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Abstract

Explicit inclusion of the role of ecosystems in life cycle assessment (LCA) is needed to prevent
the selection of alternatives that depend on or degrade scarce ecosystem services (ES), and to
help identify opportunities for enhancing sustainability by not just reducing impact but also
protecting and restoring ecosystems and the diverse goods and services they supply. Various
approaches have been suggested for including ES in LCA but a general computational frame-
work is not yet available. This paper extends the framework of conventional process LCA
to assess and encourage techno-ecological synergies in life cycle assessment (TES-LCA). It
includes ecosystem modules along with process modules in LCA. Analogous to the technol-
ogy matrix in conventional LCA, TES-LCA defines a “techno-ecological” matrix. It consists
of four components: a technology matrix defined by economic flows, an intervention matrix
interpreted as the ES demanded by technological activities, an ecosystem matrix interpreted
as the capacity of ecosystems to supply these services, and a management matrix to capture
the interaction between technological and ecological systems. This work demonstrates the
computational structure through a toy example and discuss the major challenges of TES-
LCA in terms of data availability for an exhaustive array of ES. This work suggests that
such data need to be made available and included in future versions of life cycle inventory
databases. The computational structure of TES-LCA is able to capture the interactions be-
tween and within technological and ecological systems. It enables including of the role and
capacity of ecosystems in a life cycle. The framework can encourage development of data
and models to enable practical use of TES-LCA, which can provide unique insights into
absolute environmental sustainability by quantifying overshoots for specific ES, and help
identify improvement strategies based on improving technological efficiency and restoring
ecosystems.
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1. Introduction

Currently, life cycle assessment (LCA) is among the most widely used approaches for
assessing and designing sustainable systems (Liu et al., 2018). LCA prevents the shifting of
impacts by considering a broad system boundary (Rebitzer et al., 2004). The methodology
has been standardized, with various computational structures available for constructing
process, input-output (Heijungs and Suh, 2002) and hybrid life cycle networks (Suh, 2004).
Fundamental process models have also been integrated with hydrid LCA by the process-to-
planet framework to enable multiscale sustainable process design (Hanes and Bakshi, 2015;
Ghosh and Bakshi, 2017).

Nonetheless, LCA makes decisions by comparing alternatives in terms of their resource
use and emissions, thus providing only relative sustainability metrics (Bjørn et al., 2015).
This relative approach prefers options that have smaller environmental impacts. However,
it does not consider nature’s carrying capacity (CC) to handle these impacts and might even
result in perverse decisions that increase reliance on goods and services from vulnerable or
degraded ecosystems (Urban and Bakshi, 2009). Therefore, in order to obtain absolute envi-
ronmental sustainability metrics, the role of ecosystem services (ES) needs to be referenced
explicitly and ecological CC must be respected (Bakshi et al., 2015).

Existing efforts to incorporate ES into sustainable decision making include connecting ES
to LCA, allocating planetary boundary (PB) to smaller scales and utilizing CC information
to define characterization factors (CF). Isard proposed that a fully integrated economic-
ecological model should be developed by creating and linking an ecosystem submatrix with
economic input-output model (Isard, 1972). However, this model has never been fully im-
plemented (Miller and Blair, 2009). Othoniel et al. suggested that an impact category
regarding ES should be included in LCA with related indicators (Othoniel et al., 2016).
This requires a cause-effect chain to be completed to characterize the impacts of environ-
mental intervention flows on ES provisioning. So far, the main focus is on land-use driven
impacts (Koellner et al., 2013). However, this approach ignores ecological CC and thus
provides information only about relative sustainability (Bjørn, 2015). Zhang et al. (2010)
developed the Eco-LCA tool that quantifies the direct and indirect dependence of activities
in different economic sectors on ES, based on the monetary throughput associated with the
activities. This approach adopted a “top-down” approach, which disabled multi-scale deci-
sion making. Moreover, it did not specifically propose the concept of absolute environmental
sustainability.

To account for absolute environmental sustainability, the impacts from human activities
need to be compared to nature’s remedial capacities. Attempts have been made to allo-
cate PB to support decisions at product and corporate levels with LCA methodology. On
one hand, LCA impact categories were linked to PB to develop normalization references
at midpoint level (Bjørn and Hauschild, 2015) and set impact reduction targets (Sandin
et al., 2015). On the other hand, novel CF are developed to incorporate carrying capacity
information. Doka (2015) modified conventional CF to characterize how much a persons
annual allowance of PB would be appropriated for a unit of emission created. However, as
has been pointed out by its developers, the PB framework is not designed to be down-scaled
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to support decisions at product level (Steffen et al., 2015). Furthermore, the utilization of
allocated values from the global scale ignores the concept of serviceshed, which defines the
area from where users can receive ES (Tallis et al., 2013). Accounting for the serviceshed of
an ES is essential for understanding its absolute sustainability.

Bjørn et al. (2016) modified the CF in life cycle impact assessment (LCIA) to incorpo-
rate information of grid-specific CC. The CF were expressed as CC occupation, with unit of
ha·year/kg emission, normalized by the CC of the receiving units. The authors suggested
that the developed CF can be linked to life cycle inventory to characterize the impacts of
emissions within each unit. For an individual system and a specific time frame of its inter-
vention, the midpoint indicators calculated the land area that supplies the demanded ES. If
the system occupied more land area than what is allocated to it, then absolute environmental
sustainability cannot be claimed (Bjørn et al., 2016). However, this method does not take
into account interactions between ecosystem components, rendering it insufficient to consider
ES trade-offs and synergies. Moreover, the authors regarded ecological CC as a static value
calculated from a steady-state threshold, ignoring the existing environmental interventions
from the ecosystem itself. This approach also does not consider the serviceshed of ES and
the fact that absolute sustainability can only be defined at this scale. Opportunities such
as ecosystem restoration and protection were also not considered.

The Techno-Ecological Synergies (TES) framework has the advantage of explicitly in-
corporating ES in the assessment boundary by developing synergies between technological
activities and their surrounding ecosystems (Bakshi et al., 2015). Applications of TES has
been mainly focused on assessing and designing localized systems, such as a residential house
(Urban and Bakshi, 2013), a biodiesel manufacturing site (Gopalakrishnan et al., 2016), and
a local energy production system (Martinez-Hernandez et al., 2016). To prevent the impact
shifting issue, Liu and Bakshi (2018) have developed a methodology that combines TES and
LCA. The resulting Techno-Ecological Synergy in Life Cycle Assessment framework, here-
after referred to as TES-LCA, can potentially capture trade-offs and synergies between ES,
account for absolute environmental sustainability, and identify novel improvement opportu-
nities through ecosystem restoration and ES trading, while incorporating life cycle impacts.
To realize its wider applications, a computational structure needs to be developed with the
ability to account for local and absolute environmental sustainability, and regional variation.

This paper develops a computational structure of TES-LCA by advancing the framework
of process LCA to explicitly include ecological components and account for regional varia-
tion. To our knowledge, this paper is the first effort to explicitly capture the interactions
between and within technological and ecological components in an integrated matrix form.
This novel computational structure is able to provide insights about absolute environmen-
tal sustainability, while incorporating life cycle considerations. Part 1 of this paper series
presents the basic computational structure and Part 2 presents how the basic structure can
be adapted to account for regional and serviceshed information.

The rest of Part 1 of this paper series is organized as follows. Section 2 provides a brief
introduction to the computational structure of conventional LCA and the TES-LCA method-
ology. Section 3 introduced the basic TES-LCA computational structure and its variation
under different ES ownership scenarios. To facilitate the understanding of matrix-based no-

3



T1 T2
a11

a12a21

a22
d11

d22

d12

d21

Figure 1: Process LCA

tations, the case study has been introduced in Section 2 and utilized throughout the paper
to demonstrate each relevant methodology. The purpose is to provide a more direct com-
parison and a clearer depiction of similarities and differences between various methods. The
advantages of explicitly including ecological systems in the analysis are conveyed through
comparisons with the CF approach used by Bjørn et al. (2016) and the conventional LCA
approach (Heijungs and Suh, 2002). The paper closes with a discussion of future research
needs.

2. Background

2.1. Computational Structure of Conventional LCA

The process LCA model is adapted from Heijungs and Suh (2002) and written as:

Am = f

Dm = r
(1)

In the context of Figure 1:

A =

[
a11 −a12
−a21 a22

]
is the technology matrix, which shows the economic product flows

between technological modules. If multiple functional processes are present, allocation is
needed to split the inputs and outputs between co-products. Hence, A stays a square
matrix, which can be inverted (Hanes et al., 2015).

D =

[
−d11 −d12
d21 d22

]
is the environmental intervention matrix, which indicates resource

use (“-”) and emissions (“+”) associated with a unit of product. In TES terminology, these
flows are referred to as demands for ES, thus are denoted by d. Each item dkn represents the
demand for the k-th ES from the n-th activity. To be more specific, resource use demands
corresponding provisioning ES while emissions demand for corresponding regulating ES.

m =

[
m1

m2

]
is a vector of scaling factors or multipliers for technological modules, which

is determined by solving balance equations.
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Figure 2: System Considered in the Toy Example

f =

[
f1
f2

]
is a vector of final demands for technological modules, which is determined by

societal needs. Once f is defined, scaling factors vector m can be calculated by rearranging
eq (1) to: m = A−1f .

r =

[
−r1
r2

]
is the inventory, which contains resource use (“-”) and emissions (“+”) infor-

mation for the specified process network. Each item rk can be interpreted as the demands
for the k-th ES from the product’s life cycle. Life cycle impact is calculated by:

g = Qr = QDA−1f (2)

in which Q is the characterization matrix. Each row in Q represents an impact category,
e.g. acidification potential or water depletion potential; and each column contains the CF
associated with each environmental invention in corresponding impact categories (i.e. rows).
The vector g contains midpoint indicators for each impact category, which can be further
aggregated to obtain endpoint indicators or even a single score.

Figure 2 shows the system for the case study. Two technological processes are considered,
namely, coal mining and electricity generation. Both processes consume water and emit SO2.
Within the surrounding ecosystems, two ecological components are considered, namely tree
and grass covers. It is assumed that both ecological components sequester SO2; while trees
recharge groundwater that can be utilized for grass growth. The ecological modules are
interactive due to flow of H2O between them. On the other hand, SO2 is a non-interactive
flow.

In the context of the conventional LCA, the focus is only on the technological systems
T11 and T12. The coal mining activity produces 10 kg of coal while using 0.5 L of H2O
and emitting 1 kg of SO2; and the electricity generation activity consumes 0.1 kg coal to
produce 1 GJ of electricity while using 0.1 L H2O and emitting 0.2 kg SO2. The acidification
potential and respiratory effects are quantified for SO2 flow, the CF of which are 1.0 kg SO2

eq/kg and 0.061 kg PM2.5 eq/kg, respectively (Bare, 2011). The water depletion potential
is quantified for H2O flow, the CF of which is 1 m3/m3 (Huijbregts et al., 2016). If a final
demand of 0 kg of coal and 100 GJ of electricity is required by the outside consumers, by
applying eq (1) and (2):
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m = A−1f =

[
10 −0.1
0 1

]
−1 [

0
100

]
=

[
1
100

]

Dm =




1 0
−0.5 0
0 0.2
0 −0.1



[

1
100

]
=




1
−0.5
20
−10


 = r

g = Qr =




0 1 0 0
1 0 0 0

0.061 0 0 0
0 0 0 1
0 0 1 0
0 0 0.061 0







1
−0.5
20
−10


 =




−0.5
1

0.061
−10
20
1.22




(3)

The vector g contains the environmental impacts of each activity separately, in terms of
water depletion, acidification and respiratory effects. Note that in D of eq (3), the same
environmental intervention flow, e.g. SO2, for activities T11 and T12 need to be written in
two separate rows, if the impacts from each activity in the life cycle are to be quantified
separately. This representation is useful when the regionalized impacts need to be calcu-
lated (Yang and Heijungs, 2017). If the overall impacts from the entire life cycle are to be
quantified, then the interventions from T11 and T12 need to be summed up before applying
eq (2), which can be easily implemented by putting their intervention flows in the same row
within D matrix, as follows:

Dm =

[
1 0.2

−0.5 −0.1

] [
1
100

]
=

[
21

−10.5

]
= r

g = Qr =




0 1
1 0

0.061 0



[

21
−10.5

]
=



−10.5
21
1.28




(4)

The vector g contains the life cycle environmental impacts, in terms of water depletion,
acidification and respiratory effects.

2.2. Techno-Ecological Synergy in Life Cycle Assessment (TES-LCA)

TES quantifies and compares demands and supplies of ES at multiple spatial scales.
demand can be interpreted as resource use and emissions; while supply as the ecological
capacity to provide the resources and absorb the emissions. In other words, demand is
determined by technological processes while supply is determined by the considered ES and
its serviceshed. TES sustainability metric vk has been defined as (Bakshi et al., 2015):

vk =
sk − dk

dk
(5)
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Table 1: Procedures for Process LCA and TES-LCA (Liu and Bakshi, 2018)

Step LCA TES-LCA

Goal & scope definition
Define the scope for
technological systems

Define the scope for both
techno- and ecosystems

Life cycle inventory
Quantify resource use
and emissions

Quantify ES demand
and supply

Impact assessment
Calculate indicator scores
for differnent impact categories

Measure the extent of
sustainability

Improvement analysis
Discover hotspots and
improve process efficiency

Encourage activities that do
less bad and more good

T1 T2
a11

a12a21

a22
d11

d22

d12

d21

E1 E2
s11s21

s22

s12

Figure 3: Technologies and Local Ecosystems

in which, dk and sk represent the demand and supply for the k-th ES, respectively. vk ≥ 0
implies local sustainability (or “island of sustainability”) at the selected scale. These local
sustainability metrics are not meant to indicate absolute environmental sustainability, but
used to guide local improvements of sustainability performance. Since ES flows are largely
confined to their servicesheds, the absolute environmental sustainability for the k-th ES is
defined at the scale of serviceshed (indicated by ∗) as v∗k ≥ 0. This suggests that to claim
absolute environmental sustainability, demand of the k-th ES should not exceed its supply
at the serviceshed scale.

The procedure for conducting TES-LCA can be modified from that of process LCA, as
summarized in Table 1. The process LCA analysis boundary is expanded to include the
interacting ecosystems (Liu and Bakshi, 2018). Therefore, the computational structure of
TES-LCA will also be based on that of process LCA, which was summarized in Section 2.1.

3. Computational Structure of TES-LCA

3.1. Basic Computational Structure

TES-LCA considers both technological and ecological systems in an integrated manner.
In the context of Figure 3, all four modules need to be included in the analysis, where E1

and E2 are the surrounding ecosystems of technological activities T1 and T2, respectively.
Ecological systems can be treated as modules that input wastes discharged from techno-

logical activities and output ecosystem goods and services utilized by technological activities.
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Therefore, they can be incorporated into the computational framework just like the tech-
nological modules. The computational structure of TES-LCA can be adapted from that of
process LCA by including ecological modules and written as follows:

[
A C

D S

] [
m

me

]
=

[
f

fe

]
(6)

The notations used will be explained in the context of Figure 3. The two matrices, A
and D are defined in the same manner as with process LCA in eq (1). To be more specific,
A is the technology matrix, which shows the economic product flows between technological
modules; while D is the environmental intervention matrix, which indicates resource use
and emissions associated with a unit of product. Two additional submatrices are created to
incorporate ecological modules explicitly:

S =

[
s11 −s12
−s21 −s22

]
is the “ecosystem matrix”, representing the flows between ecological

modules E1 and E2. In TES terminology, the ES supply to technological activities (denoted
by s) are generated from the interactions between ecological systems. For example, E1

sequesters s21 units of a flow such as SO2, while synergistically recharging s11 units of a
resource such as groundwater, which can then be utilized by ecosystem E2 at the rate of
s12 for activities such as crop growth (Klimas et al., 2016). E2 may also simultaneously
sequester s22. These interactions between ecological components can be captured in S.

C is the “technological intervention” or “management” matrix, representing the economic
product flows between technologies and ecosystems. For example, man-made ecosystems
such as a lawn, may need to be managed with fertilizers and pesticides, to provide additional
ES, which may not have direct economic values. These flows can be captured in C.

m and me are vectors of scaling factors, while f and fe are vectors of final demands from
technologies and ecosystems, respectively. f can be interpreted as economic products from
the network that satisfy human needs while fe can be interpreted as environmental flows
from the network that actually impact the ecosystems.

Eq (6) can be rewritten in a compact form as:

Atemte = fte (7)

in which Ate =

[
A C

D S

]
, mte =

[
m

me

]
and fte =

[
f

fe

]
; the subscript te suggests that

information about both technological and ecological systems is included. Therefore, Ate is
referred to as “techno-ecological” matrix. It should not be surprising that eq (7) has a similar
formulation as eq (1), since both technological and ecological modules can be incorporated
into the production network in the same manner.

TES-LCA aims to create an integrated network involving both technologies and ecosys-
tems, as shown in Figure 4. Ecosystems can absorb emissions and wastes from technologies,
and in turn provide raw materials and services required by technologies. The curly arrows
represent the surplus flows from the integrated network. The red ones indicate the actual
impacts from the technologies after accounting for the capacities of ecosystems; while the
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T1
T2a11m1

a12m2a21m1

a22m2d11m1

d22m2

d12

d21m1

E1 E2
s11me1

s21me1
s22me2

s12me2

Figure 4: TES-LCA Network

green ones suggest the additional ES that can be utilized by other technologies not involved
in the current network.

The formulation in eq (6) can be used to calculate vk. If ecological modules are incorpo-
rated with their maximum current capacity into Ate and specify fe to be 0, then a scaling
factor of mek = 1 implies that the demand and supply of the k-th ES are equal. Also, when
mek > 1, it indicates ecological overshoot. In fact, mek = dk/sk since mek can be interpreted
as the fraction of occupation of maximum current supply by the demand and therefore,

vk = m−1
ek − 1 (8)

However, for some cases, since there exist complex interactions between ecological com-
ponents, entries in fe cannot achieve value 0 simultaneously. If fe is forced to be 0, then the
issue of negative scaling factors for ecosystems may appear. This means that ecosystems are
operating in a reverse manner. For example, if a tree ecosystem module generally sequesters
carbon, a negative scaling factor for this module would suggest that the tree will emit carbon
instead, which does not make practical sense. Moreover, in the context of TES-LCA, deter-
mining the net interventions (fe) of technological systems after accounting for ecosystem’s
maximum mitigation capacity is of primary interest. Therefore, instead of considering f and
fe to be the known variables, f and me are considered to be the known variables. This is
because after including flows from all available ecosystems in the selected region, me can be
specified to be 1. Therefore, eq (6) is rearranged to be:

[
A 0

D −I

] [
m

fe

]
=

[
f

0

]
−

[
C

S

]
me (9)

in which I is an identity matrix. Withme = 1, once the final demand f from the technological
systems is specified, eq (9) can be used to calculate m and fe. The first matrix on the left-
hand side can be adjusted to a square matrix, which is invertible. This is because the
dimensions of the identity (I) and zero (0) matrices can be tuned accordingly, as long as
A matrix is square (which can be achieved through proper allocation between co-products
(Hanes et al., 2015)). Once fe is known, vk can be calculated based on fek:

vk = −
fek

dk· ·m
(10)
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in which dk· is related to rk through equation dk· ·m = rk, where m is a vector of scaling
factors of technological activities. Such a framework can be used to assess whether the
ecological CC has been trespassed and if so, to which extent. The equivalence of eq (10)
and eq (5) has been proved as follows:

Dm+ Sme = fe (11)

dk· and sk· are used to represent the k-th row in matrices D and S, respectively, which
can be interpreted as the demand and supply of the k-th ES by activities in the life cycle.
Therefore, with regard to the k-th ES:

dk· ·m+ sk· ·me = fek (12)

For resource use flows, dk· has a “-” sign while sk· has a “+” sign. Since both sk and dk in
eq (1) are positive values, therefore:

vk =
sk − dk

dk
=

sk· ·me + dk· ·m

− dk· ·m
= −

fek
dk· ·m

(13)

For emission flows, dk· has a “+” sign while sk· has a “-” sign, therefore:

vk =
sk − dk

dk
=

−sk· ·me − dk· ·m

dk· ·m
= −

fek
dk· ·m

(14)

The impacts resulting from the exceedance of ecological CC can be potentially quantified
by combining TES-LCA with conventional LCIA (Posch et al., 2008), as follows:

g = Qfe (15)

This modification to eq (2) advances existing LCIA methods by making their results closer
to the actual damages (Bare, 2011).

In the context of the case study (Figure 2), the ES supply from sites E11 and E12 are
considered. Both sites have two ecological components, namely tree and grass covers. On
E11, the tree module sequesters 0.6 kg of SO2 and recharges 0.4 L of H2O; while the grass
module sequesters 0.3 kg SO2 and consumes 0.3 L of H2O. On E12, the tree module sequesters
0.5 kg of SO2 and recharges 0.4 L of H2O; while the grass module sequesters 0.4 kg SO2 and
consumes 0.4 L of H2O. Assuming the final demands for coal and electricity are still 0 kg
and 100 GJ, respectively, eq (9) can be applied to obtain the following:
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Figure 5: Network: Basic Computational Structure

[
A 0

D −I

] [
m

fe

]
=




10 −0.1 0 0 0 0
0 1 0 0 0 0
1 0 −1 0 0 0

−0.5 0 0 −1 0 0
0 0.2 0 0 −1 0
0 −0.1 0 0 0 −1







m1

m2

feS1
feH1

feS2
feH2



=

[
f

0

]
−

[
C

S

]
me =




0
100
0
0
0
0



−




0 0 0 0
0 0 0 0

−0.6 −0.3 0 0
0.4 −0.3 0 0
0 0 −0.5 −0.4
0 0 0.4 −0.4







1
1
1
1




(16)

Eq (9) is applied instead of eq (6) to prevent the potential issue of negative scaling
factors for ecosystems. In fact, if the water provisioning capacity of both tree modules are
0.2 L instead of 0.4 L, applying eq (6) directly can result in negative scaling factors for grass
modules.

Figure 5 shows a substantiation of the TES-LCA network, in terms of the case study.
From Figure 5, it can be inferred that both technological modules require additional water
provisioning services to fully meet water demand and air quality regulation services to fully
mitigate SO2 emission, as indicated by the red curly arrows. These results are in line with
those shown in Table 2. From eq (16), fe can be calculated:

[
m

fe

]
=




m1

m2

feS1
feH1

feS2
feH2



=

[
A 0

D −I

]
−1 {[

f

0

]
−

[
C

S

]
me

}
=




1
100
0.1
−0.4
19.1
−10




(17)

Sustainability metrics can then be calculated using eq (10) for each activity in the life
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cycle and the life cycle itself. The impacts of excessive flows that are not mitigated by
ecosystems can then be quantified following eq (15) for each activity separately. And for
the same reason, the same emission flow (e.g. SO2) from the two activities are treated as
different environmental interventions (e.g. SO2 emissions from activities T11 and T12). By
applying eq (15):

g = Qfe =




0 1 0 0
1 0 0 0

0.061 0 0 0
0 0 0 1
0 0 1 0
0 0 0.061 0







0.1
−0.4
19.1
−10.0


 =




−0.4
0.1

0.0061
−10.0
19.1
1.165




(18)

If the impacts from the life cycle are to be quantified, then the actual interventions from
T11 and T12 need to be summed up before applying eq (15), which can be easily implemented
by putting their intervention flows in the same row within D matrix, as shown in eq (3) and
(4).

With the CF approach, the land area needed to provide the services is calculated using
the CC and demand information. Following assumptions are made: 1) all emissions within
a serviceshed do not flow across serviceshed boundaries (fate factor equals to 1); 2) the
two activities are nested within the same air quality regulation and water provisioning
servicesheds, the capacities of which are assumed to be 9 kg SO2/ha and 4 L H2O/ha,
respectively; 3) each hectare of land nested within the serviceshed has the same CC of that
particular ES. Then starting from eq (3) in Bjørn et al. Bjørn et al. (2016), CF can be
calculated for each environmental intervention flow as follows:

CFk =
1

CCk

(19)

Note that up to the calculation of inventory r, the CF approach is exactly the same as
the conventional one, as shown in eq (3). Then by applying eq (2) with the updated CF
incorporating CC information:

g = Qr =




1

9
0 0 0

0 −
1

4
0 0

0 0 1

9
0

0 0 0 −
1

4







1
−0.5
20
−10


 =




0.111
0.125
2.22
2.5


 (20)

The impacts of the CF approach are calculated in terms of land area that is needed to
mitigate the interventions. The available land area is assumed to be 0.1 ha for each activity.
Comparing the area needed to that available, in this case, [0.1, 0.1, 0.1, 0.1]T , with eq (10),
sustainability metrics can be obtained.

For conventional LCA approach, the inventory is built for technological modules through
eq (3). The above results are summarized in Table 2. No supply and absolute environmen-
tal sustainability metric information is available from conventional LCA approach and the
corresponding blanks are thus marked with “n/a”.
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Table 2: Comparison of Results Obtained from Different Methods

Flows Methods
Demand Supply

Unit
Metric vk Metric v∗k

T11 T12 T11 T12 T11 T12 T11 T12

SO2

Conventional 1 20 n/a n/a kg n/a n/a n/a n/a
CF 0.111 2.22 0.1 0.1 ha -0.1 -0.96 n/a n/a
TES-LCA 1 20 0.9 0.9 kg -0.1 -0.96 2.9 -0.51

H2O
Conventional 0.5 10 n/a n/a L n/a n/a n/a n/a
CF 0.125 2.5 0.1 0.1 ha -0.2 -0.96 n/a n/a
TES-LCA 0.5 10 0.1 0 L -0.8 -1 0.2 -0.9

It can be inferred from Table 2 that both TES-LCA and CF approaches attempt to
modify conventional LCA approach to incorporate ecological CC information, but at dif-
ferent points in the impact pathway. TES-LCA method compiles life cycle inventories for
both technological and ecological systems, enabling the direct incorporation of the role of
ES and their interactions. CF approach compiles inventories only for technological system.
Ecological CC is only included in an implicit manner by acting as the normalization factor
in CF. Also note that these two methods measure demand and supply in different units.
The CF method calculates the land area that supplies the demanded ES, which resembles
ecological footprint method (Bjørn et al., 2016); while TES-LCA measures the demands and
supplies in physical units (Liu and Bakshi, 2018). If the metrics calculated by applying eq
(5) for these two methods are compared further, it can be inferred that for non-interactive
flows such as SO2, the sustainability metrics calculated with both methods are the same.
However, the sustainability metrics are different for interactive flows, such as H2O. It can be
observed that for interactive flows, the metrics calculated using the CF approach in general
have larger values. The reason is that their way of including CC cannot account for the
current interventions that result from the interactions between ecological components. This
depicts the advantage of capturing the interactions within and between techno-ecological
systems in the matrix form. Also note that in this case, both approaches measure environ-
mental sustainability only at a local scale. But the decisions on absolute sustainability need
to be made at the serviceshed scale, which TES-LCA includes.

3.2. Accounting for Allocation of ES between Multiple Users

ES supply from a serviceshed needs to be partitioned between multiple users nested
within it. Two potential solution strategies are available, namely proportional allocation
and avoided allocation (Bakshi et al., 2015). The avoided allocation approach provides in-
formation on absolute environmental sustainability by considering total demand and supply
of ES within the serviceshed.

Proportional allocation approach allocates ES supply in the serviceshed to multiple users
according to selected properties, such as population, area, or demand. The allocated ES can
be interpreted as the “right to use”. Two approaches for determining this use right include
the private and public ownership of ES (Liu and Bakshi, 2018). Private ownership implies
the situation where the land owners can claim the ownership of ES produced from their
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privately owned land and a fraction of ES allocated from the publicly owned land in the
serviceshed. Public ownership, on the other hand, implies that ES produced within the
serviceshed belongs to every activity that demands this service, regardless of the ownership
of land from where it is produced (Liu and Bakshi, 2018).

The proposed computational structure can be modified to account for these cases. E1,
. . . , En are assumed to represent local ecosystems privately owned by activities T1,. . . , Tn.
The ES supply available from these sites are sk1,. . . , skn in terms of the k-th ES. Eknβ

represents the publicly owned ecosystem (denoted by β) in the serviceshed of the k-th ES
where the n-th activity is nested within, whose service supply, sknβ, should be allocated to
all activities in that serviceshed. This allocation process can be envisioned as splitting sknβ
between multiple users based on the selected quantities. Therefore, a partitioned ES supply
flow can be created by combining skn and the allocated supply from Eknβ due to the fact
that they are dealing with common environmental flows by providing the same ES indexed
by k. Mathematically, the allocation under private ownership of k-th ES can be generalized
as:

S̃ = S+ Sβ ◦W (21)

in which S̃ =




s̃11 s̃12 . . . s̃1n
s̃21 s̃22 . . . s̃2n
...

...
. . .

...
s̃k1 s̃k2 . . . s̃kn


, S =




s11 s12 . . . s1n
s21 s22 . . . s2n
...

...
. . .

...
sk1 sk2 . . . skn


, Sβ =




s11β s12β . . . s1nβ
s21β s22β . . . s2nβ
...

...
. . .

...
sk1β sk2β . . . sknβ


,

W =




w11 w12 . . . w1n

w21 w22 . . . w2n

...
...

. . .
...

wk1 wk2 . . . wkn


. The “◦” suggests for element-wise matrix multiplication. If

the special case where these activities are nested within the same serviceshed of the k-th ES is
considered, then sk1β = sk2β = . . . = sknβ. With the additional assumption that they are the

only consumers of the k-th ES in that serviceshed, wkn =
πn∑
πn

calculates weighting factors

used when allocating ES between technological activities based on the selected property π.
s̃kn can be interpreted as the total amount of the k-th ES that can be claimed by activity n.
If there exist multiple ecological modules in the local ecosystem that supply the same ES,
the allocated supply should be further partitioned between these modules, where eq (21)
can also be applied.

Under the public ownership scenario, the serviceshed ecosystem is treated as a whole.
Thus, the total supply of the k-th ES from the serviceshed needs to be known. A parti-
tioned ES supply flow can be created by allocating the serviceshed supply between users.
The allocated value should be directly incorporated as a module in S̃, since the ecological
components in the locality and thus their interactions are not the primary focus of the public
ownership scenario. Mathematically, the allocation under public ownership of k-th ES can
be generalized as:
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S̃ = S∗

◦W (22)

in which S∗ =




s∗11 s∗12 . . . s∗1n
s∗21 s∗22 . . . s∗2n
...

...
. . .

...
s∗k1 s∗k2 . . . s∗kn


, whose elements s∗kn stands for the total supply of the

k-th ES from the serviceshed where the n-th activity is nested. S̃ and W are defined as
with eq (21).

Eq (10) can then be applied to calculate sustainability metrics for both scenarios. These
sustainability metrics are calculated at the scale of the serviceshed and define whether the
activity can claim its use of ES to be sustainable in the context of servicesheds.

In the context of the case study (Figure 2), it is assumed that T11 is allocated 3 kg
SO2 and 0.5 L H2O while T12 is allocated 9 kg SO2 and 1 L H2O from the corresponding
servicesheds for air quality regulation and water provisioning. In practice, this allocation
can be performed according to any selected property by applying eq (21). For both sites E11

and E12, water provisioning service is only provided by trees. Therefore, the allocated water
supply is combined with the tree modules, E111 and E121, respectively. Air quality regulation
services are provided by both tree and grass cover. Therefore, in this demonstration, the
allocated air quality regulation service supply is further partitioned between tree and grass
modules based on their current mediating capacity. The partitioned ecosystem matrix S̃

can be obtained following eq (21):

S̃ = S+ Sβ ◦W

=




−0.6 −0.3 0 0
0.4 −0.3 0 0
0 0 −0.5 −0.4
0 0 0.4 −0.4


+




−3 −3 0 0
0.5 0.5 0 0
0 0 −9 −9
0 0 1 1


 ◦




0.67 0.33 0 0
1 0 0 0
0 0 0.56 0.44
0 0 1 0




=




−2.6 −1.3 0 0
0.9 −0.3 0 0
0 0 −5.5 −4.4
0 0 1.4 −0.4




(23)

Eq (10) can then be applied to calculate sustainability metrics at the serviceshed scale,
which are provided in Table 2 in columns Metric v∗k. It can be inferred that due to the
ownership of the additional ES supply allocated from the serviceshed, activity T11 may claim
its use of ES to be sustainable in terms of both air quality regulation and water provisioning
services, in the context of servicesheds. Since the CF approach does not account for the
serviceshed concept, the corresponding blanks are thus marked with “n/a”.

Figure 6 shows a substantiation of the TES-LCA network, in terms of the case study,
involving the allocation of ES between multiple users in the corresponding servicesheds under
the private ownership scenario. Note that the serviceshed for water provisioning ES does
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Mining T11

Electricity

Gen. T1210 kg Coal

Figure 6: Network: Accounting for Allocation of ES between Multiple Users
(AQR: air quality regulation; WP: water provision)

not coincide with that for air quality regulation ES. This is the reason why the public-owned
lands in the corresponding servicesheds are represented separately in Figure 6. Based on
the partitioned ES supply flows, it can be inferred that T11 can claim its activity to be
sustainable and provide surplus ES. On the other hand, T12 still requires additional ES
inputs, thus cannot claim sustainability.

4. Conclusions and Discussion

The TES-LCA computational framework developed in this work explicitly captures the
interactions between technological and ecological components in an integrated matrix form
while accounting for the product’s life cycle and absolute environmental sustainability. The
framework can help in meeting the requirements for environmental sustainability assessment
of preventing unintended harm and respecting nature’s limits. Since the role of ES is included
directly in TES-LCA, the actual impacts on ecosystems that cannot be quantified by the
conventional LCA approaches can be obtained, together with the potential identification of
novel ecological solutions. Nonetheless, several challenges need to be addressed to implement
the proposed TES-LCA computational structure, mainly on the availability of data about
ES and their servicesheds.

Information about ES supply can be obtained from detailed ecological models and remote
sensing. Such data need to be made available in future versions of LCI databases. In
addition, accounting for absolute environmental sustainability requires the consideration
of an exhaustive array of ES, which necessitates the development of consistent methods to
quantify their demand and supply. ES classification schemes, such as CICES, can be applied
to fulfill this need (Haines-Young and Potschin, 2013).

Regarding the serviceshed delineation issue, accepted “standard” needs to be developed
for each and every ES, based on advanced understanding on ES delivery. More rigorous
methods, such as setting cutting-off criteria, may also be applied (Bjørn et al., 2016).
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Moreover, a systematic methodology is needed to identify all activities that demand an
ES in the serviceshed to avoid biased use right in the allocation step. Ecosystems require
certain amount of ES for proper functioning, which prevents this portion from being available
for human use. Take water provisioning service as an example, it is suggested that for
maintaining a fair condition, 20% to 50% of the mean annual river flow is required by
ecosystems (Smakhtin et al., 2004). Likewise, the amount of service that should be kept
aside needs to be quantified for each ES.

Once available, such data can be included in future versions of life cycle inventory
databases. To further gain popularity and facilitate usage, a software implementing this
computational structure needs to be developed, as with conventional LCA.

Furthermore, the dynamic aspects are ignored in the current study. In fact, by treating
ecological components as modules, their annual average performances are intuitively used.
However, ecological CC may change on an hourly base, which suggests that ecosystems need
to be analyzed under a much higher time resolution.
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Appendix A.

Table A.3: Description of notations used

Symbols Description and Units
A Technological matrix
C Management matrix
D Environmental intervention matrix
S Ecosystem matrix
Q Characterization factor matrix
f Final demand vector, technological systems
fe Final demand vector, ecological systems
m scaling factor vector for technological modules
me scaling factor vector for ecological modules
r Life cycle inventory vector
g Midpoint indicator, environmental impacts vector
dk Demand for k-th ecosystem service (physical units)
sk Supply for k-th ecosystem service (physical units)
vk Sustainability metric (dimensionless)
k Ecosystem service numbering
n Activity numbering
T Technological modules
E Ecological modules
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CF Characterization factor
ES Ecosystem service
CC Carrying capacity
β Public owned ecosystem
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