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Abstract

Gaps between intended and actual performance which impact on indoor environment,
energy use and carbon emissions have been well documented and are nowhere more
important than when they present in performance problems such as building overheating
and consequent occupant discomfort and high energy running costs. Here such gaps are
explored through a review of relevant literature and related illustrative investigations. Key
drivers of those performance gaps are identified and located in the stages of the building
industry process. Three case studies, of one office and two houses, are provided highlighting
where faults arise and may or may not be effectively dealt with and the reasons why. These
include faults at the Implementation, Validation and Operation stages and the paper
concludes by summing up generic failings in the industry that lead into the following paper by
the same authors that offers an approach and potentially effective solutions to reducing such
performance gaps by correctly using a BIM approach to quality control in the construction
industry.

Key words: Overheating, BIM, LEED, BREEAM, Soft Landings, Green Star, Building
Simulation, Low Carbon Buildings, NABERS, Energy ratings, Quality System, Six Sigma.



1. Introduction, aims and approach

Many policy and industry driven initiatives worldwide aim at improving the performance in
use of new and retrofitted buildings by altering building industry processes, products and
services in order to reduce energy use and carbon emissions and improve sustainability,
occupant comfort, health and productivity in buildings. Numerous studies have demonstrated
that the intended performance improvements are often not achieved (Bannister 2003) (UBT
2012) (Booth 2008) (EST 2012) (Turner and Frankel 2008). Such authors posit that the
observed disconnects have their root causes within the policy drivers of the related industry
processes. The current situation will be described and analysed here, and then
improvements proposed by the authors, informed by their backgrounds in the software,
electronics and automotive industries are put forward in a second paper in this journal
(Tuohy and Murphy 2015).

This paper:

a) Describes the performance gaps within the building industry based on a literature
review;

b) Uses three case study low energy buildings to explore those performance
disconnects;

¢) Relates the findings of a) and b) to the stages in the building industry process;

d) Concludes that these issues unless addressed will result in overheating discomfort
and high energy use.

Within the field there are numerous definitions of the buildings industry design flow process
e.g. in the UK, the RIBA Plan of Work (RIBA, 2011), Construction Industry Council work
stages (CIC, 2012) and the ‘Prepare-Design-Implement-Check-Operate’ flow of Bordass et
al. (2011), other similar definitions exist outside the UK.

As a consistent framework for this paper the model shown in Figure 1 is adopted. This has
similarities to the building industry flows but has more explicit representation of the
validation, feedback and feed-forward processes as found in design flows such as the NASA
Design Process for Complex Electronics (NASA, 2012).

These feed-forwards (e.g. installation instructions, commissioning tests, controls software
and hardware specifications, user manuals etc. from the detailed design stage) and feed-
backs (e.g. knowledge of systems application ranges and limitations, performance variations
with patterns of use, fail modes and risk analysis etc. fed back to concept, detailed design or
implementation stages from previous projects or characterisations) form part of the quality
systems approach used in BIM benchmark industries (Pyzdek 2003, El-Haik et al. 2010).



Figure 1. Model of design flow adopted in this work
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2. Gaps between intended and actual building performance —a review.

Researchers globally are finding that buildings which achieve a high standard or rating
based on the predictive calculation methods frequently do not demonstrate the intended
performance in operation. Several of their studies are reviewed here to identify the common
gaps found, and their proposed causes.

UK Government funded studies that aimed to understand non-domestic building
performance, particularly energy and indoor environmental performance included the Probe
series of post-occupancy surveys, which exposed many strategic and tactical issues that
made it difficult for even the best buildings to achieve their intended performance (BRI 2001,
Bordass 2001). In the 2000s UK Government focussed on ‘Rethinking Construction’
(Construction Task Force 1998), seeking improved efficiency and costs, but failing to
address the performance gap. One reaction to this perceived miss-step was the
establishment of the Usable Buildings Trust to provide guidance on building performance
(UBT 2012). The UBT influenced the adoption of the Display Energy Certificate (DEC)
operational energy performance ratings process for non-domestic public buildings over
1000m2 in the UK (Bordass, 2005, Bordass et. al., 2004). The DEC data has provided
valuable insights into actual building performance with most being found to be consuming
very much more energy than expected leading to “Halls of Shame” headlines (Booth 2008).

UK office buildings investigated included the multiple award winning Elizabeth Fry “Best
Building Ever?” and ZICER buildings at the University of East Anglia (Probel4, 1998) (Tovey
and Turner, 2006) (Ingham, 2010). Elizabeth Fry in its first year consumed 60 kWh/m?
electricity, plus 70 kWh/m? heating - more than 50% higher than predicted. Subsequent
performance monitoring and investigation revealed considerable scope for savings, the
University commissioned remediation works substantially upgrading the heating and
ventilation controls, reducing heating to 37 kWh/m?.



The ZICER building at UEA built 5 years later used the similar construction but with
improved insulation and glazing. Predicted heating was 30 kWh/m? per year however, in the
first two years of operation it used over twice as much. Another investigation was carried out
and revised control algorithms were put in place, resulting in a similar energy performance to
Elizabeth Fry, though with a lower level of occupant satisfaction. Both buildings are
recognised as examples of good performance but this has only been achieved through the
motivation and efforts of the facility management team, support from independent
monitoring, and investments in remediation — attention that new buildings seldom receive.

Reviews of UK POE studies (Bordass et al. 2001, Bordass 2012), identified inherent
problems in the way buildings were procured and concluded that “Controls, manageability
and usability need much more attention at all stages”. Recurring problems with new
buildings were summarised as: problems with interfaces between work packages; problems
with control systems, management and user interfaces; handover processes too abrupt; user
dissatisfaction; unmanageable complexity; and not surprisingly energy use higher than
anticipated. One recommendation was a 3 year ‘sea trial' commissioning and review process
to achieve optimal performance. This is now incorporated within a Soft Landings whole life
performance appraisal process being developed and applied in the UK (BSRIA 2012).

The Energy Consumption Guide 19 for offices (Carbon Trust 2003) provided key reference
performance benchmarks for current regulations, dividing office buildings into four
categories: naturally ventilated cellular; naturally ventilated open plan; air conditioned
standard; air conditioned prestige. The measured energy benchmarks for naturally-ventilated
buildings are significantly lower than for air conditioned types, so one might have expected
regulations to favour naturally ventilated buildings. Instead, the regulations take account of
predicted performance relative to a reference building of the same type, with higher energy
use allowed for mechanically cooled buildings. The current UK regulatory approach thus
appears to encourage buildings with mechanical cooling at the design stage while existing
evidence largely suggests that they will have higher energy use. On the other hand,
weaknesses in the UK regulatory methods for assessing risks of overheating means that
where naturally ventilated designs are selected there is a high risk that they will overheat
and require cooling to be retrofitted, again resulting in more energy use than intended and
predicted (Tuohy 2009, 2008).

CarbonBuzz, a recent initiative in the UK which includes a voluntary repository for predicted
and actual energy use data, demonstrates that actual energy use is typically more than 50%
higher than that predicted (CarbonBuzz, 2012).

Such discrepancies are not unique to the UK. The German Federal Ministry for Economy
demonstration program covered 22 buildings with passive cooling technologies designed to
be low energy, monitoring energy use, environmental conditions, occupant behaviour and
comfort. It was observed that the high focus on these buildings highlighted many errors in
system and controls operation. “In many cases, detailed analysis of the electricity
consumption helped to identify weaknesses in the system operation: operation of the heating
system pumps outside the heating season, heating of pre-cooled air by an earth-to-air heat
exchanger during summer, etc. In large buildings operational faults cause energy
consumption and energy costs of an order of magnitude which is not negligible. From the
experiences it can be assumed that these kinds of faults are common practice in the



operation of the building stock as a whole.” (Voss et al, 2007). It is clear the passive cooling
system operation could be compromised by poor implementation and operation. Their
conclusions infer that these faults are common across all buildings, remaining invisible and
persisting in the majority of buildings that are not subject to this level of scrutiny.

In the USA, a review of the performance of LEED (USGBC, 2012) accredited buildings found
those predicted to be most energy efficient had the greatest discrepancies between
predicted and actual performance, with actual energy use twice the prediction in some cases
(Turner and Frankel, 2008).

In Australia, Bannister (2003), found generally poor or no correlation between the design
score and the operational performance benchmarked by Australian Buildings Greenhouse
Rating (ABGR) (now incorporated in the National Australian Building Environmental Rating
Standards NABERS (NABERS 2012)). In a later paper Bannister (Bannister 2009) identified
some reasons why, including poor controls design, implementation and commissioning; poor
build quality; complexity; poor maintenance and operations; invisible problems; inoperable or
un-maintainable plant and systems; bad design; and over specification. Again these echo
the findings of Probe in the UK. To remedy the causes of these disconnects NABERS has
developed a “Commitment Agreement” protocol (Bannister 2005) which requires expert
reviews in the design stages and prescribes the scope and reporting of predictive analysis.
The NABERS rating is awarded on actual performance once the building is occupied.

For domestic buildings there are similar problems and disconnects that may be getting
worse as legislation makes the buildings more complicated and technologies traditionally
deployed in the non-domestic sector are applied. Of UK government agencies, the Energy
Savings Trust (EST) and the Technology Strategy Board (TSB) are monitoring performance
of systems in operation and reporting on results (EST 2012). These include studies on
micro-CHP systems, gas boilers, micro wind turbines, heat pumps, solar PV and thermal
systems, and mechanical ventilation systems. In general they have revealed much poorer
performance than expected, for example with COPs in practice typically 33% less than
predicted in the heat pump trials, the mechanical ventilation evaluation reported that in many
of the installations inspected there were serious flaws found (Zero Carbon Hub 2013).

As insulation standards improve domestic buildings become more sensitive to overheating
even in cooler climates. In Denmark a recent survey of the performance of 8 dwellings built
to Passiv-Haus (PH) standard found significant overheating problems despite these
buildings complying with the PH design criteria (Larsen 2012). Maivel (2015) reported
overheating in Estonian apartments etc.even in this high latitude Nordic country.

In conclusion, studies show that performance disconnects are a common experience in the
current buildings industry, that significant problems exists in the implementation of
comfortable low carbon buildings and their systems and controls unless significant effort and
finances are put into non-standard investigation and remediation of them.



3. Gaps between intended and actual building performance — an investigation.

Three case studies investigated by the authors, promoted as exemplars of domestic and
non-domestic buildings, are now presented: i) the Environmental Office, ii) the 1st Certified
PH in Scotland and iii) the Glasgow House, used for training of construction workers.

Risk analysis was used to explore the performance gaps, assess potential failure modes and
establish how these failure modes would be detected. Controls were viewed as a high risk
area and special attention given to mapping them and checking for their correct
implementation and operation. The controls mapping method was used to chart on a zone
by zone and mode by mode basis the intended environmental conditions and the intended
responses of the controls and systems to deviations from the specified intended
environmental conditions. The controls map could then be used to comprehend intended
operations and to provide a performance baseline for the observed operation. The approach
taken was based in part on the quality systems approach utilised in other industries where
failure mode effect analysis (FMEA) is used to scope and manage risks and fault testing are
required elements within their quality systems (Pyzdek 2003, El-Haik 2010). These
industries include aerospace, automotive and electronics which are among those identified
as BIM benchmarks (BSI 2012). The FMEA and Control Mapping approach applied here is
described in more detail in Tuohy (2013), gross problems are highlighted.

3.1 The Environmental Office Building, Garston, England

The BRE Environmental Office, using assisted naturally ventilation (ANV), was intended as
an exemplar for future buildings and is still identified by some as such (RAE 2010).
Monitoring after completion showed it performed reasonably well for occupant satisfaction
and energy use compared to other office buildings at the time, but operational energy use
was 90% above the design target (Ni Riain et al. 2000). The authors revisited the building to
investigate performance identify opportunities for improvements, and process improvements
for future building projects. A feature of the building is high thermal mass exposed concrete
ceilings and multiple BEMs controlled ventilation modes including cross flow, ceiling duct
and fan assisted solar stack.

Intended control implementation was reviewed using the architects ‘concept’ document and
the controls manual provided by the controls contractors, to create a controls map for use in
the investigation. This required significant effort because while the 84 page manual had
sections on individual control elements there was no overall description of integrated
operation. The control map was constructed by synthesising the architect's document and
the controls manual. Figure 2 illustrates some of the observations annotated above a section
of the control map for an office zone in normal daytime operation and night cooling modes.

The authors went on to interview building occupants, building managers and controls
contractors and observe the building during operation, which confirmed these issues were
real, and highlighted further issues some of which are outlined here:

The controls documentation was not well understood by occupants, building managers or
controls sub-contractors resulting in tactical changes made with no strategic understanding
of overall system behaviour causing problems once the prevailing conditions changed.



The control implementation was based on a concept design document implemented by
controls engineers on a best-guess basis and commissioning used only to confirm that each
control sub-component was operating, not the systems as a whole.

The hierarchy of the energy control strategy was not optimum with, for example, mechanical
borehole cooling being applied before free cooling.

The control system was overly simplistic and coarse. For example, the night cooling mode
was triggered by external conditions at 4pm only, so if raining then, night cooling was not
triggered however high the indoor temperatures. Control of the windows was coarse, with
multiple windows opening simultaneously once a threshold temperature was reached,
leading to sudden draughts. Incorrectly implemented control of bore-hole cooling was
observed which led to unintended operation, with boilers triggered when cooling water
flowed, heating the cooling water and resulting in both systems operating to no benefit. The
poor implementation of the passive and active cooling compromised thermal conditions and
increased energy use.

Pumps were found running, using and gas being used when there was no heating demand
due to a spurious fault condition that caused the non-condensing backup boiler and the hot
water feeder circuit to remain on continuously.

Building performance and energy use was only visible through fuel bill data. The sub-
metering was not implemented, and there was no public display other than on the BEMS PC,
hidden in a locked room that was rarely visited.

Controls and metering improvements to address these issues required hardware and
software changes but work was stalled due to financial and logistical constraints. Resolving
strategic design or implementation issues after building handover is difficult when operation
and maintenance regimes and budgets do not cover business disruption to allow the work to
happen.

Figure 2. Controls map summary annotated with observations.
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3.2 The first Scottish Passive House (PH), Dunoon, Scotland.

The Dunoon PH was the 1% to be certified in Scotland, and received a number of awards.
The PH uses a whole house mechanical ventilation heat recovery unit with supplementary
heat from an air to air heat pump. Hot water is from a solar thermal tank and an electric
immersion heater. The study aimed at evaluating these increasingly popular systems in use.

Again the approach taken was to construct a risk based potential fail mode effect analysis
(FMEA) and a control map. The failure modes were identified from system knowledge and
experience, and also from the critical points of PH specification and design which have been
extensively document

ed in the PH Institute guidance and training documentation (PHI, 2012). A monitoring
scheme was established to gather data on temperatures, air quality, system performance
and energy use. Many fundamental problems were identified by the inspection and
monitoring. Some key findings were:

The occupant was unaware of how to use the mechanical ventilation system in the summer
resulting in overheating. The 200 page ventilation system manual was not helpful.

Long aluminium ducts brought cold outside air into the building, 140 mm insulation was
specified but inspection revealed that it was only 19mm, and in places it was missing
entirely, leading to significant heat losses, condensation on the ducts, and potential moisture
damage requiring ceilings to be opened for remediation (Figure 3).

The heat pump was without a remote thermostat control, so there was insufficient feedback
of space temperature to achieve desired temperatures. The system also proved unable to
deliver sufficient heat in cold conditions. and the supplier could not provide performance data
at 2°C, 0°C -2°C and -7°C - only a year round average.

The solar hot water system and the immersion heater controls were independently set and
not optimised limiting the solar contribution to the theoretical 40% solar fraction even with
optimized control (Ayompe et al, 2011), much less than the design calculations.

This study again highlighted issues including overly coarse controls, incorrect
implementation of systems and controls, lack of visibility to occupants and owners,
disconnects between vendors, specifiers and installers, overly optimistic specifications, and
intended performance not being met. It also confirmed the difficulty of fixing problems after a
building was handed over and the need for expert intervention to put them right. It took 16
months to put things right, including replacing the heat pump and ventilation unit and re-
configuring the ventilation ducting.



Figure 3. Issue with the ventilation system: missing transfer openings under doors,
missing and inadequate cold duct insulation, moisture problems due to inadequate

insulation and sealing of cold ducts required ceilings to be opened.
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3.3 The Glasgow House Solar Thermal and MVHR Systems, Glasgow, Scotland

The FMEA and control mapping, inspection and monitoring method constructed for the PH
was applied to evaluate the implementation of the mechanical ventilation and solar systems
in the Glasgow House, which was designed and built as an example low energy building and
as a training centre (Carr 2012). For example this house used gas backup heating instead of
electricity as used in the PH.

Very obvious faults were identified including: missing or melted insulation on both the
primary heating circuit and the solar pipework (Figure 4) causing energy losses, heat gains
and potential for severe overheating discomfort in warm periods; gas boiler controls not
optimum for solar heat gains and user hot water demands; mechanical ventilation system
positioned in an attic space without easy access to observe warnings, change filters or carry
out maintenance and no door undercuts installed to provide airflow required for the
mechanical ventilation system.

The re-use here of the PH FMEA and control maps method enabled lessons to be learnt
from other projects by use of the clear and easy capture and transfer of information in a
modular fashion. How that learning could be formalised and made effective within the
industry needs further work.

Figure 4. Solar system pipework in the attic of the Glasgow house showing poor
specification and poorly applied thermal insulation. Much of the insulation was found

to have melted and fallen away from the pipes. Hot pipework routed around bedrooms

greatly enhanced potential for overheating in summer.




4. Relating gaps between intended and actual performance to industry process.

Internationally there are many common findings between the results of the reviewed studies
and the buildings investigated above, some of which are summarised in relation to the
stages of the simple model of the industry process proposed in Figure 1:

Concept and early design: Decisions are influenced by learning garnered from previous
buildings, chosen often because of their high predictive ratings, industry awards or effective
marketing, rather than their verified performance in practice. Thus non-optimal performance
decisions can be replicated rather than addressed. This is complicated by the reality that
predictive methods (models) and construction processes do not deliver intended
performance and also that the actual comfort and energy performance information from
related research is ignored and not used either to inform policy or design decisions, being
often dismissed as anecdotal or irrelevant to the current project. This systematic dismissal of
research intelligence is driven not least, by the litigious building markets where design faults
can incur punitive reparation costs.

Detailed design: Obvious high impact gaps the knowledge of designers exist from the early
design stages. Controls are often poorly understood and designed, coarse, not optimum,
conflicting, not fault tolerant, overly complex, and unexplained. New technology systems are
often poorly represented and controls not considered in the required detail. Overly optimistic
performance assumptions are made and opportunities for underperformance, faults, and
unintended consequences largely ignored. Design assumptions are often too narrow and not
representative of actual variations in building use patterns. Where there are building
performance limitations on how a building can be used and still perform well are often not
identified and rarely communicated to the building owners and users. The use of simulation
in design is often limited in scope (e.g. idealised representation of controls, plant and
occupants), but these simplifications are not comprehended or compensated for in the
design process. Each new project appears to start from scratch rather than re-use proven
designs with understood performance, risks, issues and limitations. The detailed design
stage does not appear to provide sufficient feed-forward of information to implementation,
validation and operation stages.

Implementation: There appears often to be insufficient information from the detailed design
stage particularly with respect to controls and new technologies. In some cases only concept
design information is available. Control implementation appears to be in multiple sub-
sections without comprehension of overall operation. There appears to be a lack of a quality
culture — so faults in implementation often occur and are often undetected. There often
appears to be no mechanism for learning from results from previous similar projects.

Validation (Commissioning): Problems often go undetected and unresolved. The coverage
of the commissioning process does not ensure correct operation in practice including fault
conditions. Feed-forward of designed commissioning specifications that capture overall
control strategies and proper understanding of how different systems will operate together
appears to be missing.

Operation: Faults often occur and remain invisible. Building managers and occupants don’t
understand: the building; the building controls; limitations in its use; intended modes of
operation; and actual energy use. Where there is a control manual it is often overly complex



and difficult to understand. This lack of understanding leads to controls being randomly
tweaked without comprehension of the overall picture. This can lead to controls which are
assumed to be working in harmony actually working in conflict with one another. In some
cases it may not be possible to control the building optimally. Visibility of actual performance
against design targets is often poor or unknown. New technology systems do not work as
well as predicted and their performance is seldom monitored or reviewed. Optimum
performance may only be achieved after re-engineering which can be difficult, costly,
disruptive, sometimes impossible to achieve. There is often limited visibility and
accountability within the design and implementation team for poor performance or poor
quality.

5 Conclusions

The review and case studies highlight that new or retrofit buildings delivered using current
industry process tend to have faults leading to compromised comfort and increased energy
use. Unless exceptional scrutiny and funded remediation is carried out these faults will be
persistent. These problems are associated with the design process.

One of the most obvious symptoms of the failure of buildings and their systems to meet
design ambitions is in the experience of discomfort by occupants, being from heat, cold or
draught. Passive cooling systems were highlighted as being commonly compromised and
potential for overheating discomfort increased. Consequences of this may be the retrofit of
mechanical cooling, or reduced confidence in passive approaches leading to the selection of
mechanical cooling in design, either of these would lead to further increased energy use in
practice.

In principle, it would be much more productive to get buildings right the first time than to
have to address them post completion. However, even to begin to do this routinely will
require the industry to have much better understanding of how buildings and systems
actually perform in use and then to use this understanding to improve industry process.

Where innovations are concerned, there will always be risks including unexpected behaviour
and unintended consequences, making risk analysis, follow-through, fine-tuning and
feedback absolutely essential for these new features or combinations of features to become
fully comprehended in robust processes in the buildings industry.

A method for quickly assessing and learning the risks associated with new technologies and
factoring these throughout the design process would help to minimise the impact.

The overall conclusion is that current processes and policy are not routinely delivering
comfortable low carbon buildings and that challenges remain to be addressed.
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