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Plants & Architecture was a Research Cluster that ran between 2013
and 2018 from the Sêr Cymru National Research Network for
Low Carbon, Energy & Environment (see: www.nrn-lcee.ac.uk).
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Plants & Architecture’s aim was to
identify and develop nature-based
solutions for future city planning,
building and controlled-environment
agriculture.

Key recommendations

This is a summary of the policy
implications of both scientific review
and original research undertaken by
Plants & Architecture that fall within
the remit of current and evolving
Welsh policy.

• The benefits of green infrastructure for temperature,
hydrology and biodiversity will only be fully realised once
applied consistently across regional scales; an outcome unlikely
to occur with individual investment.

• Green roofs can contribute significantly to the temperature
regulation of buildings - substantially reducing heating and
cooling costs and greenhouse gas emissions.

• Specific targets need to be set for reducing the embodied
carbon of buildings through building regulations or planning
policy in order to drive the construction sector towards
emissions reduction.
• Greater wood use in construction would significantly reduce
the construction industry’s greenhouse gas emissions and store a
significant quantity of carbon in long-lasting structures.
• Industry-wide Life Cycle Analysis of buildings’ carbon
footprints, evaluating all materials used, must be encouraged
at the design stage in order to select designs that minimise
greenhouse gas emissions in the entire life cycle of a building.

Science to Policy

• Vertical and controlled-environment agriculture needs to be
recognised in government policy as a key part of the future
food production system; to promote innovation, entrepreneurship
and collaborative projects.
• There is a need for government-level review of effective
policy measures to enact wider implementation of green
infrastructure in the UK.
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Background

Relevant policy strands:

The Well-being of Future Generations (Wales)
Act 20151 requires a new way of thinking about
how our public services are delivered in
Wales, including priority areas in housing
and in planning.

Well-being of Future Generations (Wales) Act
20151 The Act requires public bodies to consider
long-term implications of their decisions, to
deliver seven well-being goals, including creating
a resilient Wales, a healthier Wales and a
globally responsible Wales. Also outlines tackling
persistent problems such as poverty, ill-health
and climate change.

While the Welsh countryside is well known to
provide a wide range of ecosystem services,
there is scope to also create and harness
ecosystems in our urban areas.

Environment (Wales) Act 20162 Including: I.
Sustainable management of natural resources
and II. Climate change (carbon budgeting,
emission targets).
Decarbonisation Programme3 Develops
pathways to ensuring 2050 net emissions are
at least 80% lower than the 1990 baseline set in
legislation.
Biomass in a low-carbon economy 2018
Committee on Climate Change report4 to
UK Government on the role of biomass and
bioenergy in decarbonising the UK economy
through to 2050[1].
The Sustainable Drainage (Wales) Order
20185 Legislates that all new developments of
more than 1 house or where the construction
area is 100m2 or more, will require Sustainable
Drainage Systems (SuDS) for surface water.
Green infrastructure has the potential to make
significant contributions to SuDS.
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Key targets within Welsh policy include
increasing resource efficiency, reducing
pollution, promoting green growth and
supporting sustainable communities.
It is within these themes that Plants &
Architecture (P&A) comes into play - how
will green infrastructure in our towns and
cities, indoor agriculture, and greater use
of nature-based materials contribute to our
future - one which is resource-efficient and
less reliant on synthetic materials, resourceintensive products, and vast land areas?
In this document, we briefly review the
relevant policy, and present the research
findings and policy recommendations arising
from P&A research.

3

4

Figure 1
Urban heat islands8 develop where
densely populated areas combine
with heat-absorbing surfaces
(e.g. concrete), air conditioning vents
that release warm air, traffic, tall
buildings that block wind, and absence
of vegetation (vegetation dissipates
heat through evapotranspiration).
Adding green infrastructure, both as
trees and as green walls/roofs reduces
the heat island effect. This occurs
in combination with purifying the air
as vegetation traps particulate
air pollution.

Urban green infrastructure, public health and
food security
Green infrastructure includes green roofs, green walls, street trees,
community forests and parks. Each can promote biodiversity through
ecosystem creation within the urban context. Additional benefits are
recognised in sustainable drainage systems (SuDS), reduction of air
pollution, and potential to regulate temperature.
Green infrastructure has made its way into multiple strands of policy.
For example, the Welsh Government Practice Guidance for Sustainable
Buildings6 highlights the importance of green infrastructure for
biodiversity, urban flood reduction, crop cultivation and human well
being. However, this Guidance only specifically mentions green walls
and roofs indirectly within case studies, perhaps reflecting the low level
of their incorporation into mainstream practice.
The extent of the inclusion of green roofs and walls in local authority
policy varies (>20 green infrastructure documents to date), with some
exemplary implementation guidance in e.g. Monmouthshire7 which
was one of the first Welsh counties to recognise the importance of
green infrastructure and embed its provision in planning and estates
management policies.

Green roofs

Science to Policy

Green roofs are frequently used to create green space and promote
biodiversity in the cityscape. Like parks, vegetation on green roofs
or in green walls can also mitigate carbon dioxide (CO2) emissions
by photosynthesis (converting CO2 into biomass) and air pollution
by trapping harmful air pollutants and particulates on leaf surfaces.
P&A studied the impact of the insulating properties of the soil and
plants of green roofs on the energy consumption of buildings.
Findings included that insulation provided by green roofs can lower
heat input requirements in winter and air conditioning requirements
in summer; thereby reducing building heating/cooling costs,
greenhouse gas emissions, and urban heat island creation.

Urban heat islands:
Urban heat islands8 develop where densely
populated areas combine with heat-absorbing
surfaces (e.g. concrete), air conditioning
vents that release warm air, traffic, tall
buildings that block wind, and absence of
vegetation (vegetation dissipates heat through
evapotranspiration). The combination of
these factors leads to the accumulation of
heat, tropospheric ozone, and particulate air
pollution. Although few people might associate
urban heat islands with Wales due to its lack
of megacities, P&A analysis of satellite data
showed a significant effect in summer in areas
of Cardiff and Newport (Fig. 1).
As UK climate predictions indicate an increase
in summer temperatures, the urban heat
island effect will require consideration for
pedestrian comfort and dwellings. Green
roof plants cool down their surroundings by
a combination of converting less light energy
into heat than e.g. concrete or other dark
surfaces, and through transpiration, which
evaporates water and therefore cools the
air at roof level. The cooling effect of green
roofs therefore holds significant potential for
mitigating the development and impacts of
urban heat islands. Consistent with this, P&A
found that by well-planned tree and green
roof planting, models estimated a temperature
reduction of up to 0.5°C, which would improve
thermal comfort for residents, and reduce the
energy required for cooling.
Indoor cooling:
P&A evaluated the performance of green
roofs in reducing interior temperatures and
therefore cooling costs (and CO2 emissions)
during the 2018 heat wave that lasted from

30th May to 1st July. The green roof reduced
peak ceiling and indoor air temperatures by
2.5°C, achieving a maximum temperature
difference of 15°C under the green roof soil
compared with an aluminium surface. The total
building heat gain was reduced by 30% due to the
green roof, and by 76% specifically between 8am
and 7pm. These represent a significant reduction
in cooling costs and associated CO2 emissions.
Plant selection:
Green roofs and walls usually have thin
soils (5 - 15 cm) and are exposed, therefore
drying quicker and potentially experiencing
higher winds than plants at ground level.
Plant selection for green roofs and walls is
therefore critically important in order to ensure
plant survival under the stressful conditions
represented by a roof or wall setting.
P&A ran experiments with a suite of native
UK grass and clover strains differing slightly in
their genetic composition to evaluate which
selections survived drought and growth in the
shallow, coarse soils commonly used on green
roofs the best (Fig. 2). Almost all strains were
able to survive the extended drought, and
recover once watering restarted, highlighting
the resilience of native species. Micro-clover
collected from the Island of St Kilda (Scotland)
and short, compact grasses collected from cliff
edges and mountainous regions including Wales
were able to survive the drought particularly
well, with minimal impact upon their growth
and appearance, making them good candidates
for green roofs. Grasses also have the
advantage of growing as turf, making it easier,
cheaper, and quicker to use them as a material
on a roof, compared to individual plants.
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Depending on the structure and purpose of
the green roof, other native plants known to
tolerate harsh conditions (e.g. shrubs such as
bilberry and heather) may also be beneficial
for use in green roofs; especially as they
provide food for both pollinators and humans.
Evidence is lacking in understanding consumer
preferences for green roofs. For example,
while research has been undertaken to find
hardy grass varieties to withstand the risk
of drought and exposure, less has been
invested in considering the inclusion of plant
succession (death of some plants and natural
recolonisation by other species) in green roof
ecosystems (Fig. 3). For example, green roofs
no doubt in time acquire wind- and animaltransported seeds, which may germinate when
conditions are suitable. Green roofs may also
at times be brown, like lawns after drought.
It remains unknown how ‘green’ green roofs
need to be to retain consumer preference.

Science to Policy

Green roof-compatible fertilisers:
P&A also looked into providing green roofcompatible fertiliser. Slow release of nutrients
into the soil or growing medium from the plant
trays was one strategy addressed by P&A,
using biopolymer plant trays. They successfully
combined plant-based biopolymers with
fertiliser components high in nitrogen and
phosphorus to make slow-release polymer
sheets. Following further development, these
biopolymer systems will be solid enough
to use as planting trays in green roofs or in
vertical farming.

Figure 2
Left: A trial of turf and legume species at different
soil depths and types showed that species with
a short, compact growth form were best able
to tolerate the shallow, coarse soils commonly
used on green roofs. Centre: Mixtures of grass
and clover varieties were left to cope with Welsh
weather, which in this case involved 5 weeks of
drought. The unexpected extreme weather event
was too much and only very few plants survived
it. Right: Seeds of grasses that naturally grow in
challenging environments were tested on zero
watering for 6 weeks. Small grasses collected in
Wales remained green throughout, and selections
were also made for those which recovered well
when watering recommenced.

Successful examples of green roof policy interventions
The spread and success of green roofs in continental Europe has been attributed to
compensation-based as well as legislative policy measures: for example in Switzerland,
Federal Law requires agencies to apply the ‘Swiss Landscape Concept’ when
commissioning or rehabilitating federal buildings and installations, and in Germany
43% of cities offer financial incentives for roof greening. Canada, parts of the United
States of America, Japan and Singapore have also experienced a growth in green roof
uptake; with Toronto for example adopting a Green Roof by-law in 2009, which applies
to new commercial, institutional and many residential development applications.
In the UK, Monmouthshire County Council’s7 2015 and Sheffield City Council’s9 2011
Supplementary Planning Documents (SPDs) both outline the requirement for the
consideration of green infrastructure in new planning applications; which whilst not
being statutory legislation must be considered in all planning decisions. For Sheffield
City Council this includes the specific guidance that all new building in excess of
1000m² or 10 dwellings to have 80% vegetated roof or wall cover. The City of London
Corporation’s ‘City Plan 2036’10 (consultation closed 28 February 2019) outlines plans
to deliver sustainable development in the City of London including for the first time,
a policy on urban greening – stating that all new developments and refurbishments
will be required to include a greening element to the building or public realm.
Policy interventions, despite successfully achieving an increase in the number of green
roofs, have not always been well received by those responsible for implementation.
In some cases, construction firms and building designers have opposed the additional
cost incurred on a project through installing a green roof, which impacts development
profitability. The feedback has led to the reassessment of legislation, and also the
emergence of initiatives such as ‘green first’ which asks designers to incorporate
green roof plans by default. Under this scheme, mostly applied to public sector
projects to date, the exclusion rather than inclusion of green roof design requires
justification, easing the bureaucratic burden on green roof creation. More businesses
are consequently becoming comfortable with the requirements and strategic siting of
green roofing.
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In the UK, developers have substantial control over building specifications, and due
to a national housing shortage, legislators are reluctant to insist on radical changes.
Despite some limitations, the green roof market in the UK is growing (+1% in 2017) due
largely to hot spots of new development, such as central London.

Vertical farming, sustainable intensification, and
food production
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Vertical farming requires significantly less natural resources than
conventional agriculture. For instance, the use of land is minimised by
growing crops vertically, either by means of stacking or racking systems,
or by growing food in multi-storey buildings. Furthermore, vertical
farms use 90% less water than conventional agriculture, due to the
nature of the techniques used to irrigate crops. The most popular water
systems (but not the only ones) used in vertical farms are known as
hydroponics and aquaponics, which involve the filtering, cleaning and
recirculation of water enriched with nutrients to promote plant growth.
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Vertical farms are designed as (semi)
controlled environments in order to provide
food independently of climate and weather
(Fig. 4). As such, it has high potential to
supplement future food needs in a lower
carbon, nature-friendly economy. Where
natural sunlight and air is allowed in, vertical
farming is already profitably implemented
in warmer countries. In the UK, where both
temperature and daylight are more variable,
vertical farming is better implemented with
stricter control of light and temperature as
Controlled Environment Agriculture (CEA).
This also offers potential to reduce the use
of pesticides, and in some cases pesticides
are not necessary at all.

For example, one of the key issues is that
temperature frequently rises above optimum
levels due to heat gains from artificial lighting
and other factors. P&A used building physics
models to research solutions and found that
a key uncertainty in the modelling for vertical
farms is to establish the ideal ventilation rate
and the even distribution of air flow across
all the crops. The next step is to address this
via airflow modelling. Furthermore, there
is little information available regarding the
thermal properties of building materials for
vertical farms. P&A has tested the efficiency
of different materials during the simulation
process and developed an initial library of
materials for vertical farm buildings.

Currently, vertical farming is a very niche
undertaking in the UK with typically high
running costs, limited to crops such as
micro-herbs that command high market
prices. To become more profitable, gains
are required in accommodating renewable
energy sources, waste recycling, and energyefficiency11.

Research into the differences between
traditionally farmed and soilless CEA crops for
human health is still emerging. A pilot study by
P&A looking at peas, kale, pak choi, coriander
and watercress, found that whilst growth under
the two conditions does not affect crop sugar
concentrations, antioxidant concentrations
are lower in soilless CEA conditions than in
traditionally farmed conditions. (Antioxidants
can reduce cell damage associated with
conditions such as heart disease, cancer,
arthritis, stroke, respiratory diseases, immune
deficiency and Parkinson's disease).

Energy-efficient solutions were simulated
by P&A to optimise the combinations of
ventilation, energy usage, building materials,
and outside climate for plant production12.

Figure 3
Green roofs with natural death and (re)colonisation of native plants can provide year-long plant cover.
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Figure 4
Vertical farming of lettuce and herbs which do not survive long-distance transport and typically
require a high dose of pesticides, can be grown at industrial and local scale in vertical farms.

Lowered antioxidant levels resulted most likely from shorter growing times and
reduced stress under CEA. Many antioxidants are produced as a stress response,
which conflicts with growers’ intentions to optimise the growing environment.
CEA could use the high-level control of the growing environment to its advantage,
however, as stress could be precision-delivered to plants to elicit the desired
nutritional response at scale, something that is not possible in the outdoor
environment. It is now a research priority to investigate crop production with
particular nutritional qualities, repeatable, using CEA.
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Decarbonisation using nature-based building materials
The construction, operation and maintenance of the built environment accounts
for 47% of total UK carbon emissions (UK Government Department for Business,
Innovation & Skills, 201013). While initial progress has addressed operational energy
performance of buildings, interest is now shifting towards the embodied carbon of
new buildings, with whole-building Life Cycle Assessment (LCA)[1] becoming better
recognised, and playing a greater part in green building schemes such as BREEAM[2].
The construction industry can make a considerable contribution to the low carbon
economy by shifting towards renewable, nature-based materials, such as timber or
natural fibre insulation products14. The use of harvested wood products such as timber,
is an excellent example, as it can substitute materials with higher embodied carbon
(such as concrete and brick), as well as provide a store for sequestered carbon.
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The use of harvested wood products, and especially timber in long-term applications,
is becoming recognised as a key mechanism for carbon storage as part of strategies to
improve greenhouse gas mitigation by the construction industry. The long service life
of harvested wood products in a building and options for re-use or recycling means
CO2 is stored for many years. In addition, as the amount of carbon locked up by forests
decreases as they mature, harvesting timber before trees mature allows the next
generation of forest to return to a higher rate of carbon sequestration.

Credit: iStock
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To ensure the sustainability of the large-scale use of harvested wood products,
timber from sustainably managed forests is required. As such, an ongoing
commitment to forest and woodland creation is supported within The Well-being of
Future Generations (Wales) Act 20151.
P&A estimate that timber frame construction systems have embodied emissions
that are 1.7 to 3.2 tCO2e lower per dwelling than the equivalent masonry dwelling
(estimates depend on house type - detached, terrace, bungalow, flat) [3]. In addition,
the quantity of stored carbon within timber frame dwellings is 2.0 to 4.2 tCO2e
more per unit than masonry equivalents. Combining the two effects, timber-framed
systems are estimated to deliver total greenhouse gas abatement of ca. 4.0 to 7.5
tCO2e per unit.
Engineered wood products such as glulam and cross-laminated timber can also
contribute to reducing embodied carbon in construction, especially in blocks of
flats and public buildings. Both Wales and Scotland have demonstrated the
capability to produce cross-laminated timber, the production of which using
homegrown timber would contribute considerably to the forestry industry
and the rural economy. Powys County Council, for example, already has a
policy to encourage the use and development of wood products (Powys Wood
Encouragement Policy15), and are working with local supply chains to deliver
timber-framed houses with high performance.

Science to Policy

•

•
•

[1] Life Cycle Assessment (LCA) is a methodology for evaluating the environmental impacts of a product
or process. LCA can be conducted from cradle to gate, or from cradle to grave, and reports the environmental
burdens (e.g. global warming potential, eutrophication, ecotoxicity) of manufacture (and use).
[2] BREEAM is the ‘Building Research Establishment Environmental Assessment Method’ that evaluates
the sustainability of new buildings based on a broad set of criteria.
[3] tCO2e = tonnes CO2 equivalents, i.e. any emitted greenhouse gas is converted to the global warming
potential units of CO2.
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The Sêr Cymru National Research Network for Low Carbon, Energy and Environment
(NRN-LCEE) was funded by Welsh Government (WG) and the Higher Education
Funding Council for Wales (HEFCW) as part of the Sêr Cymru 1 funding initiatives.
The over-arching mission of the Network was to promote excellent research within
Wales into the sustainable use of natural resources for the provision of energy, water,
food, and other ecosystem services. The Network was the catalyst to bring a diverse
set of talented researchers and partners into new collaborations, in order to conduct
innovative research that was highly pertinent on an international research agenda.
Four themes tie together all research funded by the Network:
1. Sustainable Intensification
2. Low Carbon Energy Pathways
3. Developing the Bio-Economy
4. Impacts & Mitigation of Climate Change and Human Activities
The core of the Network research was centred around 8 Research Clusters (supporting
18 Research Fellows and 12 PhD students) and 10 Returning Fellowships. The latter were
individuals returning from extended career breaks. It also supported STEM outreach
opportunities, public lectures and a diverse range of workshops and events on topical
science issues. www.nrn-lcee.ac.uk
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