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Abstract
Purpose Currently, no clear guidance exists for ISO and EN standards of calculating, verifying, and reporting the climate 
impacts of plants, mulches, and soils used in landscape design and construction. In order to optimise the potential of eco-
system services in the mitigation of greenhouse gas emissions in the built environment, we unequivocally propose their 
inclusion when assessing sustainability.
Methods We analysed the life cycle phases of plants, soils, and mulches from the viewpoint of compiling standard-based 
Environmental Product Declarations. In comparison to other construction products, the differences of both mass and carbon 
flows were identified in these products.
Results Living and organic products of green infrastructure require an LCA approach of their own. Most importantly, if 
conventional life cycle guidance for Environmental Product Declarations were to be followed, over time, the asymmetric mass 
and carbon flows would lead to skewed conclusions. Moreover, the ability of plants to reproduce raises additional questions 
for allocating environmental impacts.
Conclusions We present a set of recommendations that are required for compiling Environmental Product Declarations for 
the studied products of green infrastructure. In order to enable the quantification of the climate change mitigation potential 
of these products, it is essential that work for further development of LCA guidance be mandated.
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1 Introduction

1.1  The importance of carbon uptake in the built 
environment

Mitigating the progressing climate crises requires enhancing 
both natural and technological carbon (C) sinks. Anthro-
pogenic greenhouse gas (GHG) emissions have grown 
close to 2400 gigatons of carbon dioxide equivalents 
 (GtCO2e) between 1850 and 2019. From this emission, the 

natural sinks of our planet have absorbed approximately 
2280  GtCO2e, leaving an imbalance of emissions and sinks 
around 120 Gt of  CO2e (Friedlingstein et al. 2019). The 
Intergovernmental Panel on Climate Change (IPCC) has 
estimated that the remaining quota of emissions before their 
radiative forcing causes a global average warming beyond 
1.5 degrees, which is approximately 570  GtCO2e (IPCC 
2018).

However, our current emission trends are widening the 
gap between the emissions and climate goal towards 35 
GtCO2e by 2030 (UNEP 2019). In particular, the production 
of key construction materials—cement, steel, aluminium, 
and plastics—will potentially cause 920  GtCO2e emissions 
if the current trends were to continue (Material Economics 
2018). When demand-side sectors are scrutunised, the built 
environment is often claimed to cause around one third of 
society’s GHG emissions (ECORYS 2014).

In theory, it would be possible to enhance C uptake and 
storage in the built environment through biobased products, 
 CO2 hardened concrete (Sanna et al. 2014), or  CO2-based 
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plastics (Cui et al. 2019). Furthermore, emerging negative 
emission technologies (NETs), such as artificial photosyn-
thesis or building-integrated direct air capture of  CO2, could 
be useful, but only after having matured (Dittmeyer et al. 
2019). Currently, it appears unrealistic to expect the NETs 
to result in notable emissions reductions in less than 20 years 
(McGlashan et al. 2012). While waiting for these technolo-
gies to mature, there is a need for instant increases of C 
uptake and safe storage.

Natural ecosystem services remain a low-cost option, 
which have not yet been deployed for their full potential for 
C uptake in the built environment (Dhakal 2010). The main 
natural GHG sinks consist of terrestrial sinks (forests and 
soils) that currently remove approximately 12.8  GtCO2e/a, 
and ocean sinks that remove approximately 9.5  GtCO2e/a 
(Friedlingstein et al. 2019). For successful mitigation of 
anthropogenic emissions, 0.9 billion hectares (ha) of new 
forests would be required (Bastin et al. 2019); however, there 
are competing land-use needs for agriculture and urbanisa-
tion (Bringezu et al. 2014; Li et al. 2019). As these changes 
in land-use impact the potential of ecosystems to sequester 
C from the atmosphere, strategies are urgently required for 
guarding and enhancing the land-system related C sinks, 
including in the built-up areas.

In the urban environment, multiple ecosystem services 
are produced by the green infrastructure (GI), consisting of 
plant and soil systems both within built and natural areas. 
In addition, the climate change mitigation benefits of green 
infrastructures include an energy-saving potential in terms 
of the insulation and cooling effects of vegetation and green 
structures. For example, Regner et al. (2014) suggest that to 
reach low or even neutral climate impacts, both onsite renew-
able energy technology and extensive building-integrated 
vegetation are required. Despite its multiple co-benefits and 
potential for mitigating GHG emissions, GI has remained 
largely unexamined in the sustainability assessments of the 
built environment.

1.2  Missing environmental information and needs 
in landscape design and construction

Although life cycle assessment (LCA) has not been widely 
applied to the climate impacts of GI, it would be a valuable 
tool for estimating and comparing the long-term environ-
mental performance of different urban green space projects 
(Strohbach et al. 2012). The C-regulating capacity of differ-
ent GI elements greatly depends on certain elements, includ-
ing the potential biomass of the plant (larger plants such as 
trees which possess a larger C storage), the amount of C that 
is released during construction and maintenance phases, as 
well as the decomposition of biomass (Setälä et al. 2016; 
Linden et al. 2020). The relevance of different GI solutions 
for achieving climate neutrality in a wider context of built 

environment has started to increase (Kuittinen et al. 2016, 
2021), and city-wide estimates of urban carbon pools are 
becoming available (Richter et al. 2020).

The C-regulating capacity of GI can be supported at all 
stages of urban development, from strategic regional plan-
ning to detailed landscape design, construction, manage-
ment, and maintenance. In general, the landscape architec-
tural design process is divided into four main stages: the 
preparation phase, concept design, developed design, and 
technical design, which are followed by construction and 
maintenance (RIBA 2013). The first phase addresses project 
objectives, sustainability aspirations, and budget, in addition 
to the required site information and landscape analyses. In 
the following phase, a concept design is produced by consid-
ering various features, for example, circulation, vegetation, 
water design, and management. In the developed design, 
the concept is elaborated, which is followed by the technical 
design on hard and soft detailing, specifications, and tender 
documents for construction. While a concept and developed 
design phases define the spatial organization and type of 
green elements, a more detailed technical plan includes spe-
cific information on environmental products, such as trees, 
shrubs, and other vegetation, in addition to growing media.

After the design process, the construction phase also 
involves several decisions on the carbon capacity of GI, 
including procurement of materials, such as plants and 
growing media, as well as implementation of earthworks 
and planting. In the maintenance phase, the key decisions 
on GI concern maintenance techniques, in addition to the 
use of mulches, fertilisation, and irrigation. Thus, several 
decisions on the C capacity of GI are reached during the 
landscape design and construction process. However, the 
long-term environmental performance of GI is not system-
atically integrated in the process, nor quantified as an entity 
due to a lack of tools and missing environmental information 
(Säynäjoki 2015; Strohbach et al. 2012).

In order to grasp the C uptake potential of GI, comparable 
and quantifiable product information would be required at 
different stages of the design process and for its key stake-
holders. These include, in addition to the designers, munici-
pal authorities, clients, and project developers, as well as 
consumers and users of the green spaces, for whom infor-
mation regarding the sustainable use of public funds for GI 
would be relevant. However, sustainability metrics or LCA 
tools on GI are scarce and no uniform standards exist. For 
example, the Environmental Product Declarations (EPDs) 
that are available for most construction products have not 
been developed for GI products. EPDs contain quantitative 
information on GHG emissions and other environmental 
properties that help the designers to compare and select 
products that are optimal for their project (see Sect. 2.2). 
However, there is no EPD information for plants, soils, or 
mulches.
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Moreover, EN standards for a sustainability assessment 
of building products or buildings appear to lead into a need 
to include GI in the assessment. For example, standard 
EN 15,978 defines that “the object of assessment is the 
building and its site” (CEN 2011b). Standard EN 15804 
states that “the total of neglected input flows per module… 
shall be a maximum of 5% of energy usage and mass” 
(CEN 2019). Thus, one could assume that GI within the 
site should be taken into account in sustainability assess-
ments. Still, standards do not seem to offer instructions 
for considering the organic components of the GI. This 
may well be the reason for several LCA studies on typical 
applications of GI choosing to include construction prod-
ucts but omitt plants, soils, and mulches (Kosareo and Ries 
2007; Bianchini and Hewage 2012; Chenani et al. 2015; 
Brudler 2016; Koura et al. 2020).

Sustainability schemes, such as LEED, BREEAM, 
DGNB, SITES, or Level(s), do not appear to offer suf-
ficient information for quantifying the C uptake potential 
of plants, soils, and mulches (see Table 1). Some of these 
certification schemes allow credits if EPDs are used for the 
assessed project—yet EPDs are not available for plants, 
soils, mulches, or growing media. One of the emerging 
tools for supporting GI in private properties is the green 
factor method, which is gradually establishing itself in 
many cities around the world (e.g. Keeley 2011; Juhola 
2018). The green factor method requires that a certain 
number of green elements be implemented in property 
development. Thus, the tool can potentially increase green 
biomass on sites, although it focuses on other benefits of 
green, and does not specifically address C storage.

Agricultural products are to a certain extent similar to 
organic products used in GI. LCA is commonly used for 
agricultural products and tools exist for assessing their 
impacts from “cradle to farm gate” (Renouf et al. 2018). 
In many agricultural LCA studies, the system boundaries 
have been drawn around the agricultural phase (including 
e.g. field or greenhouse operations for producing the crop), 
production phase (including steps for producing and pack-
aging the end-product), distribution phase, use phase (i.e. 
consumption), and finally, the waste and by-product treat-
ment in the end-of-life (see e.g. Arzouanidi et al. 2017). 
However, the plants that produce the agricultural products 
are often present in the agricultural phase without their life 
cycle impacts being assessed, indicating these methods 
are not well suited to plant products used in landscaping.

To sum up, limited knowledge on mitigating GHG 
emissions, applicable to practice, is available on the level 
of designing, constructing and maintaining a park or a 
courtyard. To be able to plan for sequestering C on a pro-
ject level, information on GHG emissions and C storage 
of GI products would be essential.

1.3  The aim and scope of this paper

The aim of this paper is to evaluate the match between the 
key sustainability standards to the environmental assess-
ment of plants and soils as well as to simultaneously ascer-
tain if there is a need for further clarification. The scope of 
this article is on a product level in a landscape design and 
construction project, excluding the urban planning phase. 
We present a schematic framework for an assessment of 
plants, soils, and organic environmental products that are 
part of the design palette of a landscape architect or designer 
of green infrastructure. We do not address the design of the 
site of the building, although studies on the level of a site, 
neighbourhood, or an area would also be valuable.

The background for this article was presented in Sect. 1. 
In Sect. 2, we summarise the standard-based process of 
sustainability assessment of building products as well as 
the key processes for C uptake and storage for plants and 
soils. Section 3 analyses the match of the current standard-
based LCA methods to the sustainability assessment of 
plants and soils. Suggestions are presented in Sect. 4 to 
account for the potential of plants, soils, and mulches in 
C uptake and storage within the built environment. Sec-
tion 5 summarises our conclusions and suggestions for 
further research.

2  Methods

2.1  Materials and methods of this study

This study was carried out in a multi-professional team 
that possessed both scientific and practical experience of 
sustainability assessment, landscape architecture, ecosys-
tem services of GI, horticulture, soil sciences, and climate 
policies. First, relevant LCA standards (EN and ISO) were 
reviewed for their applicability to our scope. Then, we 
conducted a literature survey on LCAs performed on GI 
products or structures, as well as collected information on 
the latest research findings and established practices for 
quantifying C flows of plants, soils, and mulches. There-
after, our findings were mirrored against the typical GI 
design and construction process as well as practice on 
landscape design. Finally, we summarised our findings 
utilising the framework of LCA provided in EN standard 
suite 15643 (CEN 2010), standard EN 15804 (CEN 2019), 
and EN 15978 (CEN 2011b).

This section presents the typically utilised methodology 
for compiling EPDs for construction products. We also sum-
marise the existing assessment methods for quantifying the 
C flows for plants, soils, and mulches.
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2.2  The methodology for compiling Environmental 
Product Declarations for construction products

Standard ISO 14025 (ISO 2010) defines the types of dif-
ferent ecolabels, of which EPDs are listed as “type III eco-
labels.” Their compilation is guided by respective EN and 
ISO standards with an independent third party verifying the 
results. Currently, EPDs only cover construction products. 
Due to our construction product-focused and standard-based 
approach, we have not included the methodology of Prod-
uct Environmental Footprint (PEF) (European Commission, 
Joint Research Centre 2012) in our paper, although it might 
offer insight into the life cycle impacts of many agricultural 
(consumer) products.

The methodology for compiling EPDs is laid out in 
Standard EN 15804. The underlying method is process-
based, attributional life cycle assessment (LCA). Interna-
tional standard suite ISO 14040 and the standards devel-
oped by CEN’s technical committee TC 350 form the basis 
for building and building product LCA. The life cycle of 
a building or a building product is divided into four main 
modules and further divided into 17 submodules, as pre-
sented in Table 2.

As there are several different building product groups, 
it would be difficult to include all their specialties into one 
standard. Therefore, several Product Category Rules (PCRs) 
have been developed based on the core standard EN 15804. 
Furthermore, national PCRs have been created to allow the 
local conditions to be considered in EPDs.

The process of compiling an EPD starts usually from the 
need to have sustainability information for the needs of a 

specific market or user group. After the scope and goal have 
been defined, all processes that are associated with the pro-
duction process are documented as well as their input and 
output flows recorded. Thereafter, the calculation of impacts 
for these flows is carried out according to selected and 
required methods for characterisation, allocation, weight-
ing, categorisation, grouping, and normalisation. Finally, the 
results are documented in a standardised format. An external 
inspector verifies the EPD results prior to their publication.

2.3  Existing assessment methods for the carbon 
storage and sequestration of urban trees

In the photosynthetic process, green plants bind atmos-
pheric  CO2 and water with the energy of sunlight resulting 
in the production of sugars and oxygen. Sugars are further 
converted into various organic compounds for the growth 
and metabolism of plants. In woody species (trees, shrubs), 
organic C is stored in leaves, twigs, roots, and trunks. A part 
of the fixed C is allocated via roots to mycorrhizal fungi or 
as root exudates directly to the soil (Grayston et al. 1997). 
This C and decomposing dead parts of the plants (fine roots, 
leaf, twig, and bark litter) contribute to soil organic C stock.

C is bound to wood as organic compounds such as cel-
lulose and lignin. When modelling the C stock of trees, the 
widely employed estimate of the wood dry mass C content 
is 50% (Chow 1989), although detailed measurements from 
different parts of trees reveal a C content range from 0.42 
to 0.61 kgC/kg (Thomas and Martin 2012). Depending on 
the life cycle of the tree and on the use of the wood material 
after the tree removal, wood may contribute as a long-term 
C stock.

For urban trees and urban forests, C storage and annual C 
sequestration can be modelled using i-Tree software (USDA 
Forest Service et al. 2020). The i-Tree software is developed 
for estimating the quantity and economic value of some eco-
system services provided by urban trees, including C storage 
and sequestration, air pollutant binding, storm water attenu-
ation, production of volatile organic compounds (VOC), and 
effects on building energy use. The tool is peer-reviewed and 
originally based on Urban Forest Effects model (UFORE) 
(Nowak et al. 2008). It has been applied in 130 countries, 
mostly in North America, but also in Europe (Raum 2019).

For C storage, above-ground and below-ground woody 
parts of trees are considered (Nowak et al. 2008). C storage 
calculation is based on the biomass of each tree, which is 
calculated using the trunk diameter at breast height (DBH) 
and the height of the tree. The needles of conifers are calcu-
lated in C storage, whereas the leaves of broad-leaved spe-
cies are not.

Annual gross C sequestration is calculated considering 
the estimated annual growth rate of (DBH), the location and 
its frost-free period, tree condition, and light availability. 

Table 2  Life cycle stages and modules according to Standard EN 
15643-2 (CEN 2011a)

Production stage A1 Raw material extraction
A2 Transport to factory
A3 Manufacturing

Construction stage A4 Transport to site
A5 Construction work

Use stage B1 Use of product in building
B2 Maintenance
B3 Repair
B4 Replacement
B5 Refurbishment
B6 Operational energy use
B7 Operational water use

End-of-life stage C1 Demolition work
C2 Transport
C3 Waste management
C4 Final disposal

Additional information D Benefits and loads beyond 
the system boundary
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The net C sequestration is calculated by subtracting the 
estimated release of C via rapid (e.g. mulching, burning) 
or slower processes (e.g. decomposition) from the gross C 
sequestration. The proportion of C released via these pro-
cesses is estimated based on the land use category. In park 
areas, it is assumed that 50% of the dead trees are left to 
decompose at the site, while in vacant land, the assumption 
is 100% (Nowak and Crane 2002).

For modelling C storage and sequestration, the data of 
individual trees is needed, in addition to weather data. City 
tree databases, collected for management and planning pur-
poses, can be used as source data for modelling. i-Tree is a 
practical tool for studying the current state of urban trees in 
a limited area or in a city, and can be used to follow up the 
development of the tree population as well as the ecosystem 
services that they provide. The i-Tree Planting tool can be 
used to forecast the ecosystem services in the future, such 
as the C storage of the trees that are planted now. Currently, 
this tool is usable only in Northern America; therefore, the 
applicability of i-Tree to the planning phase in other conti-
nents is still limited.

In the forestry sector, there are several advanced mod-
els (EFDM, EFISCEN, FORMIT, MELA, MONSU, and 
PREBAS) for calculating the C sink of a forest ecosystem as 
a yearly change in the C storage of trees and soil (Kalliokoski 
et al. 2019). The variables used in these models include field 
data on the forest at starting point, the growth models of trees, 
targets for the amounts of logging and type of silvicultural 
practices, as well as an option to include different climate 
scenarios.

2.4  Existing assessment methods for the carbon 
storage and uptake of shrubs and herbaceous 
plants

C-binding capacity as well as the C content of shrub and 
herbaceous species are remarkably smaller than that of trees 
because of their smaller biomass and leaf area. The C stor-
age of a plant can be estimated by measuring (or modelling) 
the total dry biomass of the different plant organs (leaves, 
stems, roots, reproductive organs), and by multiplying it with 
the average C content of the organ (Ma et al. 2017). Biomass 
can be assessed by destructive sampling or by modelling 
(e.g. by i-Tree).

Biomass measurement and C content assessments for 
above-ground plant parts are easier to perform than for 
underground parts, which have been studied less. In practice, 
the underground C stocks of plants are typically included in 
soil C stocks due to methodological difficulties in separating 
living roots from various soil organic matter components. 
For woody species, root biomass is commonly estimated 
to be 27% of aboveground biomass (Atsbha 2019). For 
agricultural crops, an agroecosystem model (Crop-DNDC) 

integrates detailed crop growth algorithms with an existing 
soil biogeochemical model and simulates C, nitrogen, and 
water cycles in agroecosystems with a relatively complete 
scope (Zhang et al. 2002; Li et al. 1992). The estimates of 
residential lawn C storage range from 3  tCO2/ha/a (Raciti 
et al. 2011) to 11  tCO2/ha/a (Vasenev and Kuzyakov 2018), 
although the C is mostly stored in the soil, not in the plants.

Net photosynthetic rate as  CO2 uptake per unit leaf area 
(µmol  CO2/m2/s) can be measured using a portable infra-
red meter, and such data exist on a variety of plant species 
and conditions. Net photosynthesis per unit leaf area varies 
depending on particular aspects, such as plant condition, 
available light, drought stress, and temperature. However, 
net C sequestration capacity is approximately dependent on 
the total leaf area of the plant. Estimation of the total leaf 
area of a plant can be based on features such as the biomass 
of leaves. The ratio of leaf area to leaf biomass is available 
for several species in experimental research, although it must 
be remembered that the ratio is affected by environmental 
conditions, such as the availability of light.

In i-Tree Eco, the leaf area and leaf biomass of a shrub 
are estimated based on the volume of the shrub, which is 
calculated from the average height and ground area covered 
by the shrub.

2.5  Existing assessment methods for the carbon 
stocks and uptake of soils

In some regions, most urban plantings are planted on manu-
factured planting soils, which are used to improve the quality 
of soil to meet the demands of desired plants. As planting 
soils form a considerable mass of GI, their sustainability 
information would similarly benefit the climate targets of 
landscape design.

Stocks of soil organic carbon (SOC) in urban green areas 
originate from planting soil raw materials, local vegetation, 
and litter, or, for example, from organic mulching materials. 
Especially peat and composts are raw materials of impor-
tance in terms of product LCA. In soil, organic materials 
are constantly decomposed by soil fauna and flora, and SOC 
content at any given time is determined by the balance of 
organic material input and breakdown mainly into  CO2. This 
process can also produce GHGs with a higher climate impact 
than  CO2, such as methane and dinitrous oxide. To form an 
overall understanding of the climate effects of a planting 
soil, these are of importance especially during the use stage 
of the product life cycle.

Planting soil raw materials are typically mineral soil 
(sands and sandy loams of varying origin) and peat, either 
alone or combined with compost. More rarely, other compo-
nents, such as biochar, can be used as a source of SOC. The 
environmental impacts of using peat in energy production 
are fairly well documented in literature (IPCC 2006), but the 
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applicability of these estimates when peat is used in planting 
soil has raised some issues (Riikonen et al. 2017). In energy 
production, it is assumed that all C bound in peat is lost to 
the atmosphere, but when peat is mixed with soil, C loss is 
likely to be slower and less complete.

The environmental effects of producing compost from 
various biogenic, organic waste materials, such as garden 
and kitchen waste, have been studied to some extent (Lim 
et al. 2016; Saer et al. 2013). These depend on and vary 
based on various agents, such as the raw materials, processes 
and process conditions, and bulking materials; therefore, in 
practice, they must be assessed case by case. This may result 
in the overall climate impact of a compost product proving 
to be either positive or negative. When assessing planting 
soil LCA, it would be sensible to include the GHG effects 
of the composting process involved in the raw materials of 
manufacturing.

Measurement methods for SOC stocks and sequestra-
tion are well developed for e.g. agricultural and forest soils. 
Amongst other applications, these methods are used to esti-
mate C emissions and sequestration for the LULUCF sec-
tor. The methods are predominantly based on measuring C 
in soil samples as well as for developing soil C dynamics 
models based on measured soil C stocks and the share of C 
fractions with different decomposition rates.

It is a relatively simple and established method to meas-
ure soil C stocks from samples by combining information 
from dry combustion and bulk density measurements (e.g. 
Pouyat et al. 2006). Any uncertainties in area-based soil C 
stocks are predominantly related to sampling, especially its 
representativeness in terms of spatial variability and soil 
depth (Bae and Ryu 2015).

Assessment methods for soil C uptake are usually model-
based on a large scale (e.g.Liski et al. 2006; Trammell et al. 
2017). The models require input information on variables, 
such as soil C quality, vegetation, and climate. Based on 
these variables, they can assess C sequestration in soil. For 
urban environments, validated models are not currently 
available, and tests with models parameterised in other envi-
ronments have not shown great promise (Qian et al. 2003; 
Trammell et al. 2017; Rasinmäki and Känkänen 2014).

A currently available method for assessing soil C uptake 
on a more modest spatial scale is sequential soil sampling 
and stock measurement; a change in stock being potentially 
interpreted as C uptake or emission. However, it is more 
laborious and less universally applicable. Ideally, these 
sequential measurements are combined with measurements 
of other C and GHG fluxes, for example, methane and dini-
trous oxide emissions as well as dissolved C leaching from 
the same area. The methods for these measurements are 
quite well known from long-term ecosystem studies and 
measuring platforms, such as SMEAR or LTSER (e.g. Hari 
et al. 2013; Sier and Monteith 2016), but such stations in 

urban environments are still rare. Whereas C stock changes 
can be attained with more simple measurements, by also 
measuring C fluxes and other greenhouse gases, such as dis-
solved organic C,  CO2,  CH3, and  N2O emissions, a more 
comprehensive picture might emerge of the overall climate 
impacts involved in the C sequestration measured.

2.6  Mulches and other organic products

In addition to being decorative, mulches have important 
practical functions: they prevent weeds, reduce evaporation, 
and protect from solar radiation. Mulch can form naturally 
or can be produced from several organic materials. These 
include both natural materials (e.g. chipped branches and 
bark) and, in some cases, recycled bio-based products (e.g. 
chipped timber or bamboo).

We could not identify any methods for estimating the 
environmental impacts of mulches. Measurement of the C 
content, release or uptake of mulches is greatly dependent 
on their raw material. The C content itself is related to the 
properties of the biomass. Nonetheless, the release of the 
biogenic C during the use of mulches through decomposition 
process may occur through aerobic or anaerobic decomposi-
tion. The latter leads to strong GHG impacts due to methane 
emissions. To complicate the matter further, mulch C can be 
transported downwards in the soil and positively affect soil 
C stocks (Lindén et al. 2020).

In addition to plants and soils, the process of green infra-
structure planning, construction, and maintenance involves 
several other products, such as stones, fertilisers, protec-
tion, and support materials for plants. In addition, green 
areas contain structures that are made of typical construc-
tion products, such as wood, concrete, steel, and plastics. 
Furthermore, most products involve the use of packaging 
materials. Although all these products and materials belong 
to the components of landscape design, most of them resem-
ble more typical construction products. Thus, their environ-
mental benchmarking may follow the principles laid out in 
respective PCRs.

3  Results

Plants and soils behave in a dynamic manner over their 
life cycle as a product. Therefore, declaring their climate 
impacts—through the flows of C and other GHGs—requires 
adjustments to the process of compiling EPDs. In this sec-
tion, we present the differences between these products and 
other construction products in terms of documenting the C 
flows within the product system. The results are arranged 
according to the life cycle stages and the modules of EPDs 
as presented in Standard EN 15643-2 (CEN 2011a).
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3.1  Life cycle carbon flows of plants

Our analysis reveals that when living plants are assessed, 
the inventory phase of LCA requires further development. A 
building product leaves the factory gate (module A3) as an 
intermediate product, ready for use in the building process. 
Plants, bulbs, or seeds leave the nursery as “infants” that 
continue to grow once planted. Therefore, the environmental 
benefits and loads declared on the “factory gate” can only 
reflect the production of the plantlet, sapling, or seedling, not 
the fully grown plant. As the inventory in LCA is essentially 
about tracking material flows, this approach is not applicable 
for plants.

In contrast, for plants, the environmental impacts are 
predominantly linked to growing and maintenance condi-
tions (mostly in modules B1-2). Several factors have an 
impact on the growth of a plant. These include the growth 
form of the plant and its potential size at maturity, climate, 
nutrient availability, other abiotic conditions, the specific 
growing conditions of the site, and maintenance related 
variability to the growth of a plant—not to mention pests, 
diseases, and possible vandalism. During their growth, 
many plants reproduce leading to the need to develop allo-
cation rules of biomass and C flows of the descendants. 
Therefore, scenarios for growth and maintenance remain 
inaccurate, even if the taxa and growth conditions were 
known.

The end-of-life of a plant is not a punctual phenom-
enon from the viewpoint of its biomass and biogenic C. 
Plants drop leaves, bark, twigs, and branches throughout 
their life, and some of them may renew their biomass sev-
eral times over their life. Depending on the maintenance 
and growing site of the plant, this constant flow of bio-
mass may cause either environmental benefits (e.g. accu-
mulation of organic C into soil) or loads (e.g. release of 
methane in an anaerobic decomposition). Depending on 
the plant type and its growing site, its ultimate removal 
from the site (module C1) may require machinery (e.g. 
removal of a tree or lawn), manual work (e.g. removal 
of a bush) or no intervention at all (e.g. seasonal flowers 
that decompose in the flowerbed). Thus, quantifying the 
impacts for module C differs from that of many building 
products (Fig. 1)

The same applies to the net benefits that can be declared 
for a building product beyond its life cycle (module D). 
Plants can seldom be “reused,” nor is their biomass usually 
“recycled” (except wood in some cases). Decomposition of 
dead plant matter into mulch or compost could theoretically 
be considered an equivalent to either recycling (that may 
lead into environmental benefits) or final disposal (which is 
an environmental burden). This choice will lead to different 
outcomes.

Table 3 presents the proposal for adjusting the framework 
of an EPD for the declaration of the C flows of plants. Fig-
ure 2 illustrates the flows of C across these life cycle stages.

3.2  Life cycle carbon flows of soils and mulches

Regarding the life cycle impacts of planting soils, declara-
tion of the environmental performance deviates in several 
ways from conventional building products. According 
to our assessment, these include raw material extraction 
(A1), use (B1), and final disposal (C4).

The raw material for soil products can include materials, 
such as natural organic or mineral soils and lime originating 
from limestone, composted organic waste originating from 
various sources from organic household waste to municipal 
sewage sludge, and agricultural residues, such as straw. In 
addition, industrially produced raw materials, such as ferti-
lizers, super adsorbent polymers, or expanded clay aggre-
gates, may be used—usually in relatively small amounts. 
Depending on the ratio of the raw materials used, the inher-
ent C content varies, and this content can be reported based 
on soil sampling. However, the microbes of the soil will 
impact the decomposition rate of soil organic matter. The 
amount and taxa of the microbes at given time may be 
reported if extensive sampling is possible, but are subject to 
change over time and according to environmental conditions.

The production of mulches is comparable to the produc-
tion of soils in respect to the inherent C content. This greatly 
depends on the raw material mix. If the organic raw material 
is from a sustainably managed source, biogenic C neutrality 
could be claimed according to the principles of EN 16485 
which instruct the compilation of EPDs for wood-based con-
struction products.

During the use phase (B1), both soils and organic 
mulches release C due to decomposition, but C also accu-
mulates in soils. Environmental conditions, such as tempera-
ture and moisture, as well as flora and fauna of the soil, have 
a dynamic impact on this, but the effects are only weakly 
understood, therefore preventing them from being properly 
accounted for (Riikonen et al. 2017). Furthermore, the veg-
etation that is planted on the soil has a significant impact on 
C accumulation. Thus, the soil C uptake or release of GHGs 
is a dynamic process.

At the end-of-life stage, the soils can be reused or left in 
place, unless their quality has suffered due to issues, such 
as the presence of contaminants, invasive alien plants, or 
weeds. The final disposal of soils usually transpires in a 
landfill site that is meant for soils. It is also likely that most 
soils (as a growing medium) never reach a similar end-of-life 
as typical construction products do. Thus, the C dynamics 
in soils would continue even if the soil were removed from 
the site for which it was purchased.
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The lack of clear end-of-life phase also applies to 
mulches. As their organic contents naturally decompose over 
a few years, there is no clear punctual event, in most cases, 
when the mulch product would be deemed to become waste.

Table 4 summarises the differences of soils and mulches 
from building products in terms of the reporting of the C flows. 
Figure 3 illustrates these flows through life cycle stages.

Physical system boundary for assessing the
environmental impacts of a building

Lack of environmental informa�on

Herbaceous plants

Lawns and grasses
Soils and growing media

Shrubs
Mulches

Trees and
bushes

Fig. 1  System boundary for building-level sustainability assessment and gaps in environmental information
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4  Discussion

Based on the results, we conclude that there are several 
gaps in both the methods and data required for compiling 
an EPD for plants, soils, and mulches. Some of these are 
essential and specific to the products of landscape design 
and construction. In this section, we suggest modifications 
to account for various life cycle stage effects on GI products, 
and present the practical implications of the study.

4.1  The growth and reproduction of plants call 
for LCA adjustments

As shown in Sect. 3, the growth of plants differentiates them 
from conventional construction products. Therefore, it is 
suggested that LCA methods for plants be developed.

The dynamic C flows through photosynthesis, accu-
mulation in plant biomass or as soil C and decomposi-
tion of organic matter often considerably alter the C con-
tent of plants. To give any indication of the potential of 

C sequestration at this stage, a growth model should be 
instigated, as well as scenarios for both growth conditions, 
local weather, and maintenance.

In most cases, most plants (especially woody species) 
have produced considerably more biomass than was origi-
nally planted into the site, resulting in asymmetric mass 
flows over the life cycle. If the biomass that exits the sys-
tem boundary is considered to decompose and release 
GHGs, the GHG balance between module A and module 
C is deemed to show environmental burdens for the use 
of such plants. Thus, one could erroneously surmise that 
the best solution would be to avoid plants as the GHG 
release from the decomposition of their increased bio-
mass would be reported to be a climate burden. Moreover, 
plants drop leaves, needles, and dead biomass over their 
life cycle. This may enrich the SOC, decompose naturally, 
or be removed from the site to separate waste management 
process.

As the growth models are not available for many plant 
species, we suggest that a general growth model be adapted 

Table 3  Carbon flows of a plant in different life cycle phases

Life cycle modules Differences to a conventional EPD

A1 Raw material extraction • Raw materials include seeds, bulbs, or sprouts, as well as ancillary materials and chemicals required for the 
nursery. In some cases, the seeds or bulbs are the products

A2 Transport to factory • As in conventional EPDs
A3 Manufacturing • In the case of seedlings being the product: Nursing the plants, growing media at the nursery, watering, fertiliz-

ing, applying pest controls
• Environmental information can only be declared for the nursery processes and possible ancillary materials

A4 Transport to site • As in conventional EPDs
A5 Construction work • Construction of the planting site requires machinery

• Planting of larger trees may require machinery
B1 Use of the product • At this stage, most of the C uptake happens. A large fraction of the C is segregated in the soil and mycorrhizas, 

which contribute to the soil C stock. C is also released through plant respiration and natural decay (net vs. gross 
C uptake)

• Plants release gases and aerosols, which may have consequential effects on the climate (e.g. formation of 
clouds)

• Plants reproduce during their use
B2 Maintenance • Trimming, pruning, cutting, mowing, irrigating, weeding and other such actions, depending on the plant and 

plantation
B3 Repair • Not relevant for most plants. Large tree branches are sometimes supported to prevent damage
B4 Replacement • Relevant on the level of a plantation. Parts of individual plants are not replaced
B5 Refurbishment • Not relevant for plants. May be relevant for the entire plantation
B6 Operational energy use • Not relevant for plants

• Plants may affect the cooling or warming energy consumption of buildings through shading and wind protection
B7 Operational water use • Not relevant. Water for irrigation included in B1
C1 Demolition work • As in conventional EPDs
C2 Transport • As in conventional EPDs
C3 Waste management • Organic waste: landfilling prohibited depending on legislation
C4 Final disposal • Can be returned to nature after end-of-waste status has been reached
D Benefits and loads 

beyond the system 
boundary

• Reuse unlikely. Recycling into mulch and compost the most likely option, and in this case may replace virgin 
soils. Recycling to other bio-based products possible

• Energy recovery or incineration possible
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and applied to classes or types of plant based on aspects 
such as growth habit and final size (e.g. small or big tree 
species, grass, perennials, and shrubs). The growth model 
should include both above and below ground biomass of 
the studied plants. Local weather data is needed in the 
models to predict the yearly growth rate and accumulation 
of biomass and C. Furthermore, the effects of changing 

climate on growth rate via altered temperature and mois-
ture should be included in the models.

Based on the growth model, we suggest declaring mass 
and biogenic C contents for plants at different stages of the 
lifecycle. C as produced for describing the state in which 
the plant leaves the nursery, and C as grown for describing 
the potential range of biogenic C content typical for the 

A1-3 Produc�on phase

A2 TransportationA1 Raw
material
extraction

A3 Manufacturing

Energy

W
aste

and residues

Final product

A0
Pre-produc�on

phase

ChemicalsWater

Nursery

Packaging

B Use phase

B1 Use of product

CO2

GHGs

CO2

B2 Maintenance

A4-5 Construcon phase

A4 Transportation A5 Construction work

GHGs

B4 Replacement

Mother plant

C End-of-life phase

GHGsGHGs

D Benefits and 
loads beyond

the system
boundary

GHGs

GHGsGHGs

Seeds

GHGs

Growing
media

GHGs

Fig. 2  Simplified system boundaries and flows of carbon during the life cycle of a plant used in landscape construction works
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plant species in different growth and weather conditions 
(Fig. 4).

For most herbaceous plants and certain bushes, it appears 
more practical to report the environmental impacts per area, 
instead of per single plant, after they have been planted. 
This is due to their nature of forming dense plantations, in 
which it is difficult to differentiate between individual plants. 
Therefore, we suggest that area would be used as the default 

functional unit in the cases for which plants grow as uniform 
plantation.

The ability of plants to reproduce (either sexually or 
asexually) raises an interesting question of allocation. If 
the C flows of the seedlings and new plants would be allo-
cated to the originally planted mother plant, this would 
further increase the asymmetry of the mass flows over the 
life cycle stages. As the realistic reproduction and growth 
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Fig. 3  Simplified system boundaries and flows of carbon during the life cycle of soils used in landscape construction works
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of the seedlings depends more on the use conditions than 
on the studied plant, any scenarios are deemed to be inac-
curate. Our suggestion for the question of reproduction is 
to allocate the resource and C flows of the descendants 
into impacts that occur beyond the studied life cycle (i.e. 
in module D). However, the question regarding scenarios 
for the reproduced biomass and its growth remains unan-
swered and requires further studies.

4.2  The inherent carbon dynamics of soils 
and mulches require adjustments to LCA rules

As described earlier, the raw material extraction as well as 
the end-of-life of soils and mulches require the development 
of LCA calculation rules and practices.

Mulches may produce benefits that enhance the growth of 
plants. These could be considered in a consequential LCA. 
In practice, it is very precariousto predict the exact role of 
these benefits for a plantation, as numerous factors affect it. 
Therefore, we suggest that these potential benefits be omit-
ted from the reporting of the environmental properties of 
mulches.

The natural decomposition of mulches can lead into 
asymmetric mass and C flows within a studied system 
boundary of a product. The product as such typically decom-
poses in a few years but may contribute to SOC for much 
longer. From the viewpoint of C flows, the accumulation 
of SOC is a consequence of using mulches and C input of 
plants in soil. However, as the product has decomposed, it 
would not appear relevant to allocate the climate impacts 
of mulch derived SOC to the mulch product. This could be 
solved by declaring the entire end-of-life phase as irrelevant 
for mulches. At least, one should avoid double-counting the 

organic releases of C in mulches during their use (natural 
decomposition) and end-of-life (balancing of mass flows).

In addition, soils can have asymmetric flows of mass 
and C over their life cycle as a product. As the actual 
uptake of C into soils largely depends on the climate 
and vegetation, we suggest that the C uptake information 
would be given as a set of scenarios that consider different 
plant types and different growth conditions on a given type 
of growing medium. However, it would not be relevant 
to declare that enriched SOC would be an environmental 
burden in the end-of-life phase of a soil product. As the 
same dilemma also applies to plants, we suggest that the 
C content for soils be similarly declared as for plants: C 
as produced (content after Module A3) and C after use 
(content after use phase, based on representative C accu-
mulation scenarios).

The C dynamics of soils continue after they have been 
removed from the site and disposed of, or reused for another 
project. In the case of final disposal (module C4), the net 
benefits arising from the C dynamics of the soils could be 
reported as an additional environmental benefit beyond the 
studied system boundary (module D). However, the further 
accumulation and/or release of soil C depends on environ-
mental conditions, such as local vegetation, climate, and 
depth of deposition in soil. Given this inherent complexity, 
we propose that scenarios for C uptake or release outside of 
the system boundary be given only as an additional technical 
scenario information, and be excluded from the environmen-
tal product information of soils.

As a result of the probably asymmetric mass flows, the 
question of relevant functional unit in LCA would also 
require clarification. In the beginning of the product´s life 
cycle, tonnes, cubic metres or even square meters of area 

A1-3
Production

A4-5 B
Use phase

C
End-of-life

C
ar

bo
n

D
Beyond system
boundary

C
as

pl
an

te
d

C
as

pr
od

uc
ed C

as
gr

ow
n

C
as

re
pr

od
uc

ed

New seedlingsTime

Fig. 4  The accumulation of biomass and carbon into a tree during its growth

1113The International Journal of Life Cycle Assessment  (2021) 26:1100–1116



with certain growth conditions would be relevant. Dur-
ing and especially at the end of the life cycle, tonnes, and 
cubic metres may be less relevant, because of the C and 
mass dynamics of soils. Therefore, using, for example, 1  m2 
of area with certain growth conditions as a functional unit 
could help to rectify this imbalance.

4.3  Practical implications

Compiling EPDs for plants and soils would support raising 
landscape industry to the same level as the building sector, 
enabling the assessment of the C impacts and the commu-
nication of the environmental performance of the products. 
EPDs for plants and soils would benefit several stakeholders. 
For project owners (e.g. municipalities or construction com-
panies), green investments not only support achieving aims 
for C neutrality but also market and communicate the values 
attached to sustainability. For public authorities and designers, 
an LCA of the landscape design project with the help of EPDs 
would add transparency to and an understanding of the sustain-
ability of alternative design solutions. The assessment model 
could be used in several stages in the technical design phase 
with specifications on materials; and in the concept phase, for 
comparing alternative options.

The most important phase is that of construction and public 
procurement, during which an EPD would support the evalu-
ation of the environmental quality of the competing products 
as well as the making of evidence-based decisions on the 
sustainability of the landscape design project. For suppliers 
(nurseries and growing media or mulch suppliers), an EPD 
would support differentiating between product options and 
making informed choices. For manufacturers, a demand for 
EPDs would encourage developing more sustainable products. 
Finally, users of the green spaces are interested in the climate 
impact of the parks they use and their own courtyard, which 
might also affect the value of the property.

Mainstreaming EPDs for plants and soils would also 
require changes in the processes and sustainability metrics 
of landscape design and construction. Sustainability stand-
ards and environmental classifications are not systematically 
used in GI design and construction. Therefore, despite its 
potential benefits, requesting EPDs or conducting LCAs 
has not been relevant. Mainstreaming EPDs for plants and 
soils would require developing and applying environmental 
management and classification systems for landscape design 
and construction projects on a large scale. This would oblige 
the project owners to require EPD-based assessment, as well 
as encourage the manufacturers and suppliers to apply EPD 
and improve their products. In addition to effective classifi-
cations, taking the C uptake of GI better into account would 
also imply transdisciplinary approaches and multilevel gov-
ernance, uniting different actors of the process (Wamsler 
et al. 2020).

5  Conclusions

In this study, we have analysed the adaptability of EPD in 
the products of landscape design and construction, as well as 
highlighted some of the key differences of plants, soils, and 
mulches regarding compiling EPDs for construction products. 
We argue that green infrastructure should also be considered 
in low C construction projects. Therefore, environmental data 
and EPDs are equally relevant for them. Our study reveals that 
the main differences to conventional construction products are 
related to the growth of plants and consequent accumulation 
of biomass and organic C, as well as reproduction. Further-
more, the inherent C dynamics of soils as well as the lack of 
clear end-of-life stage for both soils and mulches set them 
both apart from most construction products.

We have also identified relevant further research needs. 
These include developing or adapting models for the growth 
of plants and C accumulation in soil, and accounting for and 
classifying or modeling the differences originating from cli-
mate, specific site conditions, and maintenance in landscape 
C dynamics. We suggest that relevant standardisation bodies 
and green building certification developers apply these find-
ings and consider the need to mandate technical committees 
to work on the topic. Although we have limited our study 
to only organic products, the role of inorganic and organic 
fertilisers in C balance in green infrastructure would deserve 
similar attention.

The contribution of this study is to initiate a discussion for 
conducting, compiling, and adapting the required research 
about the C dynamics of living and organic products of land-
scape architecture. With the help of such research, logically 
sound, accurate, and practically relevant environmental 
product data could ultimately be compiled for plants, soils, 
and mulches. If the natural C sequestration of soils and 
plants cannot be considered in the current framework, we 
fall short of quantifying its climate potential in the context 
of the built environment. Considering the rapidly proceeding 
climate crisis, all approaches are necessary for mitigating 
the climate change as well as for establishing regenerative 
design and construction approaches for a healthy, sustain-
able, and resilient future.
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