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Abstract

Buildings are responsible for approximately 40% of global CO2 emissions — one quarter of these being Embodied Carbon, which is front
loaded to the construction period (months) in comparison to operational carbon emissions which usually occur over decades.

Emerging concern about this issue is noted to have driven recent guidance publications and a few countries are preparing legislation to
address the issue. The opportunities with most impact lie at the planning and design stage and require a committed client to ensure that
early decisions are carried through to completion.

This paper analyses the whole life carbon emissions for four fagade options in a case study. Three further case studies are analysed for the
impact of material choice on embodied and operational carbon emissions. All case studies show potential carbon savings depending on
material choice. Even with minor carbon savings for one unit, there is potential for increased saving across multiple units (e.g. hotels and
dwellings). Finally, opportunities to utilize waste products are considered, not only reducing carbon emissions, but meeting the Circular
Economy principle of “keep products and materials in use”.
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Abbreviations

BREEAM Building  Research  Establishment oC Operational Carbon
Environmental Assessment Method OPC  Ordinary Portland Cement
CO2e carbon emissions equivalence in CO2 PET polyethylene terephthalate
EC Embodied Carbon PFA  pulverised fuel ash
EPD Environmental Product Declarations PVC  polyvinyl chloride
G giga (10%) RHA  Rice husk ash
GGBS ground granulated blast furnace slag RIBA Royal Institute of British Architects
HDPE high density polyethyelene RICS  Royal Institute of Chartered Surveyors
ICE Inventory of Carbon and Energy SIPs  Structural insulated panels
km kilometer
LEED Leadership in Energy and

Environmental Design

1. Introduction

There was an eight-fold increase in global material use in the 1900s [1]. With buildings
consuming approximately 40-50% of raw materials globally [2, 3]. Data for 2017 shows that 89
Gtonnes of construction materials were used, which is anticipated to increase to 167 Gtonnes by 2060
[4]. The sourcing, processing, use and disposal of materials has other environmental impacts including
pollution of air, water and land [1] which affect all the species on the planet including humankind. In
Europe, the building industry is responsible for 35% of all solid waste [5]. This paper focusses on the
energy consumption / carbon emissions associated with the built environment whole life cycle which is
associated with materials.

A frequently quoted figure is that buildings are responsible for approximately 40% of global
CO2 emissions; however, it is less frequently acknowledged that over a quarter of these emissions are
due to construction of buildings (Embodied carbon - EC) rather than their operation (Operational carbon
- OC) [6]. It is considered that embodied carbon is increasing as a proportion of total carbon because
building operation is becoming more energy efficient in many countries [7,8] (although overall number
of buildings is increasing) [9]. It is a sobering thought that cement generated 2.8 Gtonnes of CO2 in
2015 (8% of global emissions). If the cement industry were considered as a country, it would be the
third highest global emitter of CO2 [10].

Fig. 1 shows life cycle energy and carbon emissions in the built environment; from sourcing of
raw materials to dealing with materials at end of life [11]. A particular issue with the EC emissions is
that the majority are front loaded to the relatively short construction period (months), in comparison to
the OC emissions which occur more gradually during the lifetime of the building (decades). Despite this
significant contribution to whole life built environment carbon emissions, there is little regulation of EC.
However, innovators such as The Netherlands, City of Oslo and Finland are leading the way: a) The
Netherlands are credited with being the first country to implement legislation which imposes limits on
embodied carbon emissions from buildings; b) City of Oslo (Norway) is working towards zero emission
construction sites by 2030; and c) Finland have launched a consultation aiming to implement whole life
carbon foot-printing for new buildings by 2025 [9]. Companies and organisations are also showing
increased awareness of the contribution of embodied carbon to whole life built environment emissions,
examples of this include Burro Happold from as early as 2011 [12], RICS [13], BREEAM [14], LEED
[15], World Green Building Council [9], RIBA [16], Frasers Property [17].
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Fig. 1 Life Cycle energy and carbon in the built environment — operational energy highlighted in blue (Adapted from
[11])

As Fig. 2 indicates, the major reductions in embodied carbon emissions rely on due consideration
at the planning/design stages [18]. A circular economy viewpoint is useful in reducing embodied
emissions. This can be through reusing existing building stock via adaptation and refurbishment, or by
using parts of an existing building or existing components. Where new construction/components are
required, the aim should be to reduce the embodied carbon of the materials used, while ensuring that
occupation and operational efficiency requirements continue to be met [19]. To facilitate future reuse of
components, new buildings should incorporate reversible design (e.g. through decoupling elements with
different life cycles and including demountable constructions) [20].

The aim of this paper is to show examples where design analysis can lead to reduction of carbon
emissions. The focus is on fagades as they account for 13-21% of a building’s embodied carbon [21].



* 100% Build nothing — challenge the root cause of
the need; explore alternative approaches to
achieve the desired outcome

2

4 80%  Build less — maximise the use of existing
assets; optimise asset operation and
management to reduce the extent of new
construction required

“ 50%  Build clever — design in the use of low carbon
materials; streamline delivery processes;
minimise resource consumption

Carbon reduction potential

“ 20%  Build efficiently — embrace new construction
technologies; eliminate waste

I

Planning  Construction Operation and maintenance

¥

Design Commissioning

Fig. 2 Embodied Carbon reduction potential at design/construction stages [18]
2. Methodology

There are two main approaches to calculating embodied energy (and thereby the embodied
carbon emissions); these are:
- Input-ouput approach which is based on a country’s economy inputs (e.g. materials) and outputs
(e.g. emissions. This is not specific to a particular manufacturing process or product and has
issues relating to data aggregation, homogeneity assumptions, age of data etc. [22]
- Process based approach which relies on tracking individual processes used in the manufacture
and transport of the product. This suffers from truncation errors associated with the level of
detail required to carry out the approach in detail [23]
An investigation of each approach in relation to the scale of the study concluded that the input-output
approach is only suitable for large scale studies (e.g. countrywide) [24]. For this reason, the process
approach was chosen for the embodied energy calculations within this study.

The use of building simulation tools is well established for the calculation of operational
energy/carbon.

Four case studies will be selected to consider material options, three of these will focus on
facades while the last will consider green (vegetated) roof options. The case studies are:
- Resort bungalow facade, Peru
- Hotel facade, Greece
- Townhouse fagcade, UK
- Lecture Rooms, green roof, Mexico
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In all cases the construction stage has been addressed considering the sourcing of materials
(including transport to site from source, not retailer). Some have also considered the installation phase
with waste disposal, construction equipment and personnel transport. Where possible, local EC data for
the material is used e.g. from Environmental Product Declarations (EPDs) of local manufacturers. If
local EC data could not be found, data from the ICE Database V2.0 has been used [25] with personnel
transport emissions of 172.5 gCO2e/km, and 106.7 gCO2e/km for road haulage [26]. OC has been
addressed by specifying equivalent U-value facade materials or by building simulation using Design
Builder software. The impact of maintenance and end of life was analysed for the Resort bungalow
(Peru) to ensure whole life carbon has been analysed.

In addition, the potential of incorporating waste products into facades will be considered,
through two different approaches.

3. Case Study Results

3.1 Resort Bungalow fagade, Peru

The bungalow represents guest accommodation at a proposed ecolodge in Lima, Peru. There
will be eighteen earth embedded bungalows of the same design with a footprint of 54.7m>. The walls
(90.18m?) must be capable of supporting 200mm reinforced concrete slab roofs. A 50 year life period
was assumed for the whole life analysis, this was based on studies of construction lifetime in seismic
zones [27].

The facade options considered were:

- steel reinforced concrete (150mm thick); however, this is uncommon in such rural areas,
- fired clay brick (230mm thick) reinforced with concrete columns,
- dressed stone (350mm thick) reinforced with concrete columns (due to absence of local regulation
for use of stone in structural walls),
- adobe bricks (400mm thick) reinforced with bamboo cane and geogrid.
These are presented in Fig. 3.

F— > 0 5/5" Steel rods
(Vertical)

@ 3/8” Steel stirrups
(horizontal)

c) Dressed stone (concrete columns) d) Adobe bricks (cane)

Fig. 3 Facade options for Resort bungalow, Peru © Alvaro Ponce de Leon Saavedra, 2018
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The material embodied carbon per mass and transport distances, along with personnel transport

data are indicated in Table 1. Due to the remote location and scale of the project, powered construction
equipment is limited to concrete mixer, concrete vibrator and steel cutter. The comparative embodied
carbon for each bungalow is presented in Fig. 4. Quarried material and concrete are the major carbon
emitting components for each fagade option, with reinforcement being the next major component

(plastic geogrid for adobe and steel for the others).

OC simulation was based on 4 occupants from 17:00 to 08:00 for each bungalow. Heating

(setpoint 19°C) with mechanical ventilation provided 17:00-08:00 May-November.

Cooling is

provided December-April (setpoint 26°C) from 17:00-20:00 with mechanical ventilation from 17:00 to
08:00. In months when heating/cooling are not provided, natural ventilation is used.

Table 1 Material embodied carbon and transport distances — Resort bungalow fagade, Peru

Transport distance —

Embodied carbon

road (km) tonne CO2e/tonne material

Aggregate 49.7 0.005 [25]

Bamboo canes 84.9 0.720* [25]

Bricks 44.2 0.240 [25]

Earth 2 0.024 [25]

Geogrid (polypropylene)  64.5 3.430 [25]

OP Cement 47.3 0.950 [25]

Sand 49.7 0.0051 [25]

Steel reinforcement 273 1.400 [25]

Stone 6.24 0.079 [25]

Straw 15 0.010 [25]

Personnel 28.6 (return journey) 0.1067E-3 per km [26]

* Embodied carbon data for bamboo canes could not be found — it is often assumed to be negligible or even negative
(presumably not allowing for emissions at end of life) [23, 28]. To avoid unfair bias, data has been taken for general timber

[25] instead — this is expected to slightly overestimate the emissions attributed to bamboo.

12

tonnes CO2e/bungalow
o N S (o)) 0]

Concrete Brick
M personnel travel
equipment

M plastic

W cement, mortar, concrete etc B timber

M quarried material

Fig. 4 Embodied carbon components of facade options for Resort bungalow, Peru

I I —— !

Stone Adobe

B waste removal

H misc (straw)
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Annual maintenance during operational phase included wall washing (pressure washer) twice a
year for concrete and stone, or repainting twice a year for fired clay brick and adobe. Seismic-effect
maintenance included wall surface repair for minor damage, with more significant reconstruction once
in a 30 year period for fired clay and adobe structures.

End of life assumes deconstruction using pneumatic demolition hammer as required. Reusable
materials (eg. stone, earth) would be used locally, with metal transported 50km for recycling, while
residuals would be transported 3km to landfill.

Fig. 5 illustrates the relative significance of carbon emissions across embodied, operational,
maintenance and end of life. This has been normalised to one square meter of bungalow footprint.

From the four fagade options, it can be observed that potential embodied carbon including
installation (fagade only) ranged from 10.2% of whole life carbon emissions for adobe, through 31.2%
for concrete and 31.8% for stone to 33.9% for brick. It is acknowledged that the operational carbon
emissions are particularly low in this scenario. It is also noted that the end of life emissions were
relatively low; however, this doesn’t account for the loss of material resource which could reduce carbon
emissions in a future construction project, particularly important for concrete and brick options. The
adobe wall offered a 25% reduction in lifetime carbon emissions compared to brick — offering a saving
of 142 tonnes lifetime CO2 over the project (eighteen bungalows).

0.6
0.5
0.4
0.3

0.2

tonnesCO2/m2 (50 yrs)

0.1
0 —
Concrete Brick Stone Adobe
B Embodied carbon M Installation B Operational carbon B Maintenance M End of Life

Fig. 5 Whole life (50 yr) carbon/m” footprint of facade options for Resort bungalow, Peru

3.2 Hotel facade, Greece

Typically, Greek three-star hotels use the ground floor as a reception zone and have four
guestroom floors with the layout presented in Fig 6. A 35 year lifetime was assumed for the whole life
analysis based on EPD lifespan for the expanded polystyrene insulation [29], as this is a key component
of the fagade structures. Fired brick (high thermal mass) and steel drywall (galvanised studs with dry
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applied layers resulting in low thermal mass) options were analysed, each with cavity and external
insulation structures —all with a total thickness of 320mm. Simplified representations of the structures
are illustrated in Fig. 7. The EC per mass and transport distance of each material is presented in Table 2.

Circulation area (Corridors & stairways)

En suite bedroom L-_ Page | 143

Circulation zone
(7m? per guestroom)

En suite En suite En suite
bedroom 1 bedroom 2 bedroom 3

Guestrooms
zone
3.20m bay 3.20m bay 3.20m bay
width width width |
N/ Typical guestroom floor plan  Axonometric view

Fig. 6 Three-star Greek hotel guestroom floor plan and Axonometric view ©Konstantinos Koletsos

Cavity insulation External insulation

a. One coat Whito a. One coat White

2. Cement Plaster RERR) Cemeont Plastor
b (WCP) b (WCP)
b. Primer Cement b. Primer Cement
- - | ¢ Plaster (PCP) . ¢ Plaster (PCP)
. ouT IN . Hollow brick | N c. Hollow brick
BI’I Ck wa | | - d 90x120x190mm d 200x250x250mm
d.  Non-ventilated d. Cement Based
. air cavity ° Mortar with
8. GMW siab Synthetic Resin
b 8 e (CMsr)
0.22m o. Graphite EPS
Double leaf brick wall with cavity Single leaf brick wall with ETICS
insulation (Betics)
(Bcav)
a. Gypsum a  Gypsum
Plasterboards PR Plasterboards
b.  Nonwventilatod b.  Non-ventilated air
air cavity - ‘ b cavity
B c. GMW slab | = c ;-bro Co'ggm Flat
"' N d. Fibre Cement heet (FCS)
Steel drywall ow e S s - ® 4. ComentBased
(FCS) Mortar with
o. Cement Based @ Synthetic Resin
Mortar with (CMsr)
synthetic Resin s e Graphite EPS
(CMsn) [ omm
Lightweight steel drywall with cavity Lightweight steel drywall with ETICS
insulation (LSDetics)
(LSDcav)

Fig. 7 Facade options for hotel, Greece ©Konstantinos Koletsos



Table 2 Material embodied carbon and transport distances — hotel facade, Greece

Transport distance — road Embodied carbon
(km) tonne CO2e/tonne Page | 144
material
Brick 110 0.240 [25]
Cement based mortar with synthetic 38 + 972km by sea 0.230 [30]
resin
Fibre cement flat sheet 322 0.356 [31]
Galvanized steel sheet 319 1.540 [25]
Glass mineral wool 806 1.278 [32]
Graphite expanded  polystyrene 227 3.111 [29]
(15kg/m”)
Gypsum plasterboard 319 0.209 [33]
High density polyethylene membrane 2571
Plastic fixings 2294 3.725 [34]
Primer cement plaster 88 0.213 [25]
Steel fixings 2294 1.460 [25]
Steel reinforcement 44 1.400 [25]
White cement plaster 88 0.213 [25]
Road travel 0.15E-3 per km [25]
Sea travel 0.009E-3 per km [25]

OC simulation was based on average occupancy of 0.08m? in guest rooms. The heating setpoint
was 20°C and the cooling setpoint was 26°C with mechanical ventilation available all year. As each
facade has a U-value of 2.8 W/m?K, there was little difference in the operational carbon emissions. The
higher summer temperatures and resulting use of mechanical services in Greek hotels significantly
increases OC (per m?) in comparison to the Peruvian resort bungalows (Fig. 8). In this case, the
proportion of facade EC is between 2.5 and 10.5%; however, it is still the critical factor between lowest
and highest overall emissions. Steel drywall with external insulation had the lowest combined emissions
over construction and operation; followed by steel drywall with cavity, then brick with cavity and finally
brick with external insulation. The overall saving between the best and worst case here is 0.098 tonne
CO2e/m? (Fig. 8). Considering this difference in an application which currently has 414,127 rooms in a
growing market [35], the difference could accumulate to 608.8 ktonnes CO2.



tonne CO2e/m? (35 yrs)
[

I I I I -

brick cavity steel cavity brick external steel external

M operational M embodied

Fig. 8 Operational and Embodied carbon of fagade options for hotel, Greece

3.3 Townhouse facade, UK

The UK government has acknowledged that approximately 200,000 new homes per year are
required to address a housing shortage — many of these need to be affordable homes [36]. In order to
provide affordable homes it is essential that construction costs are minimised. Potential methods for this
are to a) keep the land footprint small (e.g. 3-storey townhouse), b) share common walls and c) utilise
prefabricated construction. A fagade comparison for a 3-storey townhouse with footprint 4*8m was
made between: a) Traditional brick and block facade b) fully prefabricated Structural Insulated Panels
(SIPs) and c) a hybrid structure of brick and block ground floor with SIPs for upper floors (more
resilient than full SIPs in event of flood).

The EC per mass and transport distance of each material is presented in Table 3. OC has not
been calculated in this scenario as the U-value of each facade type was kept constant. The EC of the
three structures is presented in Fig. 9. A 42.3% EC saving was found between brick and block and
SIPS. The hybrid structure still saved 22.3% in comparison to an entire brick and block fagade. There
is also potential to reduce the EC of the brick and block structure by swapping PUR foam for an
alternative insulation with less impact. Foamed insulation is integral to the SIPs structure so more
difficult to substitute in this scenario.

Table 3 Material embodied carbon and transport distances — townhouse facade, UK

Transport distance — road Embodied carbon
(km) tonne CO2e/tonne material
Brick 98.3 0.240 [25]
Cement 36 0.880 [25]
Concrete block (13MPa) 65.8 0.107 [25]
Mortar 80 0.140 [25]
OSB (SIPs) 76.1 0.450 [25]
Plaster 79.6 0.130 [25]
Polyurethane foam 160 4.840 [25]

Timber (support) 2480 0.310 [25]
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Fig. 9 Embodied carbon of fagade options for townhouse, UK

3.4 Lecture Rooms Green Roof, Mexico

There are many benefits to a green roof. These include reducing urban heat island effect, helping
to manage storm water, improving biodiversity and extending the longevity of roof waterproofing. In
countries where roof insulation is not common, they can also provide a significant reduction to
operational carbon.

This scenario considers a green roof across five adjacent lecture rooms (total 50*10m) based on the
existing 205mm thick cast concrete roof, waterproofed with red asphalt roll (Smm thick) resulting in U-
value of 0.706 W/m’K. Adding a green roof (150mm thick) resulted in a U-value of 0.39 W/m*K. OC
simulation was based on average occupancy of 0.5523m?. There is no heating setpoint, but the cooling
setpoint was 28°C with mechanical ventilation available all year.

The addition of a typical green roof (Fig. 10) reduced the heat gains and losses through the roof,
resulting in an annual energy saving of 123kWh/m®. However, it is still essential to minimize the impact
of the embodied carbon. Eco-friendly alternatives were sought for the substrate and drainage layers.
The selection criteria were: a) must be available within a 160km radius (based on sourcing requirement
from LEED) and also b) at least one of: reusable, recyclable, recycled or natural. Recycled crushed
brick (with the additional benefit of fire resistance) was selected as an alternative to 90% of the compost
for substrate. While recycled synthetic rubber crumbs were selected as an alternative to high density
polyethyelene (HDPE) for drainage (see Table 4 for transport distances and EC per mass). The resulting
“eco” green roof reduced EC by 54.7%.
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Table 4 Material embodied carbon and transport distances — Lecture rooms Green roof, Mexico

Transport Embodied carbon
distance — road tonne CO2e/tonne
(km) material
Compost 54.4 0.020 [25]
Brick — crushed, recycled 3.8 0.180 [25]
Clay - expanded 110 0.02 [25]
High density Polyethylene (HDPE) 7 1.57 [25]
Rubber crumbs, recycled 60 0.244*

* 10% of rubber embodied carbon derived from The Institute for Environmental Research and Education [37].

Typical
Green Roof

b o ki Gl .

Fig. 10 Typical green roof structure (substrate 100% compost, filter polyester, drainage HDPE, root barrier (PVC)
©Margarita Cuesta Lopez

3.5 Case Study Summary

The varying applications and locations of the case studies represent significantly different climate
and occupant expectations, these greatly influence the resulting operational carbon emissions — this is
particularly obvious when comparing the resort bungalow in Peru with the hotel in Greece.

The detailed embodied carbon analysis of the resort bungalow in Peru, showed particularly low
installation and end of life carbon in comparison to embodied, operational and maintenance carbon
emissions. However, the low end of life carbon does not represent the lost opportunity of using the
materials in a future structure.

Each of the case studies showed that careful material choice for construction influenced the whole
life carbon emissions, even when the embodied carbon was a relatively low proportion of the whole life
carbon:

- Using an adobe facade, saved 25% of whole life emissions for the resort bungalow in Peru in
comparison to fired brick (and 23% in comparison to concrete).

- Using a hybrid brick and block bottom storey with SIPS for remaining 2 storeys in a UK
townhouse saved 22% of embodied carbon in comparison to a full brick and block structure. If
conditions allow a full SIPS structure, a saving of 42.3% embodied carbon is possible.
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- For a Greek 3-star hotel, material choice enabled a small reduction in carbon emissions when
considered over construction and operational periods.

- Finally, it was found that the many benefits of a green roof could be obtained while reducing the
embodied carbon by 54.7%. Two of these case studies (Greek 3-star hotel and UK townhouse)
represent growing markets and have potential for application on a much wider scale.
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4. Use of waste materials

Although typical construction materials are required in certain projects, there are many building
projects where other materials can be used. In particular the use of waste materials facilitates the
Circular Economy principle of “keep products and materials in use” [38]. The green roof example in
case study 4 made use of waste bricks and rubber crumbs recycled from tyres as an example of this
approach.

Another option is to use pozzolans from waste to replace a proportion of Ordinary Portland
Cement (OPC). Pozzolans can come from industrial wastes (e.g. ground granulated blast furnace slag
(GGBS) and pulverized fuel ash (PFA)) and also from agricultural wastes (eg rice husk ash (RHA), oil
palm ash from processing waste).

Rice Husk Ash has been investigated as a partial cement replacement in compressed earth blocks
for dwelling construction in Nigeria. Solid blocks with 30% cement substituted with RHA were found
to be structurally and hygrothermally suitable for up to 3 storey load-bearing external structures, while
hollow blocks with up to 50% cement substituted with RHA was found to be structurally suitable for
internal non-load bearing structures (partitions). The partial replacement of cement reduces the cost of
materials which is essential for a country which requires 17 million units of affordable housing. The
supply of affordable homes can also be facilitated by the use of compressed earth block which opens up
a self labour option for dwellings, again increasing their affordability [39].

Avoiding cement entirely, Ecobricks are waste PET bottles stuffed with waste plastic film.
These can be embedded in earth to create structures such as those illustrated in Fig. 11. This uses one
form of waste to capture a second form of waste while producing a self supporting fagade (in
conjunction with earth). The facade will be plastered with mud, capped with an overhanging green roof
to protect it from rain and can be treated in the same way as a cob wall once complete. The entire
structure can be deconstructed so that the earth would be safe to return to a field, while the plastic bottles
could be reused. Even the plastic film could be recovered if a use could be found for it.



Fig. 11 Ecobricks used in a community garden project - Bwyd Bendigedig Port / Incredible Edible Porthmadog, UK
©Lizzie Wynn, 2020

5. Conclusions

Embodied carbon of buildings constitutes approximately a quarter of building associated carbon
emissions; however, it has largely been ignored. The concentration of these embodied carbon
emissions in the first few months of a building’s life (compared to decades for the remaining three
quarters of the building emissions) are particularly worrying.

A few innovative countries are preparing to introduce legislation to address this issue and there
is increasing awareness from guiding institutes with international reputations, such as RICS, RIBA,
BRE and World Green Building Council.

This paper presents four case studies where analysis of material options have enabled embodied
carbon and whole life reductions, even when embodied carbon has been a relatively low proportion of
the whole life carbon.

One potential approach to reducing embodied carbon in the future is to embrace the Circular
Economy and use waste materials. Two examples of utilising waste in facade construction have been
presented: a) Rice Husk Ash as a pozzolanic substitute for a proportion of the cement in compressed
earth blocks and b) Ecobricks which use waste PET bottles stuffed with waste plastic film as a
structural block set in earth. This has myriad other environmental benefits as it reduces the impacts
associated with the acquisition of virgin materials.

Although it is acknowledged that modern construction materials are required for some projects,
there is significant potential to utilise low embodied energy and waste materials in less challenging

structures. This paper sets out a small fraction of those options; however, it is acknowledged that the
role of client is key in ensuring that environmental design decisions are carried through to construction.
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