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Featured Application: This integrated approach allows for a carbon capture system: (a) the
identification of the requirement of ecosystem services to fulfill a task, (b) identification of
potential biophysical constraints to socio-ecological systems, and (c) implementation of mitigation
plans according to the external biophysical constraints identified.
Abstract: In the life cycle assessment (LCA) method, it is not possible to carry out an integrated
sustainability analysis because the quantification of the biophysical capacity of the ecosystems to
supply ecosystem services is not taken into account. This paper considers a methodological proposal
connecting the flow demand of a process or system product from the technosphere and the feasibility
of the ecosystem to supply based on the sink capacity. The ecosystem metabolism as an analytical
framework and data from a case study of an LCA of combined heat and power (CHP) plant with and
without post-combustion carbon capture (PCC) technology in Mexico were applied. Three scenarios,
including water and energy depletion and climate change impact, are presented to show the types
of results obtained when the process effect of operation is scaled to one year. The impact of the
water–energy–carbon nexus over the natural infrastructure or ecological fund in LCA is analyzed.
Further, the feasibility of the biomass energy with carbon capture and storage (BECCS) from this
result for Mexico is discussed. On the supply side, in the three different scenarios, the CHP plant
requires between 323.4 and 516 ha to supply the required oil as stock flow and 46–134 ha to supply
the required freshwater. On the sink side, 52–5,096,511 ha is necessary to sequester the total CO2
emissions. Overall, the CHP plant generates 1.9–28.8 MW/ha of electricity to fulfill its function.
The CHP with PCC is the option with fewer ecosystem services required.
Keywords: carbon sequestration; ecological funds; post-combustion carbon capture; ecological fund;
ecosystems metabolisms; flow; sink capacity
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1. Introduction
The combined heat and power (CHP) plant is an integrated energy system that is used in the
power and manufacturing sectors to generate electricity and steam from a single fuel source and
process. The CHP has generally been used to support the midstream and downstream operations
in the oil and gas (O&G) industry. In the U.S oil refinery industry, gas turbine CHP is considered to
be the most suitable technology for mitigating CO2 [1] as well as for the reduction of the primary
energy source (PES). The installed capacity of CHP plants in Mexico is 4042 MW, corresponding to
5.3% of the total capacity [2]. In the Mexican O&G industry (PEMEX), the CHP plants that cover the
middle and high steam and electricity demands of gas processing, oil refinery, and petrochemical
processes are suitable for reducing fossil fuel consumption and CO2 [3]. However, on the supply side,
the CHP plants face water supply competition between different users and sectors as well as moderate
and severe water scarcity due to changes in land use in the middle and north of the country [4,5],
which could affect their operations.
Indeed, recognizing the importance of these interlinkages between resources, externalities, and the
territory with the economic process, it is advisable to use the conceptual water–energy–food (WEF)
nexus to address inter-related issues at different scales and dimensions in order to perform a quantitative
analysis of sustainability with a different approach [6–8]. In this sense, natural infrastructure (soil,
aquatic, and terrestrial ecosystems, atmosphere as ecological resources) or ecological funds (EFs) have
been recognized as key components for achieving the 2030 Sustainable Development Goals (SDGs).
Ecosystem integrity is the cornerstone of the concepts of water security, food security, energy security,
and their nexus [9]. A wide range of policies seek to build resilient cities, drive sustainable development,
and to create a stable climate that includes nature-based solutions and green infrastructure strategies [10,
11]. This approach has been addressed since the early 1970s through a fund-flow (FF) model developed
by Georgescu-Roegen [12]. The FF conceptual model has been applied to environmental accounting
to assess the metabolic pattern of societies and ecosystems at different scales and dimensions [13,14],
which is important because the requirement of flows, stocks (oil, gas, coal, biomass), and natural
infrastructure for the production and consumption of goods and services (technosphere) depends on
the capacity of ecosystems (biosphere) to supply ecosystem services. However, there are challenges
regarding how to accurately address and handle the integrated management of biotic and abiotic
resources and energy systems or goods and services beyond using a simple indicator or number [13].
Finding emerging approaches to the water–energy–carbon (WEC) nexus analysis could contribute
significantly to the goals of the Mexican energy sector that seek to attend to and achieve reductions in
the supply of energy, water, and emissions [15,16], as well as to address the requirements of the new
PEMEX´s Business Plan 2019–2023, which considers enhanced oil recovery (CO2 -EOR) [17]. In this
regard, the capture, use, and sequestration (CCUS) of CO2 have been established as a narrative by
several institutions [18–20] and authors [21,22] as the only possible technological option of the electrical
and industrial sector to mitigate climate change (CC). A contribution between 12% and 14% [20,22] of
total mitigation and cost of 30–60 USD/t for CO2 capture [23] is estimated. Other studies support that
this technology would only contribute 1% in the case of the chemical conversion of CO2 and between
4% and 8% [24,25] for EOR-CCS. However, this estimation does not consider: (i) the positive feedback
effect of CO2 -EOR, due to the extraction of PES and the production of gasoline, and greenhouse gases
permanently [3,26] and (ii) the biophysical constraints or the capacity of the ecosystem to supply
ecosystem services that would have to carry out such technological development. The analysis of other
emergent tools for the use (function) of the CO2 that are more suitable for society when coupled with
such technology as CCUS [27,28], as well as the role that it has in the mitigation of climate change is
therefore essential for responsible development.
For instance, Dai et al. [29] reported 70 tools and methods that can be used to assess the
water–energy (WE) nexus at multiple levels, which includes the performance of a life cycle assessment
(LCA) through their standards—ISO-14040, 2006 and ISO-14044, 2006—and other emerging approaches
like the multi-scale integrated assessment of society and ecosystem metabolism (MuSIASEM) [8,11,30].
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In this sense, in an overview of peer-reviewed journals from 2008 to 2017, Mannan et al. [31]
identified 11 articles on LCA and the water–energy–food (WEF) nexus from different databases
as well as water–land–energy and global warming. Also, Karabulut et al. [32] highlighted the
importance of integrating ecosystem services into the LCA by proposing a synthesis matrix to relate the
ecosystem–water–food–land–energy (EWFLE) nexus, emphasizing the need to achieve food security.
Liu and Bakshi [33] developed an approach for techno-ecological synergy in LCA (TES-LCA) by
expanding the steps in conventional LCA on ecosystem services at multiple spatial scales. This approach
uses an environmental sustainability criterion based on the demand of flows given by the product
system (PS) that does not exceed the supply flow by the ecosystem. In other words, there is a concern
regarding the incorporation of the EWFLE or WEF nexus into LCA, but the nature of infrastructure
assessment to provide ecosystem services is not considered.
Companies and practitioners have used LCA as a tool to assess the potential environmental
impacts of different processes and PS, can guide their decisions to improve their eco-efficiency [34].
LCA uses a spatially global characterization factor based on local and regional scales [35,36]. However,
there are problems concerning the reconciliation between requirements for material and energy flows
to cover the needs of the society to provide goods and services and use natural resources.
The evidence shows some theoretical and methodological weaknesses in traditional LCA,
as follows:
(i)

The scope of the definition of the FU, which refers to a quantitative description of the function or
service, and which is the basis for determining the reference flow of process or PS, is very short
(e.g., hours, minutes, or seconds) [37–40]. Thus, LCA only considers one scale (micro-temporal)
and one dimension (technological) at a time.
(ii) The life cycle inventory (LCI) provides different flows (material, energy, resources) that have been
handled as individual or isolated numbers without considering that they may come from a limited
source of resources. A key distinguishing feature of the LCA is that the mathematical protocol
developed for measuring the elementary flows—materials and energy—is steady-state-based and
uses a top-down causality model [35] rather than a constant flow rate (mass per unit time) [41].
Additionally, LCA accounts for flows but not natural infrastructure or ecological funds (EFs)
that means that the inflows (LCI) and outflows (products and potential environmental impacts)
of LCA do not take into account the EF´s availability (soil, aquatic, and terrestrial ecosystems,
atmosphere, and ecological resources) to assess the PS [42]. This means that LCA does not
consider reciprocal relationships between the EFs and their flows, i.e., its nexus.
(iii) On the supply side, or profile requirement, there is a lack of spatial resolution and predictive
ecological information to reveal key impacts that allow the external constraints on the ecosystem
services to be checked in a region in the sustainability context [43,44].
On the other hand, when multiple dimensions (technological, ecological, economic) and multiple
periods (years, decades) and scales (national, regional, local) are considered in the assessment of
sustainability for a process, city, or region and its WEF nexus, such as the one performed by MuSIASEM,
it is possible to obtain a comprehensive view [6]. In this way, it is possible to assess the biophysical
constraints on the supply side and the environmental impact on the sink side in socio-ecological
systems (SES) through the addition of the flow-fund (FF) model [14], relational analysis [45,46], and the
non-equilibrium thermodynamics of the social-ecological system [15], the pillars of MuSIASEM.
Hence, a different approach needs to be developed to connect regionalized inventories, i.e., on the
supply side, with impact assessment results to adapt LCA for the evaluation of the SES nexus and its
external and internal constraints. The LCA results of the studies conducted thus far do not provide
adequate information on the required pattern of supply flows and environmental load per day or
year for a process or a PS. Moreover, there is no connection with external constraints and with the
continuous pressure on the environment of a place and time.
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In this sense, it is recognized that the processes operate from the technosphere in LCA, and the
supply ecosystem services for the biosphere are two separate processes. Hence, this research proposes
establishing this inextricably metabolic relation between them, considering the MuSIASEM as an
analytical framework. Mainly, three elements are considered to build an analytical framework and
operationalize LCA coupled to the EFs: (i) the FF model, (ii) the time-scale, and (iii) spatial analysis,
are used to establish this bridge to LCA improvement.
The objective of this study is to present a methodological proposal on the flows–EFs nexus into
the LCI and life cycle environmental impact (LCIA) based on the FF model and spatiotemporal scale,
incorporating the perspective of the socio-ecological metabolism [47,48] from a LCA study [3] related
to CHP plants without (w/o) and with (w) post-carbon capture (CHP wPCC).
Coupling the FF model with the LCA allows for a FF–LCA integrated approach that incorporates
the building requirements of the flow patterns (input/output) and EFs (e.g., catchment area, forest land,
and stocks-hydrocarbon reserves) rather than only flows to characterize the flow–fund ratios considering
a spatiotemporal scale of a one year of operation of a CHP plant to analyze the biophysical constraints
from a bottom-up causality point of view. In contrast, the FU model used has been addressed without
considering the quantification of the interaction between the demand impact (flows) and ecosystems
(ecological funds) for the processes or PS as CHP plant on the micro time scale (seconds). The results
can be used to (i) show the implications of a PS considering the biophysical constraints identified
from the supply side and the environmental effects on the sink capacity in a territory to implement
mitigation plans, (ii) to make decisions related to the viability of the business or future investments at
the local or regional level, and (iii) to build regional scenarios by using water, the PES (natural gas),
and CO2 emissions.
To guide this study, the content of this paper is organized as follows: Section 2 provides an
introduction regarding MuSIASEM principles (Section 2.1) and additional subsection (Section 2.2) to
understand the research design, highlighting the importance of the FF model to build a methodological
FF-LCA integrating approach. The data LCA case study of a CHP w/o and w PCC [3] was used to show
the integrated approach (Section 2.3). Three impact categories, namely water and energy depletion on
the supply side and climate change on the sink side, were evaluated. Flow–fund ratios, geographic
information systems (GIS), and the CO2FIX model (Sections 2.4 and 2.5) for those categories were
used to build the integrated methodology. In Section 3, the results are presented using these three
elements through an environmental intensity matrix to determining their application. The conclusions
are presented in Section 4.
2. Materials and Methods
2.1. Introduction to the Principles of MuSIASEM
MuSIASEM has a theoretical framework with three key components: the FF model (economic),
hierarchy theory, and the relational analysis of ecological systems, which were developed and
operationalized in a toolkit through multi-level grammar instead of using models or just a black
box [6,15,30]. The FF model was introduced by the bioeconomic framework of Georgescu-Roegen [14]
and incorporated into the MuSIASEM. The fund elements are the production factors, such as (i) the
technological capital and human activities, and (ii) the ecological funds, such as land use, aquatic
and terrestrial ecosystems, atmosphere, and resources (structural elements). Flow elements are those
elements that enter and leave the fund elements, such as the outputs that are generated (products
or emissions) or inputs (water, energy, materials) that are consumed by the socio-economic process.
Finally, the stock elements are accumulated flows that change their size over time [6]. Moreover,
MuSIASEM incorporates three elements to check the sustainability of SES, the feasibility (external
constraints in the biosphere), the viability (internal constraints in the technosphere), and the desirability
(compatibility with normative values and societal institutions) [47,48].

of MuSIASEM were addressed to build the FF-LCA integrated approach. To employ this approach,
stock-flows, fund–flow, and flow–flow ratios associated with a defined size and quality of fund
elements of the demand side to water and fossil depletion and environmental intensity (climate
change) categories on the sink side were estimated, as proposed by Mayumi and Giampietro [48]
(Table 1). Furthermore, to integrate the spatiotemporal scale in the FF-LCA approach on the supply
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and sink sides, the GIS and CO2FIX models [49] were considered, as shown in Figure 1 and illustrated
in the following subsections.

2.2. MuSIASEM Principles in LCA
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depletion and climate change) based on an LCA study by Morales-Mora et al. [3] were used. The CHP
these two processes, highlighting that the changes in the EFs can only be observed on a large timescale
plant generated 1196 GWh/y of electricity as gross secondary energy carriers (GSEC) and produced
(e.g., years, decades or centuries), which is different to the short timescale (seconds or hours) perceived
by humans or the societal fund [45,47] to a large spatial scale. The forest carbon sequestration (FCS)
and GIS modeling to analyze the supply and sink capacity for the ecosystem to develop this FF-LCA
integrating approach were considered.
2.3. LCA Case Study: CHP w/o and wPCC Plus FCS
The LCI and LCIA data at two different time scales and three impact categories (water and fossil
depletion and climate change) based on an LCA study by Morales-Mora et al. [3] were used. The CHP
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The assessment addressed the following aspects: (i) the requirement of material (water) and
energy (PES) consumption on the supply capacity, (ii) assessment of the favorable boundary
conditions on the sink capacity by the CHP plant CO2 emissions for checking the carbon flow against
spatial constraints based on the GIS analysis, and (iii) estimation of how much forest is required
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CO2FIX model so that the CHP plant can fulfill its technical and economic functions. The study is
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2.4. Requirement of Flow-Ecological Funds (Water and PES)
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The CHP plant is in the Lower Uxpanapa River watershed in the State of Veracruz, Mexico. The
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Renewable water in the study area, as assessed by the volume surface and groundwater that may be

sustainably allocated in the region, is approximately 2075 Mm3/y, and the water yield of the basin is
approximately 10,709 m3/ha·y (Table 2).
This study uses the water yield measured in m3/ha·y, to assess the area required to compensate
for the impact on water depletion. As a first step, the renewable water of the basin, defined by Gleick
[56] as the water that may be feasibly and sustainably used in a country, region, or watershed, was
assessed based on the method established in the Mexican official standard NOM-011-CONAGUA-
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Table 2. Renewable water and water yield in the watershed where the CHP plant is located (based on
DOF [53–55]).
Watershed

Surface [ha]

Surface Water
Availability [m3 /yr]

Groundwater
Availability [m3 /yr]

Renewable
Water [m3 /yr]

Water Yield
[m3 /ha·yr]

Lower Uxpanapa River

193,830

1,913,000,000

162,500,000

2,075,497,000

10,709

Total water allocations in the basin: 49

Mm3 /yr

This study uses the water yield measured in m3 /ha·y, to assess the area required to compensate for
the impact on water depletion. As a first step, the renewable water of the basin, defined by Gleick [56]
as the water that may be feasibly and sustainably used in a country, region, or watershed, was assessed
based on the method established in the Mexican official standard NOM-011-CONAGUA-2015 [57].
The content of renewable water reported is the sum of the annual average volume of surface and
groundwater in cubic meters per year (m3 /y). According to the National Water Commission of Mexico
(CONAGUA), since less than 2.3% of the renewable water is allocated, its impact on water deprivation
to other users by being used in this CHP plant is negligible. Secondly, the water yield, defined as the
amount of water, "produced" annually by the watershed per unit area, was calculated as the average
annual volume of renewable water divided by the watershed surface in hectares (m3 /ha/y) to build
an indicator of the environmental intensity (flow–water/fund–land) of the surface with the natural
infrastructure that is required to compensate for the water depletion impacts of the CHP process.
In this study, water stress was used as a biophysical indicator to relate it to the reported value of
water depletion. Commonly, it is the ratio of total annual freshwater withdrawals to the hydrological
availability (WTA). Moderate and severe water stress occurs above a threshold of 40% [56].
Moreover, the fossil depletion category was analyzed as stock-flow, considering the levels of
the reserve of oil and gas reported for Mexico [58]. The area of oil reserves required to supply the
needs of the CHP plant was estimated using GIS from digital maps of exploration and hydrocarbon
extraction [59].
2.5. Requirement of Sink Capacity (Size and Quality of the Ecological Fund to CO2 Emissions)
Quantitative assessments of the sink capacity of the global warming category and mitigation
scenarios from FCS [60] were performed using the CO2FIX model (version 2.1) and ArcGIS 10.2.
Martínez-Bravo and Masera [61,62] used the CO2FIX model to estimate the amount of carbon that
could be sequestered under different vegetation conditions in a carbon sequestration scenario for
60 years in Jaguaroundi Park (JaP) and Tuzandepetl Park (TzP), which are nature reserves near the
CHP plant assessed in this case study. The CO2FIX model simulates carbon capture through the
accumulation of carbon stocks and fluxes in forests, soils, and wood products [49]. CO2FIX is a
simulation model that uses empirical yield curves [63]. The total JaP+TzP (tropical rainforests) area
covers 1519 (801+718) ha and consists of mature primary and secondary forests, which provide a range
of ecosystem services including carbon sequestration [64,65]. Both areas are nature reserves belonging
to the government oil company PEMEX and are located around the MPC CHP plant. Secondary
vegetation types present in the JaP+TzP were used to model carbon sequestration from a vegetation
recovery point of view and to achieve characteristics like those of high evergreen lowland forest
(mature primary forest) (Table 3). The parameters of the studies of JaP+TzP determined the CO2
sequestration capacity in one hectare of vegetation.
The amount of evergreen forest was used as a target to carry out the projection for 60 years.
An area of 1519 ha was defined as the JaP+TzP mitigation area for the following procedure. The annual
CO2 emissions of the CHP plant were used to estimate the equivalent JaP+TzP mitigation area of the
C1 (baseline), C2, and C3 scenarios (see Figure 2). The impact of mitigation scenarios of 10%, 30%,
50%, and 100% in the forestry area was represented with the use of ArcGIS 10.2 using buffer radios for
each percentage.
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Table 3. The baseline of carbon content and capacity of carbon sequestration by forest type in
Tuzandepetl and Jaguaroundi Park.
Area Biomass
(tC/ha)

Capture
(tCO2 /ha/yr)
Average 60 Years

297.5
62.0
55.4
304.2
719.0

72.3
4.6
74.0
2.2

2.0
0.9
4.6
0.2

599.8
53.6
255.4
60.6
969.4

166.0
113.0
139.0
383.0
801.0

106.0
27.0
158.0
1.5

2.4
0.8
1.7
0.4

401.8
90.6
232.2
145.4
870.0

Type of Forest in Tuzandepetl
(Tz) Park

Forest Land (ha)

Secondary tree vegetation
Secondary shrub vegetation
Mangrove
Grassland
Total

Capture by
Coverage (tCO2 /yr)

Average by Park
(tCO2 /ha/yr)

Total Capture
(tCO2 /yr)

1.9

969.4

1.3

870.0
1839.4

Jaguaroundi (Ja) Park
Secondary tree vegetation
Secondary shrub vegetation
High evergreen lowland forest
Grassland
Total

Another way to evaluate the impact of emissions is using the total carbon sequestration area of
JaP+TzP together to calculate how many times that area is necessary to mitigate the emissions. Then,
the line buffer identifies the sea area covered by the proximity of the emission sources to the coastline;
the area corresponding to the sea ecosystem was discriminated. Only the terrestrial ecosystems
corresponding to the municipal area of the southeast of Veracruz and Tabasco State were considered.
From these results, the viability of the biomass energy with carbon capture and storage (BECCS)
technology for Mexico [66] was also discussed.
Finally, the LCI and LCIA data used in this study were obtained from Morales-Mora et al. [3].
To relate the size and quality of EFs (Uxpanapa watershed, hydrocarbon reserves, and land forest) to
the CHP plant, the data were obtained from the National Water Commission of Mexico (CONAGUA),
National Hydrocarbon Commissions (NHC), The National Institute of Statistics and Geography
(INEGI), and PEMEX databases using 2018 as the base year.
3. Results and Discussion
3.1. Spatiotemporal to One-Year Operations
Table 4 (a,b) shows the comparison data for the two-time horizons between different amounts
of inflow on the supply side (looking from the biosphere and the technosphere) and the amount of
outflow on the sink capacity (the products and environmental impacts).
Table 4. Comparison of the internal and external flow matrix of the formal process (CHP plant) for the
FU (Flows/MWh) model (a) vs. the scaled CHP to 1 year (b) for the flows-EFs nexus (Adapted from
Morales-Mora et al. [3]).
(a) FU Model (Time Scale: Seconds)
Identifications
Supply-side

Unit

C1

C2

C3

External requirement inputs (LCI) (Biosphere)

Water

Water

m3

20.5

8.73

8.73

Energy (PES)

Natural gas

Nm3

1165.0

669.7

669.7

Internal requirement inputs (LCI) (Technosphere)

Materials

Caustic soda (50%)

kg

6.3

0.01

0.01

Sulphuric acid (98%)

kg

5.6

0.01

0.01

Aluminium sulphate

kg

0.7

0.001

0.001

Chlorine

kg

0.69

0.0007

0.001
0.00012

Chemical lime

kg

0

0.00

Condensed of comeback

t

0

3.1

0

MEA make-up (30%)

t

0

0

0.0
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Table 4. Cont.
Energy
Water

Consumption electricity

kWh

0

0

Cooling water make-up

m3

7.7

2.8

75.2
2.8

Demineralization water

m3

12.8

5.9

5.9

1.0

1.0

Outputs: products/emission (User: petrochemical plants)
Electricity
Energy (EC)

Emissions

MWh

1.0

kg/cm2 )

t

12.8

5.8

5.8

Steam (19 kg/cm2 )

t

0.20

0.16

0.16

Steam (45

Steam (4.5 kg/cm2 )

t

0

0.58

0

Flue gas (CO2 )

t

1.67

1.33

0.01

CO2 (As product by CO2 capture)

t

0

0

0.06

460.0

42.0

Outputs: modelling environmental load (LCIA)
Climate change

Total Environmental Load

kgCO2 eq

626.0
10−7

10−7

Ozone depletion

kg CFC-11 eq

Human toxicity

kg 1,4-DB eq

0.7

0.3

37.9

Photochemical oxidant formation

kg NMVOC

3.0

1.9

0.3

Particulate matter formation

kg PM10 eq

1.3

0.8

0.4

Ionising radiation

kg U235 eq

0.3

0.0

0.5

Terrestrial acidification

kg SO2 eq

5.6

3.6

1.8

Freshwater eutrophication

kg P eq

6 × 10−5

6 × 10−6

0.1

4×

1×

0

Marine eutrophication

kg N eq

0.1

0.0

0.0

Terrestrial ecotoxicity

kg 1,4-DB eq

0.0

0.0

0.0

Freshwater ecotoxicity

kg 1,4-DB eq

0.1

0.0

2.7

Marine ecotoxicity

kg 1,4-DB eq

0.1

0.0

0.8

Agricultural land occupation

m2 a

0.001

0

0

Urban land occupation

m2 a

0.003

0

0.1

Natural land transformation

m2

0.000

0

0

Water depletion

m3

1.1

0.4

1.2

Metal depletion

kg Fe eq

0.1

0.0

0.7

Fossil depletion

kg oil eq

161.4

104.4

83.3

C2

C3

Sink-side

(Environmental load to local territory or region)
(b) Scaled Process (One Year)
Identifications

Supply-side

Unit

C1

External requirement inputs (LCI) (Biosphere)

Water

Water

Mm3

20.3

14.2

14.2

Energy (PES)

Natural gas

MNm3

1148.0

801.6

800.4

Internal requirement inputs (LCI) (Technosphere)

Materials

Energy
Water

Caustic soda (50%)

t

6207.1

7.42

7.4

Sulphuric acid (98%)

t

39,842.9

38.88

38.9

Aluminium sulphate

t

1086.8

0.951

1.0

Chlorine

t

0.0

0

0.3

Chemical lime

t

126,259.8

96.19

0

Condensed of comeback

Mt

0

3.7

0

MEA make-up (30%)

t

0

0

3544

Consumption electricity

MWh

0

0

7578

Cooling water make-up

Mm3

7.6

7.1

7.1

Demineralization water

Mm3

12.7

7.1

7.1
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Table 4. Cont.
Outputs: products/emission (User: petrochemical plants)

Energy (EC)

Emissions

Electricity

GWh

985.3

1196.4

1196

Steam (45 kg/cm2 )

Mt

7.1

6.9

6.9

kg/cm2 )

Mt

0.19

0.19

0.19

Steam (4.5 kg/cm2 )

Mt

0

0.6937

0

Flue gas (CO2 )

Mt

1.65

1.50

0.02

CO2 (As product by CO2 capture)

Mt

0

0

376,250

Steam (19

Outputs: modelling environmental load (LCIA)

Total Environmental Load

Sink-side

Climate change

t CO2 eq

616,767

550,342

50,249

Ozone depletion

t CFC-11 eq

3.9 × 10−4

1.53 × 10−4

0

Human toxicity

t 1,4-DB eq

661.9

364,856.9

45,343.4

Photochemical oxidant formation

t NMVOC

2918.9

2293.2

299.1

Particulate matter formation

t PM10 eq

1235.0

969.4

478.6

Ionising radiation

t U235 eq

255.8

0.0

598.2

Terrestrial acidification

t SO2 eq

5501.6

4320.1

2153.5

Freshwater eutrophication

t P eq

0.1

0.0

59.8

Marine eutrophication

t N eq

50.6

38.6

35.9

Terrestrial ecotoxicity

t 1,4-DB eq

0.6

13.0

47.9

Freshwater ecotoxicity

t 1,4-DB eq

85.2

4.2

3230.3

Marine ecotoxicity

t 1,4-DB eq

83.7

4.0

957.1

Agricultural land occupation

m2 a

0.0

0.0

0.0

Urban land occupation

m2 a

0.0

0.0

0.1

Natural land transformation

m2

0.0

0.0

0.0

Water depletion

m3

1,065,826

496,352

1,435,674

Metal depletion

t Fe eq

51.1

0.0

837.5

Fossil depletion

t oil eq

159,068

124,852

99,660

(Environmental load to local territory or region)

These different amounts of energy and material supply generate different environmental effects [33]
that can be observed on the supply side and the sink side. When the FU (micro timescale) is used,
there is only interest in the viability (technical and economic) of the CHP plant Table 4 (a), and less
attention is paid to the changes in the feasibility assessment of the ecological resources.
This depiction allows different numbers and implications for the processor and natural system
to be seen than when looking only at the normalized processor or the parameters of the formal LCA
process (CHP plant) for the FU (Flows/MWh) model. In contrast, Table 4 (b) shows the result when the
quantitative LCI and LCIA of the CHP plant for the three scenarios cases (C1, C2, and C3) and for
other timescales are scaled up. In this case, Table 4 (b) illustrates the internal inputs required by the
technosphere for the CHP plant to function and produce heat (steam) and electricity. Over one year of
operation, the CHP plant produces 985–1196 GWh of electricity and 1.5–1.6 Mt of CO2 emissions (see
output products/emissions of Table 4 (b)).
The external inputs from the biosphere are 20.3 million m3 (Mm3 ) of water and 1147.8 million
normal cubic meter (MNm3 ) of natural gas (NG) for baseline scenario C1. Scenarios C2 and C3 require
14.2 Mm3 of water and 800 MNm3 of NG (Table 4 (b)). It is important to note that the consumption of
PES and water for scenarios C2 and C3 are similar, and this is because the role that HRSG plays in
C2, which allows supplying the steam required for the CO2 capture unit of the C3 (see Figure 2b,c).
According to Morales-Mora et al. [3], in the CHP plant coupling PCC, no supplementary boiler is
required to provide thermal energy for solvent regeneration to obtain CO2 -rich and regenerated solvent
streams, as in the case of the natural gas combined cycle (NGCC) plant with PCC. Hence, as it is shown
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the Table 4 (b), the external requirement input from the biosphere, some internal material from the
technosphere, and output as electricity and steam generation to CHP plant without and with PCC are
almost similar. However, the potential environmental impact is different in both cases.
3.2. External Constraints: Depletion of Abiotic and Biotic Natural Resources
The degree of water stress in the Lower Uxpanapa River watershed is low (Table 2) since
approximately 2.3% of the total renewable water [53] in the basin is allocated. In this case, since the
watershed has plenty of water available, there are no external natural infrastructure constraints.
However, it is essential to highlight that the 14.2–20.3 Mm3 /y of water allocated to the CHP plant
represents 29%–41% of all water allocation in the watershed.
Evaporation, transpiration, and integration into a product or release into a different drainage basin
or the sea are the primary reasons for water consumption [67]. Non-consumptive water use refers to the
water that remains in or is immediately returned to the location in a stream from which it was extracted,
such as that used in hydroelectric power generation and water cooling. From the 14.2–20.3 Mm3 /y of
water allocated to the CHP process (Table 4 (b)), only 14% is considered consumptive in scenario C1,
7% in C2, and 20% in C3 (from Table 2).
It is known that watersheds represent vital natural infrastructure that collect, store, and filter
water and provide benefits for biodiversity conservation, climate change adaptation and mitigation,
food, water, and energy security [66]. It is essential to consider industrial production activities in early
planning strategies (since the location of the facilities is decided upon) to protect the water sources
that the people, nature, and industrial processes depend on to achieve sustainable development.
Natural ecosystems located in the Uxpanapa watershed, such as forests and wetlands, provide essential
hydrological and ecosystem services (from water flow regulation and flood control to water purification
and carbon sequestration). To ensure these ecosystem functions and associated benefits continue,
they should be assessed within the LCA methodology. The water yield rate proposed in this study
provides an accurate measure of the size of the potential impact on the natural infrastructure (measured
in hectares), and it is interpreted as the area of essential infrastructure that must be conserved and
restored to compensate for the water consumed in the CHP process. Table 5 shows the water depletion
category (left) estimated with the ReCiPe method [3], which refers to the sum of the volume of
consumptive water use of the LCI in m3 .
Table 5. Water depletion and water yield in the watershed in the study area.
Water Depletion [m3 /y]
Unit
FU
1 year

C1
1.082
1,065,826

C2
0.415
496,352

Water Depletion/Water Yield Ratio (Hectares)
C3
1.2
1,435,674

Unit
1 year

C1
95.5

C2
46.4

C3
134.1

There is a difference of 3–4 orders of magnitude in the water used by the CHP plant between
the timescale referred to in the FU, and the process scaled up to one year of operation. In this way,
the metabolic patterns of the CHP plant concerning the biophysical constraints of the territory which
could not be perceived and analyzed in the FU model can be observed. The water depletion/water
yield ratio for each case on the right side of Table 5 is shown.
The CHP plant requires 46.4–134.5 ha or a local ecological fund (Uxpanapa river) to supply fresh
water for a year. In this case, there is lower pressure over the Uxpanapa watershed because the higher
water yield in the basin is associated with the higher annual rainfall in the area.
The annually estimated water yield concept has a number of limitations: (i) It is based on annual
averages, which neglect extremes and do not consider the temporal dimensions of the water supply;
(ii) the concept does not consider the spatial distribution of land use/land cover; (iii) the concept
does not consider sub-annual patterns of water delivery timing; and (iv) the model greatly simplifies
consumptive demand and supply by distributing it over the landscape. Hence, modeling the temporal
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and local patterns of overland flow requires detailed data that are not available or appropriate for our
approach. Even so, this concept provides a useful initial assessment of how much area is required to
compensate for water consumption in a specific watershed.
As can be seen, the impacts on abiotic resources of scaling the process to 1 year of operation would
be 0.159 Mt oil/y for scenario C1, 0.124 Mt oil/y for scenario C2, and 0.099 Mt oil/y for scenario C3 as
fossil depletion or 1148 million Nm3 of NG for C1 and 800 Mm3 , on average, for C2 and C3 as the
requirement of PES of the CHP plant (Table 4 (b)). If the PES requirements for the CHP plant, according
to the data shown in Table 4 (b), are compared with the 1P hydrocarbon reserves [58], the impact
of scenario C1 on the total reserves for Mexico would only be 0.0019%. Also, a contribution of only
0.0003% for the NG reserves in m3 billion was estimated (Table 6).
Table 6. Mexico’s hydrocarbon and NG reserves a and fund–flow ratio of the CHP plant.
Total Hydrocarbon Reserves b (Mtoileq )
1P d (90%)
61,931

NG Reserves (m3 × 109 )

2P d (50%)

3P d (10%)

1P d (90%)

117,982

185,907

353,898

Total reserve [PJ]
98,944

3P d (10%)

684,248

1,060,042

NG reserve [PJ]

722,292
Reserve-oil extraction (R/E) ratio

8.5

2P d (50%)

d

(Years)

98,944

722,292

8.5

16.1

e

98,944

722,292

Reserve gas extraction (years)

16.1

8.5

16.1

Fund–flow ratio (Ha reserve) to CHP plant (fossil fuel depletion category)
C1

C2

C3

516.2

405.1

323.4

a:

Source: According to the Petroleum Resources Management System; b–d : PEMEX-NHC [58]; 1P: Low-Media: 2P:
High; 3P: Very high uncertainty; e : with respect to 1 January 2018.

From a spatial point of view, the Mexican hydrocarbon reserves (stock-flow) are in an area
of 200,965,000 ha [59], which includes offshore and onshore land and represents only 0.39% of the
national territory. For 1P reserves, a value of 0.0032 ha/toe is estimated. From this reference value
and considering the estimation of fossil fuel depletion, the CHP plant would require 516.2 ha for C1,
405.1 ha for C2, and 323.4 ha for C3 to cover its annual demand of PES for one year of operation at the
local scale (Table 6). From a local scale point of view, for this energetic system, those values represent a
low pressure on the environment.
However, on a national scale, Mexico only has hydrocarbon 1P reserves for 8.5 more years,
(Table 6), which is a short time as fossil fuels provide fuel for most of the country. Thus, this period of
reserves could be reduced due to an increase in PES consumption to generate more EC. Particularly,
for this abiotic resource, Mexico has external biophysical constraints, which are related to the overall
size of the energy flow requirement of the country [68].
For instance, the country imports 8 billion ft3 /d of NG, which represents 85% of its consumption.
Of that amount, the Mexican oil and gas industry (PEMEX) demands 2 billion ft3 /d, and the remaining
6 billion is used by the electricity sector, industry, and personal residences [69].
3.3. Sink Capacity: Modelling CO2 Emissions and FCS
Concerning the environmental effects on the sink side, the climate changes category shows results
with a more important impact than all midpoint categories with 0.616 MtCO2e /y for scenario C1,
0.55 MtCO2e /y for scenario C2, and 0.052 MtCO2e /y for scenario C3 (Table 4 (b)). These numbers are
significant because now there is information and data about the sources of CO2 emissions at other time
scales. The baseline of carbon (C) shows that JaP+TzP has a store from 1.5 to 158 tC/ha in different
vegetation types (Table 3). The maximum carbon stored in vegetation (158 tC/ha) occurs in high
evergreen lowland forest (HELF). These data represent the carbon maximum in scenarios of carbon fixing
when all vegetation types have similar HELF conditions. Pompa-García and Cigala-Rodríguez [70]
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identified an average carbon stock of 106.9 tC/ha in the rainforest of Mexico. The average CO2
captured annually by the vegetation of each park was 870.0 tCO2 /y in JaP (801 ha), and 969.4 tCO2 /y
in TzP (719 ha). Table 3 shows that the average carbon sequestration by the forests in the park
was 1.9 tCO2 /ha/y for TzP and 1.3 tCO2 /ha/y for JaP. The two parks together had average carbon
sequestration of 1.6 tCO2 /ha/y; the world average is 0.73 ± 0.37 tCO2 /ha/y [50].
Table 7 shows the potential FCS for four scenarios of CO2 mitigation. Levels of (a) 10%, (b) 30%,
(c) 50%, and (d) 100% for the CHP plant regarding the projected forest land (left), parks (right), or sink
capacity required to mitigate such emissions were estimated. As we can see, to achieve 100% CO2e
mitigation, the base case (C1) required 509,766 ha or equivalent to 277.1 JaP+TzP to carry out FCS.
TableAppl.
7. Potential
Sci. 2020, 10,FCS
622 (tCO2 /ha) for four sceneries and area projected (left), and its equivalent
14 of 25area to
the number of parks (right) necessary to mitigate CHP plant emissions scaled to one year.
Table 7. Potential FCS (tCO2/ha) for four sceneries and area projected (left), and its equivalent area to
the number of parks
(right) necessary to
scaled to one year.C2
C1 (Baseline)
C2mitigate CHP
C3plant emissions
C1 (Baseline)

Scenario (Mitigation)

C3

C1
C1Parks (Tz-Ja) as Conservation Areas
Forest Land [ha]
Num. of
C2
C3
C2
C3
(Baseline)
(Baseline)
509,65
45,476
4152
27.7
24.7
2.3
Num. of Parks (Tz-Ja)
152,895
136,428
12,456
83.1
74.2 as
6.8
Forest
Land [ha]
Conservation123.6
Areas
50%
254,825
227,381
20,760
138.5
11.3
10%
509,65
45,476
4152
27.7
24.7247.2
2.3
100%
509,651
454,762
41,522
277.1
22.6
152,895 550,342
136,428 50,249
12,456
83.1
74.2
6.8
CO2e emissions30%
[t]
616,766
50%
254,825
227,381
20,760
138.5
123.6
11.3
100%
509,651
454,762
41,522
277.1
247.2
22.6
In contrast,
C3 which,
from
point
CO2e the
emissions
[t]
616,766a technological
550,342
50,249 of view, is the option with fewer emissions
Scenario
10%
30%(Mitigation)

considering the PCC (see Figure 2c), requires 41,525.8 ha and only 22.6 parks, equivalent to a reduction
In contrast, the C3 which, from a technological point of view, is the option with fewer emissions
in the area of the natural sink of 92% for C1. Our data show a strict relation between funds (forest land)
considering the PCC (see Figure 2c), requires 41,525.8 ha and only 22.6 parks, equivalent to a
and flow (CO
The
spatial
inOur
Figure
is shown.
The GIS
datafunds
show the area
2 emissions).
reduction
in the area of
the specific
natural sink
of 92%area
for C1.
data 4
show
a strict relation
between
around the
CHPland)
plant
each
percentage
scenario
forFigure
C1, C2,
and C3,
summarizes
(forest
andfor
flow
(COmitigation
2 emissions). The
specific spatial
area in
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Figure 2a–c, and Table 6).

The buffers refer to spatially explicit modeling to show the impact on land area in each case. The
results show a requirement of 509,651 ha (Table 7) or a maximum achieved buffer radius of 64 km
from CHP for 100% carbon sequestration in C1 during a year, which covers the southeastern area of
Veracruz State and the northeastern area of Tabasco State. From a feasibility assessment point of
view, even though that JaP+TzP has a carbon storage rate of 33% higher than the national average
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[60],
hectare to carry out carbon sequestration, which is subordinate to the given stage of the Holling
the data show that they have a deficient capacity to act as carbon sinks and carry out sequestration of
adaptive cycle in which the ecological system is located [71]. According to these phases, changing
the CHP emissions.
conditions of the forest by natural or anthropogenic disturbance, the carbon sequestration also
In other words, external biophysical constraints on the sink side of those regions have been
changes. Nevertheless, despite this very low carbon sequestration, the local forests contribute to
identified. In this sense, the ecosystems need significantly more secondary vegetation growth per
reducing the greenhouse effect and climate change.
hectare to carry out carbon sequestration, which is subordinate to the given stage of the Holling adaptive
Figure 5 shows the detail of the spatial modeling that was used to evaluate the forest ecosystem’s
cycle in which the ecological system is located [71]. According to these phases, changing conditions of
capacity to sequester carbon for each case and its four mitigation scenarios.
the forest by natural or anthropogenic disturbance, the carbon sequestration also changes. Nevertheless,
The alternative case, C3, reduces the area of emissions impact, needing 4152 ha to mitigate 10%
despite this very low carbon sequestration, the local forests contribute to reducing the greenhouse
and 41,522 ha to mitigate all emissions during a year (Figure 5c). This is equivalent to 2.3 times and
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and climate
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capacity to sequester carbon for each case and its four mitigation scenarios.
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North, while in the rest of the territory, it has been estimated to increase by between 1 and 1.5 ◦ C.
In general, rainfall decreases by 10% to 20% [80].
In this sense, if comparing the emissions of C3 with the FCS by the Ja+Tz parks (1519 ha),
mitigation
Appl. Sci. 2020,
10, 622in one year only be 3.6% (Figure 6). This basic design of C3 plus FCS could be considered 17 of 25
as a proxy of BECCS technology and, therefore, its performance in Mexico. Also, in a similar study,
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A value of 0.83 ha/tCO2e was found to be a requirement of forest land, i.e., as net uptake of
anthropogenic CO2 emissions. In this case, the net balance of carbon emissions is positive, which can
be considered a benchmark for the local ecosystem’s metabolic pattern. In this sense, taking the most
extensive use of forest land for CO2 sequestration as a reference, the C1 scenario generates 1.9 MW/ha,
whereas the C3 scenario generates 29 MW/ha, based on FCS. This means that the CHP plant plus
PCC technology generates more electricity and steam with less use of ecological resources and fewer
emissions (Table 8). Nevertheless, this ratio found could increase or decrease following actions taken
to conserve or restore the land forest. As land degrades, the CO2 sequestration and land productivity
capacity also are reduced. This positive feedback increases the concentration of GHG in the atmosphere
and aggravates climate change [82], again leading to further forest degradation forced by technologies
such as BECCS due to competition for land and other resources.
On the other hand, Table 9 summarizes the requirement of the ecological fund to operate the CHP
plant for one year for each case. The WEC nexus with the ecological fund is necessary for the CHP
plant to fulfill its function, i.e., generate 1196 GWh/yr. However, when a PS is analyzed through FU
in LCA, the nexus flow–fund ecological aspect is missed. Unfortunately, these two elements are not
integrated into LCA and still operate independently of each other. Moreover, when the process is
scaled, and the FF model is considered, it is possible to see different spatial and temporal scale relations
between the demand side for the CHP plant of water, PES, and the environmental impacts on the
sink capacity by the EFs, connecting the internal view (technosphere) with the external view of the
ecosystem (biosphere).
Table 9. Matrix of the WEC nexus on the supply side and sink side (biosphere) for the one-year
operation of the CHP plant for each case (technosphere).
Flow Requirement

Fund Size

Water depletion
Forest land
Fossil depletion a
Stock land
Climate change
Forest land
Electricity
Forest land
a:

Unit

C1

C2

C3

m3

1,065,826
99.5
159,068
516
616,766
509,651
985,250
1.9

496,352
46.4
124,852
405
550,342
454,762.4
1,196,395
2.6

1,435,674
134.1
99,660
323
50,249
41,522
1,196,395
29

ha
t oileq
ha
tCO2eq /y
ha
MWh
MW/ha

0.0032 ha/toe to 1P reserves.

The flow–fund ratios, shown in Table 9, allow to obtain the size and quality of ecosystems,
which depend on the existence of favorable boundary conditions in a territory to supply ecosystem
services, to be identified. This consideration is important because the EFs require a dynamic budget
or hypercycle to carry out their metabolism [46,47] to continue with the function of the supply of
ecosystem services. With this data, there is now a threshold area concerning the ecological funds
that the CHP plant requires to operate and fulfill its function of supplying electricity and steam to its
users. The current result of traditional LCA does not provide a feasibility assessment to connect the
ratios between the supply–demand–sink capacities, which should be considered in a sustainability
context [84].
In this sense, this proposal differs from another emerging approach that considers the ecosystem
services issue in LCA [85–87], but it is subordinate to the FU model, as it excludes the metabolic
patterns of the consumption and environmental load of the process on other time scales. Moreover,
the proposed emerging approach does not provide flow data to determine whether the metabolic
patterns of PS can affect (how and why) the biophysical constraints under which a local territory may
have to provide ecosystem services. For instance, the TES-LCA protocol [85] only takes into account the
FU linking with the ecosystem services at a global scale but does not connect the demand (how much)
for materials and energy for a PS. On this matter, a new approach by Sohn et al. [88] that combined
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territorial metabolism and life cycle assessment (TM-LCA) methods is introduced, which includes a
regional-scale environmental impact assessment, but without considering the quantification of the
ecosystem services required by the processes in territory where it is established.
Overall, Figure 7 shows the FF-LCA integrated approach, allowing the internal (technological
viability) and external (biophysical feasibility) views of a CHP plant to relate to the favorable boundary
conditions
Appl. Sci. 2020,
10, 622of the ecosystem to carry out sustainability (viability and feasibility) analyses.
19 of 25
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simultaneous use of internal (black box) and external views, i.e., compatibility, with external
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power, ecosystem metabolism) and structural (technological infrastructure, ecological funds) elements
(see Figure 1), which allows us to understand how these different numbers are correlated to assess
required for the self-reproduction of the energy system [84].
their impact With
on ecosystem
services in local territories [89]. In other words, this means getting a set of
respect to the protection areas in LCA, i.e., natural resources, which protect the support of
categories
that hierarchical
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mix of
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required for the self-reproduction of the energy system [84].
build regional scenarios by using water, PES, and emissions for energy clusters of the O&G sector or
With respect to the protection areas in LCA, i.e., natural resources, which protect the support of
industrial parks to assess the biophysical constraints of a region to supply ecosystem services.
the ecosystem at the superior hierarchical level, the reality is simplified for the use of an indicator of
causality, such that it does not have any meaning within their context.
Concerning the usefulness of this proposal, this FF-LCA integrated approach can be applied to
build regional scenarios by using water, PES, and emissions for energy clusters of the O&G sector or
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On the other hand, currently, the sustainability programs of the companies integrate risk
assessment and the environmental footprint to respond to the requirements of stakeholders and
rating agencies [89,90]. The measurement of a PS with this approach, which is associated with
mitigation and/or compensation measures, helps private and public organizations (e.g., Mexican
electricity and O&G sector) to strengthen their adaptation and/or mitigation commitments for the
intended nationally determined contribution (INDC). For 2015, Mexico’s GHG emissions were 683
MtCO2e , of which 21.6% (148 MtCO2e ) were sequestered by forests [81]. This means that Mexico has an
average as FCS of 0.75 tCO2 /, which is similar to t reported by Mancini [50] of 0.73 tCO2 /ha for forest
ecosystems at the world level.
In this sense, the Mexican goal has established the unconditioned reduction of 22% of their
emissions of greenhouse gases (GHG) by 2030, which means a reduction in GHG of around 210 Mt [91].
Since the intention to measure the environmental impact of a process is to identify measures
to reduce them, the approach of this research is not intended to be another impact category like the
ecological footprint indicator, but rather, a tool to define specific mitigation solutions associated with
the area of EFs that should be under conservation actions to compensate for the potential impacts of
water scarcity and climate change.
4. Conclusions
We have presented a practical approach using a relational analysis, scale inventory,
and environmental impact for the one-year operation (at least) of a CHP with and without PCC
to understand the implications of the flow–fund relations of the ecosystem on the demand side and the
sink, which have so far been excluded from the traditional LCA. The pressure on both sides on the
non-renewable and renewable resources was discussed in spatiotemporal terms to understand the
implications across different scales and dimensions.
The time scale and EFs were considered for LCA improvement. For this energy system, the EFs
for the WEC nexus were identified. This is an area that is required to supply water and PES and
to mitigate the evaluated impacts. The suggested approach of linking FF-LCA with each type of
environmental impact has strengths as well as limitations (e.g., measuring EFs by importations).
Also, it requires the availability of data about ecosystem services on the supply and sinks side and
for the needs of their metabolism. However, this work considered that the analytical framework
allows for the contextualization and recognition of the need to assess the LCI and LCIA with the local
ecosystem capacities to improve the use of LCA. Other methods provide a single indicator of the
human/technological demands on nature to measure the absolute environmental sustainability.
In contrast, the approach of this work was constructed to detect which flows are making an
impact on particular EFs to check whether the demand side and environmental load are compatible
with such funds. It was demonstrated that linking the requirements among flows and EFs to identify
biophysical constraints to a PS should be considered in the guidelines for LCA to assess whether
a product or process is ecologically efficient. Also, this approach is a useful proxy or threshold for
analyzing whether the PS is based on imports of material and energy flow from other regions, i.e.,
other ecological funds, or to determine whether the PS has enough EFs to fulfill its function.
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TzP
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Biomass energy with carbon capture and storage
Climate change
CO2 capture, use and sequestration
Combined heat and power
Combined heat and power with post-combustion
carbon capture
Ecosystem–water–food–land–energy
Ecological funds
Front end engineering design
Functional Unit
Flow-Fund
Flow-Fund-Life Cycle Assessment
Forest carbon sequestration
Gas turbine
Geographic information system
Gigawatts per hour
Heat recovery steam generator
Jaguaroundi Park
Life cycle assessment
Life cycle inventory
Life cycle impact assessment
Megawatts per hour
Multi-Scale Integrated Assessment of Society and
Ecosystem Metabolism
Natural gas
Petróleos Mexicanos (Mexican O&G industry)
Primary energy source
Post-combustion carbon capture
Product system
Steam turbine
Socio-ecological systems
Techno-ecological synergy-LCA
Tuzandepelt Park
Water–energy–carbon
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