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Abstract
The potential of the built environment to contribute in reducing societal carbon intensity has been well
established. The EU Energy Efficiency Action Plan 2011 posits that buildings offer greater potential
than any other area of activity, noting they account for ca. 40% of final energy consumption.
There are three broad strands of performance metrics that are applied to decision-making in building
energy retrofits, viz. energy savings, financial return and more recently, reduction of carbon emissions.
Best practice involves consideration of these metrics on a whole life basis using approaches derived
from methodologies such as life cycle cost analysis (LCCA), and life cycle assessment (LCA).
However, obtaining satisfactory (not to mention optimal) choices requires acknowledgement of a
number of different performance risks associated with these lifecycle metrics and necessitates the
development of approaches to reflect them in the decision-making process.
This paper contributes to the required discussion by examining conventional approaches to assessing
building energy retrofits and by identifying and exploring a number of performance risks.
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Introduction
Energy efficiency has become a priority for governments and businesses globally due to rising prices,
geopolitical concerns and climate change. Reducing energy consumption saves money, enhances
energy security and reduces environmental impacts [1]. As buildings account for the largest share of
energy demand, equating with ca. 40% of final energy consumption in the EU, they are seen as having
the greatest potential for reducing energy consumption of any single domain [2].
Buildings have very long operational lives and as a consequence display a low turnover, with 80% of
current European buildings predicted to be still in use in 2030 [3]. This means that while it is
important to design, construct and commission new buildings to high standards of energy efficient,
this alone will not be enough to meet the reductions in energy consumption expected from the built
environment. In addition, a significant programme of energy retrofitting of existing building stock will
be required [4].
In the context of this envisaged significant increase in retrofit activity, it is important for the most
effective use of funds that investment alternatives be effectively prioritised, selected and planned
before installation and that their efficacy be assessed post installation. To achieve this there is a need
for evaluation approaches to not only consider key performance metrics but also reflect the risks
inherent to them.
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Measuring Performance
Selecting energy efficiency measures i.e. choosing the right combination of technologies or systems to
retrofit to an existing building can be difficult. There are many stakeholders with an interest in the
energy retrofit of buildings each with different objectives [5] e.g. building owners may be focussed on
increased value; building managers on reduced running costs etc.; occupants on comfort and utility;
environment agencies on reduced carbon emissions; municipalities on reduced fuel poverty, economic
development etc. Notwithstanding these different viewpoints, traditionally building energy retrofit
options have been evaluated primarily on the basis of predicted energy and associated cost savings.
However, the significance of anthropogenic greenhouse gases to climate change [6], has led to an
acknowledgement globally that substantial reduction in the carbon intensity of economic and industrial
systems is required [7]. The efforts to stabilise atmospheric greenhouse gases have resulted in carbon
emissions reductions becoming a significant additional driver in building energy retrofit programmes.
Consequentially measurement of an intervention’s impact on carbon emissions is increasingly being
added to consideration of energy and financial implications and terms such as carbon savings, carbon
neutral etc. have gained currency in energy-efficiency buildings discourse [8], [9].
An important consideration is that buildings are responsible for energy consumption, financial cost
and carbon emission generation throughout their lifecycle not just during its use phase (so-called
operational energy and carbon) [10], but also in all the activities that contribute to by the construction,
upkeep and demolition of the building. This energy and carbon is said to be embodied in the building
and can be divided into a number of categories, viz.
• The initial embodied energy (or carbon) i.e. arising from the manufacture of building materials and
construction of the building, including design and project management activities [11];
• The recurring embodied energy (or carbon) added though maintenance, renovation etc. of the
building including replacement of components [12];
• The end-of-life embodied energy (or carbon) associated with the deconstruction, recycling and
demolition activities selected for the building when its useful lifespan is over [13].
However, as embodied energy and carbon were not historically deemed significant over the lifespan of
a building – typically it would have been expected that approximately four-fifths of the whole life
energy (& similar quantity of carbon) would be within the operational phase [14] – decision-making
for energy retrofits has previously disregarded non-operational energy (and carbon) implications.
But, as the building stock becomes less energy intensive in their operations, through more efficient
designs of new builds and upgrading of existing buildings, the relative importance embodied energy &
carbon is increasing and becoming more difficult to ignore [15]. This viewpoint is increasingly found
in building energy discourse [16] and the importance of considering whole life energy (and by
extension carbon) was recognised in the IPCC fourth assessment report, which argues that the
embodied energy in building materials needs to be considered in addition to the operational energy in
order to reduce total energy use by buildings [17].
The use of complementary methodologies taking a lifecycle perspective of these three performance
metrics enable the consideration of the cost, energy and carbon trade-offs of potential options on a
whole life basis, including:
• Life Cycle Costing (LCC) to calculate the net present value of all relevant costs (e.g. retrofit,
maintenance, repair, replacement, energy, recycling, disposal and residual value) throughout the
life span of the building [18], [19];
• Life Cycle Energy Analysis (LCEA), a derivative form of Life Cycle Assessment (LCA) to
calculate total lifecycle energy consumption associated with the building [20];
• Whole Life Carbon (WLC), calculated through LCA methodologies giving the total carbon
emissions generated over the life of a building (including those from non-energy processes) [21].
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The move towards a lifecycle perspective highlights the importance of the lifecycle calculation
methodologies, the results of which will form the basis of decision-making. The following sections
characteristic a number of performance risks that affect the quality of calculations of these metrics.
Energy Efficiency Performance Risk
Rickard et al. define investment risk in energy-efficiency upgrade projects, as the down-side risk that
the energy-efficiency upgrade will produce less than the expected return on investment over a given
period [22]. Although expressed in financial terms, this return on investment can be thought as in
respect of any desired performance metric. Howarth and Sanstad observed that both businesses and
households routinely pass up on energy efficiency investments that offer better than market returns,
showing a substantial implicit discounting of such investments, indicative of perceived risk [23].
Mathew et al. sought to develop a quasi-actuarial system pricing of energy efficiency projects in effect
developing risk profiles for such projects. In the course of this work they identified two principle
broad categories of risk i.e. (i) the inherent uncertainty of the estimated savings, due to various
unknown or unknowable factors that affect the actual savings; and (ii) potential inaccuracies in the
way savings are measured [24]. This two types of risks are in keeping with the ideas of Rickard et al.,
who similarly divided energy efficiency project risk into underlying factors i.e. variables such as
weather, energy prices, energy-efficient product failures, hours of operation, maintenance etc. and
calculation biases used to predict the savings [22].
Mills et al. in noting, that there is no secret in the uncertainties of savings estimates and that there are
many factors with the potential to inhibit performance, identified five categories of energy efficiency
project risk viz. economic e.g. fuel costs; contextual e.g. data on facility; technology e.g. equipment
lifetime; operational e.g. degradation of savings; and measurement & verification e.g. modelling errors
[25]. – The first four of these correspond Mathew et al.’s first category ‘savings-estimate’ and the fifth
to their second category ‘measured-deviation’.
Thompson, in attempting to provide for appropriate discounting of energy efficiency investments,
commented on a number of specific risks applicable to such projects (each of which could be said to
belong to Mathew et al.’s first category ‘savings-estimate’), including: future price of energy;
performance of new technology; performance of existing equipment as it ages; take-back effect of
occupants using some of the energy savings to increase their comfort [26].
Distinguishing between the underlying factors, which add uncertainty to potential savings and the
potential inaccuracies or biases in modelling the potential savings is useful global approach to
considering energy efficiency project risks. In addition, the specific performance risks identified by
commentators such as Mills et al., Thompson et al. etc. contribute to the understanding of risks
involved in such projects. This paper posits that in the context of the evolving whole life evaluation of
energy efficiency projects, there is a need to explore the performance risks in an integrated manner
considering whole life energy, cost and carbon. Therefore, a number of risks, which have the potential
to affect one or more of these aspects of performance, are commented upon below.
1. Technological risk
Many of the technologies and solutions offering energy conservation and energy efficiency are
relatively new and so unproven. The possibility of underperformance from such unproven solutions is
not inconsiderable. In many ways perhaps this is the most obvious risk, and one identified by many
commentators [22], [24] and yet the performance specification offered by the suppliers is commonly
accepted and used in assessment of potential solutions. Life cycle calculations of all performance
aspects (including LCC, LCEA & WLC) involving unproven technologies carry substantial
uncertainties [27] regarding actual equipment operational performance. Such uncertainty will affect
the meaningfulness of the results if not addressed in a credible manner.
2. Technical risk
A related but separate risk is that the installation and/or commissioning of the chosen retrofit
configuration may not be of sufficient quality to achieve the envisaged energy savings with
consequential impacts on cost and carbon performance. Alternatively, this work may take additional
time and resources to achieve the desired standard resulting in greater costs and increased recurring
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embodied carbon. The risk is recognised in the EU Energy Efficiency Plan 2011 which noted a
shortage of qualified and experienced craft workers for building energy efficiency retrofits and by the
decision to establish the 'BUILD UP Skills: Sustainable Building Workforce Initiative' to address the
skills weakness [1], [28].
3. Longevity uncertainty
As recognised by Rickard et al. among other, the lifespan of the planned energy retrofit may be less
than envisaged [22]. This will necessitate replacement equipment and related works, which will mean
additional costs, embodied energy and carbon over and above that calculated in the planning stage.
There is a further risk that the building itself will be decommissioned earlier than envisaged, this too
will directly impact on the relative significance of the embodied energy and carbon vis-à-vis that
associated with the operational phase, while also decreasing the amount of money that could be saved.
4. The human factor
While it is not unexpected that users will occasionally use the chosen retrofit configuration incorrectly
or less than optimally, there is also the possibility that they will not use it in line with assumptions
made pre-installation and therefore impacting on all aspects of performance. Mills et al. identified
‘persistence’ of performance as an issue, and linked it partially to occupant behaviour and suggested
end-user training and information, occupant incentives etc. as possible remedies [25].
The take-back or bounce-back effect of occupants reclaiming some of the predicted energy savings for
increased comfort and utility is a recognised phenomenon [26], however if the take-back level is
greater than anticipated, this too will result in reduced performance.
Occupants using the retrofitted energy system less effectively (from the point of view of energy
consumption avoidance) than envisaged will result in reductions in each of the three performance
metrics (energy, cost and carbon) and could have a knock-on effect on other risks and uncertainties
such as technological performance, maintenance requirements and longevity of the retrofit
configuration.
5. Maintenance
The degree of upkeep required for the solution to achieve the required performance may be greater
than anticipated e.g. day-to-day maintenance may be more time-consuming, part replacement intervals
may be underestimated, costs higher than planned etc. As previously stated this extra maintenance
could arise as a result of ineffective use by occupants.
Increased maintenance would impact primarily on the costs involved in running the equipment, with
additional life cycle carbon and energy associated with additional parts and services. There is also the
possibility that extra maintenance could result in additional downtime, with a direct effect on
operational energy (and related cost and carbon implications).
6. Energy cost movements
Buildings are a long-life produce and so future predictions of underlying economic factors are also
fraught with uncertainty, for building movements in the cost of energy are particularly sensitive, if
prices move contrary to assumptions on which the decision-making was made the financial savings
which are due to derive from the avoided energy consumption will be substantially changed – thereby
changing the lifecycle costing of the project.
Such changes in energy prices may arise as a result of changes in fossil fuels reserves [29]; weather;
new technologies; political uncertainties [30]; geo-political competition for natural resources [31], etc.
7. Decommissioning risks
The envisaged end of life management of the chosen retrofit technology (or technologies) may prove
unfeasible, This may be due to a variety of reasons viz. technical (e.g. recycling technology does not
work as envisaged), financial (e.g. costs may be higher than planned), legal (e.g. it may not be legally
permissible to recycle or dispose of the material in the manner planned) or logistical (e.g. envisaged
end-of-life process is not available within a reasonable proximity). In such cases an alternative end-of4
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life strategy will have to be adopted for the retrofit technologies – alternative strategies will have
different cost, energy and carbon profiles from the original strategy, which will therefore will directly
impact on each of the three performance aspects.
8. Overestimation of carbon savings
The quantity of carbon emission to be saved during the operational phase of the building may be overestimated due to changes in the carbon intensity of energy sources. Estimates of carbon emissions are
typically based upon the carbon factors of the energy sources current at the time of calculation.
However, the carbon intensity of electricity from centralised grids is anticipated to reduce throughout
Europe and in other developed economies as GHG reduction targets, (supported by international
agreements and in some cases legislation) necessitate substantial action by all economic sectors to
reduce the GHG emissions from their activities – particularly so in the case of the ‘low-hanging’ fruit
of power generation, see for example the reductions envisaged in the EU Energy Roadmap 2050 [32].
Jones used a dynamic model of predicted carbon intensity of the UK electricity grid to compare with
using with a steady-state view of emissions and demonstrated that the steady-state approach could lead
to over-estimates of operational carbon by much 50% for a new house and 95% for a new school
building [33]. Such changes to centralised energy grids mean that buildings will have less operational
carbon even if no energy improvements are made. It can be seen that estimating operational carbon by
extrapolating data from whole building energy simulation with current carbon intensities leads to
erroneous estimations both of quantity and relative importance to the embodied components of whole
life carbon emissions.
Conclusions
There are two broad types of uncertainty or risks that apply to building energy efficiency projects [26],
[25] – firstly that the assumptions on which performance has been predicted do not hold true and
secondly that the way in which the predictions were made are erroneous or contain biases. This paper
identified eight specific risks, which have the potential to impact on performance in terms of whole
life energy, cost and carbon. Seven of the risks fall into the first category – assumptions viz.
technological, technical, longevity, end-user, maintenance, energy costs & decommissioning. The
eight is a calculation bias, a potential inaccuracy in the way in which future carbon savings are
calculated.
Many of the technologies offered by solution providers are novel and as such unproven, this brings a
great deal of uncertainty into the assumptions used in the calculation of life cycle metrics. Uncertainty
analysis can provide the context to improve use of these metrics. Blengini & Di Carlo, observe that
uncertainty analysis, while not common practice, is gaining importance in LCA studies and facilitates
clearer interpretation of results [34]. Such uncertainty analysis would involve systematic appraisal of
the uncertainties, ranking of importance, and calculation of probability of occurrence thereby
providing practitioners with the context in which to present and use results.
There is a calculation bias inherent in using steady state versus predicted electricity carbon intensities.
Jones’ demonstration of using dynamic models of predicted carbon emissions presents a means of
making whole life carbon determination more credible and therefore more useful in selecting energy
retrofit options [33].
Further work is required to explore these and related risks in more detail, to incorporate an
acknowledgement of the risks in retrofit assessment methodologies, to integrate solutions where
available (e.g. uncertainty analysis; dynamic models of energy carbon intensities; risk mitigation
strategies etc.) and to communicate shortcomings where not.
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