

According to Bordass et al. (2004), various causes lead to creating a gap in the predicted
energy consumption using the BES and the actual energy consumption. A detailed review
of the root causes for the energy performance gap is listed below which identified ten
causes for the energy performance gap as given in the literature.

1. Lack of understanding about the building design

A lack of understanding with the professionals who do the BES regarding the design of
the building, building orientation, materials used in construction, renewable energy
sources used in building, etc. This would lead to errors in the energy simulation due to a
lack of information or wrong information input to the BES software (Bucking et al.,
2014).

2. The complexity of the building design

It has been identified a relationship of the complex building designs to increase the
inaccuracies of the BES. The complex building designs seem to have more gaps in the
predicted and actual energy performance than the more simple building designs (Bunn
and Burman, 2015).

3. Uncertainties in building energy modeling

According to Kim and Augenbroe (2013), there are uncertainties in specifications and
modelling such as numerical uncertainty, scenario uncertainty, the uncertainty of the
assumptions, uncertainty of the building details, variations of materials, etc which lead to
the gaps of the predicted and actual results.
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4. Inter-model variability

Raslan and Davies (2010) stated that there is 13 software that has been recognised for
creating significantly wrong predictions for energy performance. Further, the modelling
tools that are created by many countries for various purposes might not applicable for
other situations. This results in varied predictions of the performance of a building in
different countries.

5. Poor on-site workmanship

On-site workmanship needs to be adapted and training carried out to increase levels of
complex building construction (Williamson, 2012). Installation of the drainage system,
ducts for ventilation, and electrical conduit work will provide a means for gaps that
negatively influence air tightness and also enable thermal loss (Morant, 2012). Such
issues in the actual construction works create energy wastages that are not counted in the
BES.

6. Changes after design

Morant (2012) reports poor compatibility between design specified and installed, which
caused a significant effect on the divergence between predicted and actual data.

7. Poor commissioning

Buildings are handed over to clients after construction. There is a process of
commissioning, a separate stage that ensures the building services such as
HVAC, lighting, water supply systems, and other energy-using building systems meet
with the owner’s performance requirements and perform and operate as intended and at
maximum energy efficiency (Wagner et al., 2007). Poor commissioning leads to create
gaps in the predicted and actual energy consumption.

8. Poor practice and malfunctioning equipment

Assumptions made about temperature set points, control schedules, and the overall
performance of the HVAC system, the actual operation of the building can be idealised
from the design stage. However, in reality, many assumptions tend to deviate and directly
affect the energy use of buildings during the operation phase.

9. Occupants’ behaviour

Another dynamic factor during building operation is occupants. They have a substantial
influence on the energy performance of a building by handling controls, such as those
connected to lighting, sun shading, windows, set points, and office equipment, and also
through their presence, and these controls may deviate from the predetermined schedule.
BES might not be able to capture the impact of this complex behaviour of the occupants
for energy consumption.

10. Measurement system limitations

Like the use of the building energy model to predict energy usage, the usage of metered
energy through the measurement system should be verified to ensure the accuracy of the
data. The limitations of the measurement system make the assessment of actual energy
use inaccurate (Maile, 2010).
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11. Longitudinal variability in operation

The energy performance gap is generally assessed for a year of measured data. However,
longitudinal performance is affected by factors such as building occupancy, deterioration
of physical elements, climatic conditions, and building maintenance processes and
policies (De Wilde et al., 2011).

As identified above, there is a considerable likelihood for the existence of gaps in the
predicted and actual energy consumption due to such causes. The BES communities
usually focus to mitigate or eliminate the causes of such gaps. The strategies to reduce
the aforementioned gas are explained in the following section.

3.4 STRATEGIES TO REDUCE THE GAP BETWEEN SIMULATION RESULTS
AND ACTUAL ENERGY CONSUMPTION

Literature has identified various strategies to reduce the gap between simulated and actual
energy consumption. Ensuring proper hypothesis of prediction, perfect tuning of building
services, and functioning of the facility as designed are important factors to monitor the
simulation of the building. This has resulted, in the narrowing of the gap between actual
energy consumption and estimated energy consumption (Vazquez et al., 2011). Further,
Véazquez et al., 2011 mentioned that investigating and creating general models to observe
the behaviour of tenants in buildings and using them in energy consumption prediction
can reduce variations. Simple observation, obtaining readings, and generating a model to
predict energy more absolutely, with the use of basic monitoring results will help to input
the energy model with accuracy and predict the actual performance of the building (van
den Brom et al., 2018; Gram-Hanssen and Georg, 2018). Furthermore, training and
education are necessary to improve the skills of personnel in the construction industry by
ensuring quality construction (Gram-Hanssen and Georg, 2018). Similarly, to strictly
implement the maintenance and operation practices in the building, training, and
education of facility managers should be strengthened. Whereas, in the design phase,
energy modelers need to understand differences in energy performance, whilst promoting
skills, innovation, and technological development to respond more appropriately in
creating reliable designs. Post-occupancy evaluation can be properly conducted and it is
resultant to minimise fine-tuning during operation and helps to reduce the gap between
simulation results and actual energy consumption (Kimpian et al., 2014). In addition,
Proper commissioning exercises can help maximise the efficiency of building services to
avoid unnecessary energy use (Morant, 2012; Gram-Hanssen and Georg, 2018).
Therefore, continuous monitoring of performance during operation is vital to ensure that
the design goals are achieved under normal operating conditions (Torcellini et al., 2006).
Further, continuous feedback can improve the design process and more accurately predict
actual usage of energy performance (Hopfe and Hensen, 2011). Furthermore, model
calibration aims to compensate for errors that may mask modelling errors at the entire
building level (Clarke, 2001). Raftery et al. (2011) stressed that the calibration methods
can improve the quality of future models by identifying common false assumptions and
developing best-practice modelling methods. The reliability and accuracy of the
calibration model depend on the quality of the measurement data used to create the model,
as well as the accuracy and limitations of the tools used to simulate the building and its
systems (Coakley et al., 2012). A summary of sections 3.3 and 3.4 is depicted in
Figure 2.
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Figure 2: Summary of reasons for the energy performance gaps and strategies

4. CONCLUSIONS AND THE WAY FORWARD

This study provided an overview of the BES concept with respect to the gaps and
strategies of the actual and predicted OE consumption. The building sector has been
identified as one of the major contributors to the global environmental impact due to its
high OE consumption. BES tools are important for building designers to reduce energy
consumption and energy cost. The energy simulation software supports designers to take
accurate decisions based on the simulation data. Therefore, the paper discusses the BES
concept and its importance to the building sector and different types of BES tools. The
literature highlighted that there is a significant gap between the predicted energy
performance of buildings and the actual energy performance of buildings. Hence, reasons
that created a gap between simulated energy and actual operational energy consumption
of the building are discussed. Findings revealed that reasons such as limited
understanding of the building design, the complexity of the building design, uncertainty
in building energy modelling, poor commissioning, occupant behaviour, etc. negatively
influence energy simulation. Thereafter, strategies such as proper commissioning,
creating general models to observe the behaviour of tenants in buildings, and using those
models for energy simulation, ensure better construction and quality through training and
education, etc. are proposed to minimise the performance gap. Further, the findings of
this study could be utilised by practitioners in the construction industry to use BES
applications effectively for designing energy-efficient and sustainable buildings while
minimising the predicted and actual energy performance gap. Further research can be
carried out to determine the critical reasons which contribute to the gap between predicted
and actual energy consumption.
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