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From idea to reality   

 

 

Figure 1:  Concept design (source: Smith and Wallwork, SK005) 

 

Figure 2:  Model of UKCRIC Building with fins (Appendix A5) 

 

Figure 3: Artist's view of the new Civil Engineering Building (Image courtesy of Grimshaw Architects) [1] 
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DEFINITIONS 

Initial embodied carbon (carbon to practical completion, cradle-to-handover) - carbon emissions 
associated with a building's product and construction [25] (Modules A1-A5, BS EN 15804 [26]); 

Embodied carbon in use and end-of-life - carbon emissions associated with materials and processes 
related to maintenance, repair, refurbishment and water use during the building operation (Modules 
B1-B5 & B7 according to BS EN 15804 [26]) and  demolition, waste and disposal (Module C according 
to BS EN 15804 [26]); 

Operational carbon - carbon emissions associated with the building's operational energy during the 
service life (e.g. for lighting heating, cooling) (Module B6 according to BS EN 15804 [26]); 

Whole-life carbon - sum of initial embodied carbon, embodied carbon in use and end-of- life, and 
operational carbon for assumed time period [9]; 

Net zero (initial / to practical completion / cradle-to-handover) carbon - situation when the 
amount of carbon emissions associated with a building's product and construction stages up to 
practical completion is zero or negative, through the use of offsets or the net export of on-site 
renewable energy [25]; 

Net zero operational carbon - situation when the amount of carbon emissions associated with the 
building's operational energy on an annual basis is zero or negative. A net zero carbon building is 
highly energy efficient and powered from on-site and/or off-site renewable energy sources, with any 
remaining carbon balance offset [25]; 

Net zero whole-life carbon - situation when the amount of carbon emissions associated with a 
building's embodied and operational impacts over the life of the building, including its disposal, are 
zero or negative [25]; 

Future environmental credit - emission reduction, beyond the building lifecycle, taking carbon 
savings from material re-use or recycling (Module D according to BS EN 15804  [26]); 

CO2e unit - Global Warming Potential (GWP) - a measure of how much heat a greenhouse gas traps 
in the atmosphere up to a specific time horizon, relative to carbon dioxide. The metric for assessing 
the climate change impacts, expressed in units of CO2 equivalent (CO2e) over 100 years [27]; 

Required service life - service life required by the client or through regulations [28, 29]; 

Design life - service life intended by the designer [28, 29]; 

Service life (working life) - period of time after installation during which a building or an assembled 
system (part of works) meets or exceeds the technical and functional requirements [28]; for building 
structures and other common structures minimum service life is 50 years accordind to Eurocode [30] 
or 60 years according to BS 7543 [31]; 

Building's life extension - extension of the building's service life beyond the design life (service life); 

Reuse - use of materials, systems, structures, all buildings, after their design life; 

Renovation - conversions of existing places, changes in structure, the replacement of a defective 
object or area in the building and the addition of extensions, improving a structure that is broken, 
outdated or damaged; 

Adaptation - change of use, example of Renovation; 

Refurbishment - process of cleaning, equipping, or retrofitting as well as improving the building 
performance from operational point of view (e.g. adding thermal insulation); 
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Figure 17: In-use and embodied energy for the different façade and HVAC option combinations. 
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Beyond numbers 
The ECM provides an accurate estimate on the lowest-energy and -cost design option, excluding 
further design considerations such as aesthetics, stakeholder needs, and urban planning aspirations, 
unless indirectly accounted for in the design options themselves. On occasion, the most low-energy 
option led to unsustainable outcomes. In the case of the façade system, the lowest was not 
immediately chosen. Instead the top 6 or 12 options were selected to be reviewed against more 
subjective design criteria, to evaluate which would lead to the most sustainable outcome.  

 

Cost of innovation 
This view beyond numbers is especially important when considering the cost of innovation in the 
construction industry, for example in the case of the building floor support structure: bespoke 
solutions, such as re-usable steel planks, measured against off-the-shelf, such as permanent 
concrete flooring, face a steep premium cost penalty. Even when factoring in their end-of-life 
contributions, the up-front premium cost supersedes future benefits resulting from reuse. Further 
adjusting the value of alpha would eventually tilt the balance, albeit at an order of magnitude 
greater than the set value of £0.25 in the design brief. 

From this example, it can be seen that innovative solutions which have not yet benefitted from years 
of price optimisation, could be immediately excluded if no further thought is given to their 
assessment under the ECM tool. Suggestions are discussed under Component Reuse further on. 

 

Space optimisation 
A key concern of the client was to maximise the space, here maximise the number of desks and seats 
for a fixed budget. Here the quality of the space was neglected, and minimum space requirements 
were applied. The maximum area per floor was set by the property, though number of floors and 
expansion options were set by the budget.  

The ECM was used to evaluate different options, as space alterations impact cost as well as heating 
and cooling energy demands. It can therefore inform discussions between stakeholders with 
diverting views on the importance of maximising space; minimising energy consumption; ease of 
construction; and optimising future expansion possibilities for the building. 
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CHAPTER 6:  
CIVIL ENGINEERING BUILDING IN WEST CAMBRIDGE 

The following images show views of the proposed and finished CEB in West Cambridge.  Post-
occupancy studies to verify the effectiveness of the ECM method are in progress.  

 

 

Figure 29: Front view [66]. 

 

 

Figure 30: Front view [66]. 
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Figure 31: Side  view [66]. 

 

 

 

Figure 32: Reception [66].
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ignored, when considering components with reuse potential. This has a significant impact on the 
selection process of components using the ECM tool. Reusable components are typically subject to 
higher costs and only benefit from a scaled (0.5 or less) energy credit due to scrapping when a 
component is put to a new use for which it was not perfectly designed. 

Future iterations of the ECM tool shall include a rebate on capital cost. The exact nature of the 
rebate needs to be investigated, as scarcity can drive up the value of reusable components over 
time, whereas changes in building practice and material preferences can render certain components 
inadmissible for reuse in the future.   



http://bit.ly/39OZFIH
/Users/michaldrewniok/Dropbox%20(Cambridge%20University)/Report/Final%20version%20including%20comments/www.iso.org
/Users/michaldrewniok/Dropbox%20(Cambridge%20University)/Report/Final%20version%20including%20comments/www.cen.eu


http://bit.ly/2yfMMa0
http://www.greenbooklive.com/search/scheme.jsp?id=260
https://ibu-epd.com/epd-programm/
http://www.circularecology.com/embodied-energy-and-carbon-footprint-database
http://www.circularecology.com/embodied-energy-and-carbon-footprint-database
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Energy Brief for Design of new Engineering Department
Buildings in West Cambridge

David MacKay

March 19, 2015 � Rough Draft Number 2.0

�Very-low-energy; pleasant; zero-bling; upgradeable; and well measured.�

1. The building will be an exemplar low-energy building, minimizing the sum of

� embodied energy,
� measured energy in-use over the intended lifetime,

– including the occupants’ energy for transport,
� minus an energy credit for embodied energy that will credibly be reclaimed (thanks to design

for disassembly and reuse) when the building is disassembled.

(subject to overall cost-effectiveness, as sketched below in Annex 1).

2. The building should be pleasant for its occupants, and should promote health and well-being.1

3. The design should be zero-bling. The energy solutions this exemplar building uses should be
scaleable and widely useable. On-site energy generation should not be specially favoured over
off-site generation.

4. The building will be designed for easy upgrade, extension, and modi�cation.

5. All aspects of energy use should be measured � so that the low-energy credentials of the design
can be con�rmed; so that any problems with the building’s performance are identi�ed and �xed
rapidly; and because a well-measured building is likely to engage its occupants in meter-reading,
which affects behaviour and enhances energy-saving.

6. [The design of the building should involve both engineers and architects.] There should be a model of en-
ergy consumption at the heart of the design process with transparent assumptions, shared with
the clients. The design process should be consultative and iterative, involving the representatives
nominated by the Department, assisted by professional advisors dedicated to supporting the De-
partment’s objectives. The design process must have the buy-in not only of the building’s users
but also of the building’s maintenance team.

Comments: this brief has not mentioned carbon; we do care about climate change and intend that the
building be genuinely very-low-carbon; we judge the best way to achieve this objective without un-
intended consequences or accounting dif�culties is to focus on energy minimization, and explicitly
to advocate the decarbonization of the national energy supply. The government’s 2011 Carbon Plan

1According to occupants of the EE building on the West Cambridge site, the current regulations that the University applies
to its buildings do not guarantee comfort. There are issues to do with uncomfortable high temperatures in summer. We should
also stipulate that the comfort of equipment should be maintained � for example, equipment that should be at 20�0.5C.
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envisages that decarbonization would be achieved by (a) increasing electricity provision (to permit
electri�cation of much of the heat and transport sectors); (b) decarbonizing electricity supply with
nuclear power, carbon capture and storage, and renewables (especially wind power) at the required
scale; and (c) using sustainable bioenergy for fuel-consuming sectors that are not easily electri�ed.

We give no special credit for on-site generation of energy, whether low-carbon or not. It is our
expectation that it is always going to be most cost-effective for the bulk of a building’s energy
demand to be served from off-site, and it is therefore perverse to mandate on-site generation. Some
on-site generation may be included in a cost-effective design, just like energy ef�ciency measures,
on the grounds that it reduces the energy that will be imported in use. If a design includes on-site
generation that sometimes exports excess electricity, these exports will earn a modest credit in our
metric.

Annex 1: The low-energy metric

1. It is anticipated that a well-optimized low-energy design will have the following features:

(a) The building should have a near-zero heating and cooling requirement, thanks to the use
of insulation; natural ventilation and perhaps (in winter) mechanical ventilation with heat
recovery; and simple controls that are successfully used by real comfortable occupants.

(b) The building’s construction should use reclaimed materials (especially steel) and sustainably-
sourced wood, and many of its components should be designed for disassembly and reuse.

(c) The building should be lightweight � designed exactly to comply with the Eurocode stan-
dards, rather than unnecessarily exceeding those standards. The foundations should be de-
signed and measured such that the building can be modi�ed without costly or unnecessarily-
material-intensive foundation work.

(d) The �in-use energy� de�nition includes the occupants’ transport energy, favouring thoughtful
building designs that strongly promote:

i. low-energy transport (eg. excellent cycle provision; convenient and effective wet-weather
drying facilities; tight and attractive integration with public transport; and electric vehicle
charging, especially for lightweight electric vehicles); and

ii. alternatives to transport (eg, video-conferencing).
(e) The building should not make use of natural gas as an energy source, or if it does, there

should be a credible, low-cost plan for the natural gas supply to be eliminated within a few
decades.

2. The low-energy metric should be optimized subject to explicit constraints on occupant comfort,
which will be reviewed during the design process to con�rm that the low-energy metric does not
drive unwanted outcomes. These constraints might include:

(a) provision of daylight at most or all working locations;
(b) satisfying human thermal comfort constraints (add a reference to the best guidance);
(c) �oor-area constraints determined by the number of occupants.

3. The objective function U to be used in design optimization decisions is the sum of two terms,

U = E + C/a, (1)

where E is the approximate total whole-life energy (in kWh or MJ), de�ned below, C is the building
cost, and a is a weight such as 25 p/kWh. (This weighting should be set by the University or by
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the Department’s representatives: it quanti�es the degree to which the University and Department
value an energy-minimizing design, as speci�ed in the top line of the brief.) [An absolute minimum
justi�able value for a would be the average future expected retail price of energy to the University (eg
12.5 p/kWh or so); that might be appropriate if we did not care about sustainable resource use or climate
change action; in fact, there is a missing carbon price in the global economy, and genuine carbon neutraliza-
tion can be achieved only by measures that suck carbon back out of the atmosphere, and it could be argued
that that cost should be factored into ethical decision-making; even without climate change, one could argue
that society should put a higher price on energy, especially unsustainably-sourced energy. There are thus
multiple justi�cations for setting a to a value such as 25 p/kWh or higher.]

4. E is the sum of �ve parts:
E = EE + EMT + EIU + ET � ER (2)

Embodied energy EE � for simplicity this will be deliberately approximated; the approximation
will be reviewed during the design to ensure it is not producing unintended consequences.
With m running over materials, im denoting the energy intensity of the mth material (in MJ/kg
or kWh/kg), and mm the mass of the mth material brought to site:

EEE = å
m

immm

The material list might be: glass, wood (possibly sub-categorized), aluminium, reclaimed
steel, new steel, concrete, cement, brick, plastic, electronic device, other. Any item not well
captured by the above list (for example a crystalline silicon solar panel) should be given
individual treatment, if doing so would make a substantial difference to the optimization
of the design. Note: Reclaimed materials should not be assigned zero energy intensity �
attribution of the energy savings is arbitrary, but as a rough rule of thumb, to be reviewed
during the design, we might let reclaimed materials have half the energy intensity of fresh
ones.
[Let’s roughly estimate how this will come out � How many tonnes of steel in a building? Plausible
that it might be one tonne per person, like a car? 1000 kg /person * 1000 people * 6 kWh / kg * 3.6
MJ/kWh = 21.6e6 MJ. Express in kWh per day per person: 6000 kWh/(365.25 days/year * 50 years) =
0.33 kWh/d/p.]

Material Transport Energy EMT � Let M be the total mass of materials brought to site. Let m0
be the total mass removed from site (the sum of any discarded building materials and any
other mass removed from the site during site preparation). Material transport energy EMT =
m(M + m0), where m might be set to 3.6 MJ/t-km � 200 km = 720 MJ/t. (The transport distance
is set on the high side (200 km) to re�ect the additional non-energy disbene�ts associated with
heavy goods vehicle movements.)

In-use energy EIU � Let T be the intended life of the building (say 50 or 100 years).
The in-use energy is T times the estimated actual total energy consumption rate, measured
at the electricity meter and the gas meter. (The energy consumption of a small number of
experimental facilities is excluded from this total, since it is outside the control of the building
designers and constructors.)
The decision that electricity and natural gas are weighted equally, MJ for MJ (rather than
up-weighting electricity), will be reviewed during the design to con�rm that it produces no
perverse consequences. If a design needs to make use of any other fuels, the Department’s
representatives should be consulted to con�rm the weighting.
The actual annual energy use will be measured for the �rst Y years (eg 4 years?) of occupa-
tion and the designers and constructors will be jointly incentivized (through a risk-sharing
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Local travel

mode cm (MJ/trip)

foot, cycle 0
car (local) 16 � 3.6 = 57.6 (20 km in single-occupancy car at 80

kWh/100 km)
bus 2*3.6 = 7.2 (20 km in bus at 10 kWh/100 p-km)
EV 2*3.6 = 7.2 (20 km in EV at 10 kWh/100 p-km)
UEV 0.5*3.6 = 1.8 (20 km in ultra-light electric-vehicle at 2.5

kWh/100 p-km)

Longer -distance travel

mode cm (MJ/trip)

carLD 160*3.6 =576 (200 km in single-occupancy car at 80
kWh/100 km) (for national car trip (eg return to Bath or
Birmingham))

Rail 16*3.6 =57.6 (400 km in train at 4 kWh/100 p-km) (for na-
tional rail trip (allowing for longer route thanks to silly rail
network))

Flight 12000*3.6 = 43200 (LA return by plane, assumed full)

arrangement) to ensure that the actual energy use, post-commissioning, is consistent with
their projections.

Occupants’ energy for transport ET � The design should be accompanied by a reasoned descrip-
tion of the predicted transport footprint of the occupants and visitors to the building, includ-
ing number of car journeys, number of bus journeys, number of foot journeys, number of
electric-vehicle journeys, and number of rail and air journeys per year. Typically the energy
footprint associated with transport will be much larger than the embodied energy and in-use
energy of the building, so we strongly favour building designs that promote low total trans-
port energy. This simple model will be used (with T = an intended building lifetime, eg 50,
100, or 200 years � the duration of impact of the design choices made today):

ET = T

 

å
m

Nmcm

!

where Nm is the rate of return trips of mode m, and cm is an energy cost per trip. We would
hope for a design that favours some switches of local travel from car to bus or bicycle, possibly
some switches of longer distance travel from car to train (through excellent interconnection to
public transport), and switches of long-distance travel to videoconferencing.
Example approximate energy costs are as follows:
Provision of excellent attractive and convenient videoconferencing facilities could be deemed
to perhaps reduce all long distance journeys by 50%. If T = 50 years and there are N = 1000
people in the building each taking one �ight per year, then the energy bene�t of videocon-
ferencing according to this crude model, from �ight reductions alone, could be 2.2e9 MJ (6e8
kWh). Similarly, excellent integration with an attractive bus service might be deemed to
switch 100 individuals from car to bus for 200 days per year, saving 200*50*(14*3.6)*100 =
0.05e9 MJ.
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Reclaimable energy thanks to design for disassembly and reuse ER � Energy credit will be given
where there is a credible account of reuseability of components such as steel beams. The credit
will be scaled down by [0.5], or perhaps more to allow for the material inef�ciency of reuse,
that is, the scrapping [virtual or actual] that is likely when a component is put to a new use
for which it was not perfectly designed.

5. For avoidance of doubt, there is no credit for on-site generation of energy, nor for energy ef�ciency
measures. Such measures are already incentivised by our metric’s emphasis of energy-use by the
building. If a design has on-site generation that will sometimes export electricity from the building,
these exports must be scaleable in the sense that there must be a credible nearby demand for that
electricity at the time the excess electricity is generated (for example, an air-conditioning load in a
nearby building); subject to this constraint, such net electricity exports from the building will be
credited in our metric at a rate of (say) b = 5 p/kWh.

6. Four trivial alternative ways of de�ning the objective U (1), which may be useful in certain contexts,
are: the energy-weighted cost

CU � aU = C + aE;

the energy-weighted cost per person per year,

cU � CU/(NT),

where N is the average effective number of building occupants (for example, the number of em-
ployees) and T is lifespan of the building (for example T = 50 years); the cost-weighted power per
person (which might be measured in kWh per day per person),

pU � U/(NT);

and the cost-weighted power per unit area, (which might be measured in kWh per m2 per year or
in W/m2),

pUA � U/(NTA),

where A is the �oor area of the building.

In the next draft of this note I will spell out a few examples of how these alternative metrics might
be useful for different aspects of the design.

Annex 2: Questions and Answers

Won’t the uncertainties of some of the quantities in the objective function U be enormous?
Yes, but that is not a reason for ignoring them! Good decision making should take into account all

the uncertainties.

Won’t the uncertainties of some of the quantities in the objective function U be bigger than the size of
potential design effects?

Yes, but that doesn’t matter. If a design change de�nitely reduces the total U by a material amount,
then it doesn’t matter that U itself is uncertain. If on the other hand it is highly uncertain what the effect
of a design change is on U, then that would justify careful further thought and analysis.
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Won’t the evaluation and optimization of this objective slow down the design process, which needs to
be fast?

The building, and the consequences of its design decisions, are going to last for 100 years. The
objective of making a genuinely low-energy building is important, and the design process must if
necessary be constrained to proceed at a pace consistent with achieving this objective.

Transport is a major part of U, but it isn’t something that the designers can change.
We disagree.

1. The designers can think hard about how to design the building such that public transport, cycling,
and walking are attractive to the building’s users. For example, how about a design for the new Physics
and Engineering buildings in West Cambridge in which elevated walkways and cycleways provide attractive
routes to avoid road-crossings? How about planning a building design that integrates with a an elevated
cycleway over Madingley Road? Such a design would change the transport decisions of a person who
would otherwise say �I don’t like crossing Madingley Road by bike � it’s so busy and the traf�c lights take
for ever�.

2. The designers can focus attention on providing videoconferencing facilities that are so user-friendly
that people will videoconference instead of travel. Not only are the potential energy savings large,
the potential �nancial savings to the University are enormous � if every researcher takes one less
�ight per year then the �nancial savings over 50 years are similar to the entire cost of the building!
These genuine �nancial savings could be spent on the University’s goals of teaching and research.

3. The designers can pay attention to the provision of parking and charging for lightweight electric
vehicles.

The draft energy brief sets out areas in which the whole life cost should be incorporated into the build
cost. This is logical but doesnt �t into the standard budgeting of construction?

Yes. Certain chosen elements will indeed be more expensive than �normal� solutions. It has been
suggested to us that when the project gets underway an additional detailed budget needs to be clearly
set out and ring-fenced to cover the costs of the expensive elements.

Acknowledgements

Thanks to: Kirsten Henson, Shaun Fitzgerald, Tim Jervis, Joel Gustafsson, Max Fordham, and Danielle
Tingley for their generous expert advice; and to the Move West Energy Committee � David Cebon,
Andrew Gee, David Green, Peter Guthrie, and Jon Cullen.

Notes

Target: 15 kWh/m2 /year for heating. 1 kWh/day/person for all energy? too small... Assume 15m2 per person,
then (1/15) kWh/d/m2 �! 24 kWh/m2 /year.

Target: 1 kWh/d/p embodied energy, 1.5 kWh/d/p use (heating, lighting, computers).... target roughly 2
kWh/d/p for those.

Check: If the building cost ends up being C = 100 M pounds then C/a/N/Y = 100 M pounds / ( 0.24 pounds
per kWh ) / 1000 people / (50 � 365 d) = 23 kWh/d/p.

C = 100 M pounds could also be thought of as (100 k pounds per person; 2k pounds per person per year �
similar to the potential avoided cost of the air travel!)

Should we include an explicit �nancial opex too? Perhaps so, because we could justify the cost of an extra
member of staff whose role is to run around �xing things, checking, etc. Could even justify them being on the
payroll of the constructor and builder?
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Should we allow the design to be in�uenced by any government incentives such as feed in tariffs or renewable
heat incentive? I’d like a methodology that leads to long-term rational buildings. It could be argued that it is
rational to exploit incentives. But we know what this leads to � it leads to a school in Impington carefully NOT
insulating their leaky structure, but instead installing a biomass boiler, to maximize the subsidy cash they receive.
So I’d say that the objective should take into account running costs but not government incentives.
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Façades and HVAC systems 
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Cardboard ductwork 
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Kill Switches 
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Thermochromic Fins 
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Photovoltaic Array 

 

prepared by Jeremy Climas and Ben Leary, Max Fordham 
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For the PV array to meet the masterplan requirements the panel area would need to be excess of 
396m². However, by reasonably accounting for over shading by both panels and chimneys it is not 
possible to meet this target at a 30° panel inclination. By angling the panels at 10° the panel area of the 
array can be significantly larger but still does not meet the 25% target. Both options utilise in excess of 
50% of the total roof area and are detailed below 

 
Option 1: Maximum practical size of PV array 

Option 2: Energy Efficient 
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The two array options were costed for both high and low efficiency PV Panels by Playfords, a PV supplier 
and contractor, and uplifted by 50% to give a total project cost. 

Panel 
Efficiency 

Option 1 - 326m² @ 10° Option 2 - 220m² @ 30° 

Peak Output 
(kWp) 

Annual Yield 
(MWh) 

Cost (£) Peak Output 
(kWp) 

Annual Yield 
(MWh) 

Cost (£) 

15% 58.8 52.5 £123,000 33.8 33.8 £75,000 

20% 77.6 69.3 £175,500 44.6 43.3 £106,500 

  

The embodied energy the PV panel is estimated to be 500 kWh/m2 of panel and the Lifespan is expected 
to be a minimum of 25 years.  

The ���Œ�����l���À���v�����o�‰�Z���U���rBE is calculated as: 

�Ù�»�¾
L ��

F���<�%�K�O�P���:�I�;���.�E�B�A�O�L�=�J���:�;�N�O�;���=


F���<�'�J�A�N�C�U���)�A�J�A�N�=�P�E�K�J���:�G�9�D���U�N�; 
F �:�'�I�>�K�@�E�A�@���'�J�A�N�C�U���:�G�9�D�;���.�E�B�A�O�L�=�J���:�;�N�O�;�;�=��
 

The results are tabulated below. 

Panel Efficiency Option 1 �rBE Option 2 �rBE 

15% £0.1070 /kWh £0.1020 /kWh 

20% £0.1115 /kWh £0.1095 /kWh 

 

Conclusion 
In terms of Energy/Cost metric the low cost, lower efficiency panels perform better that the higher cost 
higher efficiency panels. Additionally the optimised orientation option performs better against the 
Energy/Cost Metric in both scenarios as the annual yield per panel increases. As such the best option 
under energy cost metric is low efficiency panels arranged installed at 30° incline. 

Recent Developments 
From recent discussions with UKPN in relation to new PV installations, it has become apparent that their 
infrastructure is under a large amount of strain and restrictions are being placed on new grid linked 
arrays.  

�x All new PV installations are to be installed with an Export limiter. (Approx. £8,000 cost) 
�x Export limiters are to be set to zero, so no electricity is exported to the grid. 
�x Installations over 11kWp will not be allowed to connect to the grid infrastructure, with or 

without an export limiter. 
 
The implications of the above requirements will not only impact the inset masterplan, but the entirety 
of the West Cambridge Development. As it stands the Civil Engineering building would be unable to 
meet its PV area targets with an 11kWp array. Leaving the department and masterplan with several 
options: 
 

�x Present a reduced PV capacity to the planners, highlighting the issues to them. 
�x Keep the larger PV array and wait for UKPN to carry out the required infrastructure upgrades. 
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Structural Frame and Floor System 

 

prepared by Katie Symons and Simon Smith, Smith & Wallwork Engineers 
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1. Introduction 

This paper is written at completion of RIBA Stage 3 and relates to the new Civil Engineering Building, 
the first building in the Cambridge University Engineering Department (CUED) move to the West 
Cambridge Campus. It addresses the following aspects associated with Design for Deconstruction 
(DfD): 

�x A brief background to DfD is given. 

�x DfD measures adopted in the design in particular the pre-cast concrete floor planks. 

�x DfD stage 1 tender performance specification.  

�x Review of the DfD proposals using the Energy Cost Metric. 

 

2. Summary 

The new Civil Engineering Building comprises a steel frame supporting pre-cast concrete floor planks 
with a concrete raft foundation. The floor system is a bespoke pre-cast concrete plank. Planks bearings 
are bolted to steel beams and adjacent planks are bolted together. 

The CUED brief for the for the new building includes issues such as low whole life energy, design for 
manufacture, adaptability, embedded sensors and design for deconstruction as well as visible 
engineering to be considered.  

In addition to these brief requirements the design of the building must accommodate future 
extension, it forms the first element of a long linear building in the masterplan. 

All this means that the new Civil Engineering Building will not be business as usual. The design team, 
main contractor and sub-contractors will need to invest extra time to design, manufacture and install 
certain elements of the building that are bespoke. In this respect cost plan is enhanced to reflect the 
brief requirements. 

DfD in construction is not often considered (albeit indirectly it is through a health and safety 
requirement to consider safe demolition). In manufacturing industries (electrical goods and 
automotive) end of life (ie recycling and re-use) is starting to become the norm. 

At the new Civil Engineering Building the adoption of DfD will allow both the steel frame and pre-cast 
concrete planks to be re-used. It has other potential benefits including the elimination of wet trades 
on site, it allows easier adaption of the building in the future and it gives more control over the quality 
of exposed concrete soffits (when compared to standard pc hollow core units). In developing a DfD 
pre-cast concrete floor system there is potential for an academic research paper, such a system does 
not yet exist, it would be a first. 

DfD also generates some cost and risk issues. Bespoke pre-cast concrete is not widely available in the 
UK and as such tendering opportunities will be limited. In addition to this the slightly unusual nature 
of the bolted connections means that significant time and effort is required in order to get a reliable 
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price for the fabrication and installation, something that many sub-contractors are not willing to do 
(especially in a competitive situation). This has already been the case with Smith and Wallwork market 
testing indicating a wid���� �Œ���v�P���� �}�(�� ���}�•�š�•�� ���v���� �]�v�š���Œ���•�š�� �~�����•�‰�]�š���� �����š���]�o������ �Z�š���v�����Œ�[�� �]�v�(�}�Œ�u���š�]�}�v�� �����]�v�P��
provided). 

An energy cost metric study has been carried out on the current stage 3 design (DfD compliant steel 
frame and precast floor planks) and compared to an industry standard design (DfD non-compliant 
steel frame and pc hollow core planks). Overall the DfD design is likely to save in the region of 
750,000kWh of energy. However, the DFD design is likely to attract in the region of £300,000 
additional construction cost when compared to an industry standard pc hollow core solution. Using 
�š�Z�������v���Œ�P�Ç�����}�•�š���u���š�Œ�]�����]�š�������v���������•�����v���š�Z���š�����v�����v���Œ�P�Ç�����}�•�š���}�(���ñ�ì�‰�l�l�t�Z���]�•���Œ���‹�µ�]�Œ�������š�}���Z�i�µ�•�š�]�(�Ç�[���š�Z�������(����
investment. 

Alternatively, if an energy cost of 25p/kWh is taken, then the maximum premium for DfD measures 
would be in the order of £33/m2 or £125,000 construction cost to establish the lowest value of F. 

It should be noted that the energy cost metric may not be the only consideration in the selection of 
the concrete floor plank solution. Other issues such as adaptability and soffit quality should also be 
considered. 

 

3. Background to Design for Deconstruction 

The UK construction industry has a long history of government review, each recommending 
opportunity for improvement. 

�x 1934 - �Z�Zeaching for the Ski���•�[ 

�x 1944 - the Simon Report 

�x 1967 - the Barnwell Report 

�x 1994 - the Latham Report 'Constructing the Team' 

�x 1998 - t�Z�������P���v���Z���‰�}�Œ�š���Z�Z���š�Z�]�v�l�]�v�P�����}�v�•�š�Œ�µ���š�]�}�v�[ 

Whilst none of these reviews directly addressed design for deconstruction, both the Latham and the 
Egan reports highlighted opportunities for the industry to move away from crafting bespoke buildings 
on site to manufacturing and installing buildings. Design for manufacture (as it is known) by default 
starts to introduce opportunities for design for deconstruction. 

The website www.designingbuildings.co.uk highlights a number of common principles in the design 
for deconstruction process: 

�x Design for prefabrication, preassembly and modular construction: Prefabricated units are 
easily deconstructed and can be transported in large units. 

�x Simplify and standardise connection details: This allows for efficient construction and 
deconstruction and reduces the need for multiple tools. 

http://www.designingbuildings.co.uk/
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�x Consideration of worker safety: The design should aim to reduce potential hazards and the 
use of potentially hazardous materials. 

�x Minimise building parts and materials: The design should aim to minimise the amount of 
building materials and equipment required. 

�x Select fittings, fasteners, adhesives, sealants etc that allow for disassembly. 

�x Reduce building complexity: This will reduce costs and improve buildability as well as 
simplifying the deconstruction process. 

�x Design with reusable materials: Consideration of materials that are adaptable and will be 
useful in the future. 

�x Design for flexibility and adaptability: The design should consider any future renovations or 
adaptations that may be required to extend the life of the building 

Professor of Engineering and the Environment at Cambridge University, Julian Allwood is focusing on 
�š�Z���� ���Œ������ �}�(�� �u���š���Œ�]���o�� ���(�(�]���]���v���Ç�X�� �K�v���� �}�(�� �Z�]�•�� �Œ���•�����Œ���Z�� ���Œ�����•�� �]�•�� �Zto enable material re-use prior to 
destructive re-cycling�[�X��The principles of his work have been used to inform the structural frame and 
floor design for the New Civil Engineering Building. 

 

4. Stage 3 Building Design 

The new Civil Engineering Building is a three-storey structure providing 4,375m2 of specialist lab and 
workshop, seminar and office space. It will be located on the east boundary of the West Cambridge 
campus and forms the central section of what will become a large linear building. It is designed to be 
extended to the north and south elevations. 

4.1. Proposed Structure 

The proposed structure is a three-storey steel frame supporting bespoke pre-cast concrete planks. 
The structure will be exposed as part of the internal finish of the building. The primary structural 
grid is 7.2m by 10.8m with requirement for localised column transfers over the main structures 
lab and entrance foyer. This primary structural grid of 7.2m by 10.8m covers 75% of the building 
footprint, maximising the opportunity for repetition in the structural frame. 

The steel frame has been designed to accommodate future extension, future provision for services 
distribution and to accommodate different cladding solutions. The connections of the steel frame 
are designed as bolted with no site welding. 

The concrete floor and roof planks have been designed with bolted connections to adjacent planks 
and to the top flanges of the steel beams. 

The proposed sub-structure is a concrete raft with a localised steel intensive basement below the 
structures lab strong floor. Silent piling methods are employed to form the basement in order to 
minimise ground vibrations which will affect nearby vibration sensitive research work.  
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The structure has been developed with clear benchmark targets (materials quantities and cost) to 
focus the design on achieving an economic design. The design currently lies below the 75kg/m2 
steel benchmark established and a structure target cost of £325/m2 has been set and tested to 
reflect the exposed nature of the design. 

Elements of structure that represent off-site manufacture and/or pre-fabrication are precast floor 
planks, steel frame and sheet piling. These elements represent 50% of the total cost of the sub- 
and super-structure package. 

4.2. Options Considered 

The brief for the CUED Move West project calls for the design to consider a number of distinct 
strategies when developing the proposals for the Phase 1 building, namely: 

�x Low life energy 

�x Design for manufacture 

�x Adaptability and Upgradability 

�x Embedded intelligence monitoring  

�x Design for deconstruction 

In addition to these requirements fire, thermal mass, vibration, acoustics and services routing 
were also considered in the appraisal of insitu concrete, precast concrete, steel and timber frame 
options. 

An initial parametric study focussing on the CUED energy metric reviewed insitu flat slab, steel 
frame and precast floor planks and steel frame and CLT floor planks. This study (which 
incorporated sub-structure) highlighted that a steel frame with precast floor planks delivered the 
lowest energy solution. 

A second study using the Civil Engineering Building structural grid introduced the ten assessment 
criteria established and precast floor planks and steel frame scored highest. 
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Significant market testing was carried out in order to develop options for the precast floor planks. 
Fifteen precast companies were asked to review and provide costs for a bespoke precast plank 
solution. The current cost plan allowance of £180/m2 for this element of the build has determined 
the adoption of bespoke precast bolted plank system. 

 

5. Design for Deconstruction Contract Specification Requirements 

A project specific specification that encompasses design for manufacture and design for 
deconstruction has been produced by Smith and Wallwork and included in the stage 1 tender 
documentation. The relevant clauses from the specification relevant to DfD are reproduced below. 

4.1 Design for Deconstruction general overview 

Design for Deconstruction (DfD) is an emerging concept which looks to promote consideration of 
�š�Z���� �Á�Z�}�o���� �o�]�(���� ���Ç���o���� �}�(�� ���µ�]�o���]�v�P�•�� �]�v�� �š�Z���]�Œ�� �����•�]�P�v�X�� �Z���š�Z���Œ�� �š�Z���v�� �š�Z�]�v�l�� �}�(�� ���� ���µ�]�o���]�v�P�� ���•�� ���� �Z�(�]�v�]�•�Zed 
�‰�Œ�}���µ���š�[�� �µ�‰�}�v�� ���}�u�‰�o���š�]�}�v�� �}�(�� ���}�v�•�š�Œ�µ���š�]�}�v�U�� �š�Z���� ���}�v�•�š�]�š�µ���v�š�� ���}�u�‰�}�v���v�š�•�� ���Œ���� �����•�]�P�v������ ���v����
assembled in such a way as to maximise their potential for future adaptation, easy maintenance, 
���]�•���•�•���u���o�Ç�����v�����(�µ�Œ�š�Z���Œ���Œ���µ�•�������š���š�Z�������v�����}�(���š�Z�������µ�]�o���]�v�P�[�•���o�]�(���X���d�Z�����u��in design principles include 
prefabrication and modularization of building components, and the simplification of connections 
and building systems. By making components easier to remove it is possible to extend or change 
the building to meet the evolving functions over its lifetime, one of the key requirements of the 
new Department of Engineering campus development. 

4.2 Design for Deconstruction applications to the Civil Engineering Building 

It is expected that parts of the building will need to be modified within the design life of the building 
to meet the changing requirements of the research to be carried out within the building. Therefore, 
DfD features of the building should be considered on the basis that components of the building 
shall be required to be deconstructed much earlier than the design life for the building structure. 

Elements of the stage 3 design that embody the DfD principles include: 

�x A steel frame that uses bolted, not welded, connections, 

�x Solid precast concrete planks to form the upper floors, connected using bolted connections 
and steel brackets between planks and to the steel frame, rather than in situ concrete 
stitching. 

Furthermore, as the first phase of the new Department of Engineering campus, it is anticipated 
that buildings of a similar construction will be built adjacent to the Civil Engineering building, 
connecting into the North and South facades. The structural design makes the following 
allowances for this: 

�x Cast in fixings to the raft foundation for connection to the raft foundations of future 
adjacent buildings, 
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�x The design of structural elements (beams and columns) on the North and South perimeter 
to include loads from floors of the future adjoining buildings, 

�x The provision of steel work connecting plates to accommodate easy installation future 
extension at the North and South gables, 

�x The connections for the façade on the North and South perimeter to the structure to be 
easily demountable when the future adjacent buildings come on line. 

4.3 Design for Deconstruction project requirements 

The contractor will be required to report and justify any changes to the design during Stage 4 that 
move away from DfD principles that are included in the stage 3 design. The contractor shall be 
expected to look for ways to introduce elements of DfD wherever possible during the stage 4 
design. 

The contractor shall be required to seek approval from the Client team for the removal of the 
precast concrete plank bolted connection system, or a change from bolted to welded connections 
in the steel frame. 

 

6. Energy Cost Metric and Design for Deconstruction 

Applying the Energy Cost Metric to the structural frame and floor system enables a detailed energy 
review of the proposed structure and in particular allows an energy comparison of the proposed 
bespoke DfD planks with industry standard pc hollow core planks. 

6.1. Input Data 

The energies considered are embodied energy (EE), material transport energy (EMT) and 
reclaimable energy (ER). Whole-life energy (E) is defined in this document as: 

�'�� 
L �� �'�¾�� 
E�� �'�Æ�Í���� �� �'�Ë 

This definition differs from the Engineering Department Energy Metric as it excludes in-use energy 
(EIU�•�����v�����}�����µ�‰���v�š�•�[�����v���Œ�P�Ç���(�}�Œ���š�Œ���v�•�‰�}�Œ�š���~��T). These are not considered to be significantly affected 
by the choice of structural engineering materials as in both cases concrete planks are being used 
(ie thermal mass of the building remains similar). 

The following values have been used in calculating the materials based energy (/t) magnitudes: 

Embodied Energy: 

 Density (kg/m3) Rebar (kg/m3) EE (GJ/t) EE (kWh/t) 
Concrete (precast) 2500 100 2.5 695 
Concrete (prestressed) 2500 35 2.0 556 
Steel 7850 - 20.1 5588 

These are typical cradle-to-gate figures for structural materials used in the UK. 

 
  



   
    

   
 
                                                                                             

20161206_SaW_CUED_Phase 1 Building_Design For Deconstruction_rev 1  Page 9 
 

Transport Energy: 

 Transport (MJ/t-km) Transport (km) EMT (GJ/t) EMT (kWh/t) 
Concrete (precast) 3.6 300 1.1 300 
Concrete (prestressed) 3.6 300 1.1 300 
Steel 3.6 300 1.1 300 

These figures assume transportation to site on diesel heavy goods vehicles, over distances typical for UK construction 
sites.  

 
Reclaimable Energy: 

 Reclaimable (factor) ER (GJ/t) ER (kWh/t) 
Concrete (precast) 0.0 0.0 0.0 
 1.0 2.5 695 
Concrete (prestressed) 0.0 0.0 0.0 
 1.0 2.0 556 
Steel 0.0 0.0 0.0 
 1.0 20.1 5588 

These figures assume a certain percentage of the material can be reused at the end of its service life, and re-used (rather 
than recycled) in a new building, with the credit taken by the original building. The factor is the fraction of the structural 
frame that could reasonable be assumed to be reused, and consequently the ER is the material embodied energy saved 
by substituting new materials for reused. (note: ER is subtracted rather than added in the Whole Life Energy definition).  

 
Total Energy: 

  E (GJ/t) E (kWh/t) 
Concrete (precast) 0% re-use 2.9 995 
 100% re-use 1.1 300 
Concrete (prestressed) 0% re-use 2.6 856 
 100% re-use 1.1 300 
Steel 0% re-use 16.2 5888 
 100% re-use 1.1 300 

 

6.2. Scenarios Considered (Energy Only) 

The stage 3 design of the new Civil Engineering Building uses approximately 270t of steel and 
3800m2 of 250mm thick bespoke precast planks. The embodied energy and transport energy of 
the stage 3 structure frame and floor system is 3.2x106kWh and 0.8x106kWh respectively. 

When comparing this design to an industry standard pc hollow core plank system and steel frame 
(assuming a 10% in steel tonnage due to lighter weight planks), the embodied energy and 
transport energy of the stage 3 structure frame and floor system is 2.1 x106kWh and 0.5 x106kWh 
respectively. This represents a saving of 1.4 x106kWh prior to any re-use scenario. 

A range of re-use scenarios has been considered and is presented below.  

�x Option 1: Bespoke bolted pc planks & steel frame 100%/100% re-use of steel and concrete 

�x Option 2: Bespoke bolted pc planks & steel frame 80%/80% re-use of steel and concrete 

�x Option 3: PC hollow core planks & steel frame 35%/0% re-use of steel and concrete 
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�x Option 4: PC hollow core planks & steel frame 0%/0% re-use of steel and concrete 

The re-use potential for the current stage 3 design with bespoke bolted planks ranges from option 
1 full re-use (ie 3.2 x106kWh) to option 2 80% steel frame and pc plank re-use (ie 2.5 x106kWh). 

The re-use potential for the pc hollow core plank and steel frame ranges from option 3 partial re-
use of the steel frame (ie 0.5x106kWh) to option 4 0% re-use of the steel frame and planks (ie 
0kWh). The pc hollow core plank option involves grouted and shear stud connected planks to 
beams and as such de-construction without damage is limited. 

It is estimated therefore that the total energy saving in adopting a DfD approached is likely to be 
in the region of 0.75x106kWh (ie option 2 vs option 3). 

 

 

6.3. Scenarios Considered (Energy and Cost) 

Within the energy brief, an Energy Cost Metric was defined with the intention that design 
decisions are to be made on the basis of resulting in a minimum value of the objective function, 
F, where: 

�x �&���A�������=�����l�r�� 

�x E is the approximate total whole-life energy (in kWh or MJ), defined below,  

�x C is the cost,  

�x �r���]�•�������Á���]�P�Z�š���•�µ���Z�����•���î�ñ���‰�l�l�t�Z�U���š�}�������������š���Œ�u�]�v���������Ç���š�Z�����h�v�]�À���Œ�•�]�š�Ç�X 

The following cost data has been taken from AECOM stage 3 revision 3 cost plan: 

�x Steel £2000/t 

�x Bespoke pc planks £180/m2 

A cost of £100/m2 has been taken for pc hollow core planks which includes grouting, shear stud 
connection to beams and an enhancement for visual soffits and detailing around columns. 
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An analysis of all for options has been underta�l���v���(�}�Œ���À���Œ�Ç�]�v�P���r���À���o�µ���•���~�í�ì�‰�l�l�t�Z���š�}��80p/kWh) and 
these are represented on the graph below. 

 

The results of the energy cost metric review when applied to DfD can be summarised as follows: 

�x At 25p/kWh the minimum value of F is achieved by option 3, steel frame 35% re-use and 
pc hollow core planks with 0% re-use. 

�x At 30p/kWh the minimum value of F is achieved by option 1, steel frame 100% re-use and 
bespoke precast planks with 100% re-use. 

�x At 50p/kWh option 2 (steel frame 80% re-use and bespoke precast planks with 80% re-
use) has a lower value of F than option 3 (steel frame 35% re-use and pc hollow core 
planks with 0% re-use). 

�x If a 25p/kWh unit of �r is to be used as a basis of choosing whether DfD measures are 
justified from an energy cost metric, then the spreadsheet shows that a premium of 
£33/m2 or  

The full data set can be seen in appendix C. 
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Appendix A 

Stage 3 drawings 
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Appendix B 

Market testing 
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Appendix C 

Energy Cost Metric and Design for Deconstruction
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The energy cost metric study carried out in this report analyses four different structural frame options 
which are presented below along with the data sets used. 

�x Option 1: Bespoke bolted pc planks and steel frame 100%/100% re-use of steel and concrete 

�x Option 2: Bespoke bolted pc planks and steel frame 80%/80% re-use of steel and concrete 

�x Option 3: PC hollow core planks and steel frame 35%/0% re-use of steel and concrete 

�x Option 4: PC hollow core planks and steel frame 0%/0% re-use of steel and concrete 

Materials data set: 

  
  

Option 1 data set: 

 

Option 2 data set: 

 

Option 3 data set:  

 

Option 4 data set: 

 

Density Rebar EE EE

(kg/m3) (kg/m3) (GJ/t) (kWh/t)

Concrete 
(precast)

2500 100 2.5 706

Concrete 
(prestressed)

2500 35 1.9 518

Steel 7850 - 20.1 5588

Transport Transport EMT EMT

(MJ/t-km) (km) (GJ/t) (kWh/t)
Concrete 
(precast)

3.6 300 1.1 300

Concrete 
(prestressed)

3.6 300 1.1 300

Steel 3.6 300 1.1 300

Option 1 - Re-use 100/100% steel/pc planks CEB

weight transport re-use total weight transport re-use total

kg/m2 % steel % planks kWh/m2 beams (t) columns (t) bracing (t) planks (m2)

steel 81 100% 170 91 8 3800

(kWh/m2) 455 24 455 24 kWh 949,228 509,188 44,004 80,727 1,502,420 80,727
precast 625 100%

(kWh/m2) 441 188 441 188 kWh 1,677,035 713,070 1,677,035 713,070

212 793,797

Option 2 - Re-use 80/80% steel/pc planks CEB

weight transport re-use total weight transport re-use total

kg/m2 % steel % planks kWh/m2 beams (t) columns (t) bracing (t) planks (m2)

steel 81 80% 169.875 91.125 7.875 3800

(kWh/m2) 455 24 364 115 kWh 949,228 509,188 44,004 80,727 1,201,936 381,211
precast 625 80%

(kWh/m2) 441 188 353 276 kWh 1,677,035 713,070 1,341,628 1,048,477

391 1,429,688

Option 3 - Re-use 35/0% steel/ps planks CEB

weight transport re-use total weight transport re-use total

kg/m2 % steel % planks kWh/m2 beams (t) columns (t) bracing (t) planks (m2)
steel 73 35% 152 82 7 3800

(kWh/m2) 407 22 143 287 kWh 850,350 456,148 39,420 72,318 471,071 947,164
pc hollow 400 0%
(kWh/m2) 207 120 0 327 kWh 787,652 456,365 0 1,244,017

614 2,191,181

Option 4 - Re-use 0/0% steel/ps planks CEB

weight transport re-use total weight transport re-use total

kg/m2 % steel % planks kWh/m2 beams (t) columns (t) bracing (t) planks (m2)
steel 73 0% 152.179688 81.6328125 7.0546875 3800

(kWh/m2) 407 22 0 429 kWh 850,350 456,148 39,420 72,318 0 1,418,236
pc hollow 400 0%
(kWh/m2) 207 120 0 327 kWh 787,652 456,365 0 1,244,017

757 2,662,252
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Total energy (kWh) prediction for each option ���'�� 
L �� �'�¾�� 
E�� �'�Æ�Í���� �� �'�Ë: 
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Energy (kWh) for each option by element: 
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Energy cost metric with varying value of �r: 
(steel cost £2000/t, DfD precast planks £180/m2, PC hollow core planks £100/m2) 
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