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Abstract

Whichever scenario of the future energy system in the UK materialises there will be a need
for large-scale infrastructure development to build-up such a system. At present, none of
the scenario modelling used in the UK Government’s Low Carbon Transition Plan takes into
consideration the carbon implications of building a new energy system, albeit nuclear, wind
or carbon capture and storage. However, building a new energy system is an energy-
intensive process, which reduces the overall energy and carbon efficiency of the power
generation. Although a new energy system can reduce direct emissions from the energy
generation itself, the indirect emissions related to capital investment are very significant and

have to be taken into account.



In addition to the need to account for the embodied carbon in energy systems, there is also
a limitation with current approaches associated with these calculations. Process Life Cycle
Analysis (PLCA) has often been employed to establish the indirect emissions associated with
energy systems and this can lead to significant truncation errors in the calculations. Input-
output based Life Cycle Analysis (I0-LCA) on the other hand suffers from other shortcomings
such as aggregation and allocation errors. Hybrid analysis methods combining the strengths
of PLCA and IO-LCA have therefore been developed to reduce the limitations of both

approaches and have been successfully applied in many studies.

In this study we develop an integrated hybrid life cycle assessment model with a multi-
regional input-output component to establish comprehensive life cycle greenhouse gas
inventories of key energy technologies. We provide an example application of this model to
off-shore wind energy in the United Kingdom. The results shows that the total CO, emissions
increase by 19 percent by applying integrated hybrid LCA compared to a process-based LCA,
which is 16.3 g CO,/kWh. The largest part of emissions is from metal extraction accounting
for about 40 percent of total emissions. Wind power is a favourite energy for electricity
generation comparing to other fossil electricity generation technology in terms of mitigation

of CO, emissions.
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1. Introduction

With the increasing recognition of the impacts of anthropogenic climate change, both global
and regional climate change mitigation strategies have been discussed in the last few years.
There is growing scientific consensus that global temperature rise must not succeed two
degrees to avoid some of the most extreme consequences of climate change (Pachauri and
Reisinger, 2007). Over 100 countries have adopted this target as a guiding principle for
mitigation (Meinshausen et al., 2009). This target can be linked to a total global budget for

Greenhouse Gas Emissions of 750 Gt CO,-e between 2010 and 2050 and would lead to a 75%



probability of achieving 2 degrees. When allocating these emissions to countries based on
population, it is already infeasible for the UK to meet this target based on current climate
change targets: if it follows the Low Carbon Transition Plan (HM Government, 2009) the UK
will exceed its budget by 2022. However, there is still a possibility that a global budget of
1,200 Gt could be achieved with a 50% probability of achieving a 2 degree future. For the
UK, this would mean an annual reduction of 14% from a territorial perspective after the
current carbon budgets already in place are achieved by 2022. This would allow the UK to

emit a total of 2.5 Gt CO,-e of GHG emissions between 2023 and 2050.

The UK has set up a legally binding target to reduce greenhouse gas emissions to at least 80
percent below 1990 levels by 2050 through action at home and abroad (Defra, 2009). One
area where most radical change is required is in the electricity sector. Many of the scenarios
that demonstrate an 80% reduction in UK GHG emissions by 2050 highlight the growing role
of the electricity sector in achieving this target (UKERC, 2009). Not only will the current
demand for electricity need to be met but transport services could also be provided through
using electricity. This could more than double the demand for electricity in the UK by 2050
from 2000 levels (UKERC, 2009). This will require an almost complete transformation of the
electricity sector. Many of the scenarios undertaken as part of the UKERC 2050 project
suggest that nuclear power, fossil fuel power plant with carbon capture and storage (CCS)
and wind power will form a major part of the electricity system in the future (UKERC, 2009).
However, in all the scenarios attempting to define a low carbon pathway for the UK, the
indirect GHG emissions of nuclear, CCS or wind are not taken into account, and the
upstream impacts of all technologies are ignored. In reality, building a new energy system is
an energy-intensive process, which reduces the overall energy and carbon efficiency of the
power generation (Odeh and Cockerill, 2008b). This emphasises the need for a shift in the
assessment of a low carbon energy system from direct greenhouse gas emissions to
embodied greenhouse gas emissions — particularly when large scale infrastructure
developments are concerned. Also, it is very important to know how much of the remaining
2.5 Gt CO,-e of GHG emissions that the UK has left will be used up by providing the new low

carbon electricity infrastructure.



The embodied carbon emissions of energy systems can be calculated using life cycle
assessment methods. Life Cycle Assessment (LCA) is one of the most widely used
methodologies for quantifying the environmental impact of a given product or process
throughout its entire life (Crawford, 2008; Suh and Huppes, 2005). There are three
methodological variants: process analysis, Input-Output (I0) analysis and hybrid analysis.
Process Life Cycle Analysis, as a bottom-up approach, has often been employed to establish
the indirect emissions associated with energy systems, but can lead to significant truncation
errors in the calculations (Lenzen, 2002; Menzies et al., 2007). The limitation of process
analysis has led the use of 10 analysis as a top-down approach which represents monetary
flows between sectors, and which can capture environmental fluxes between economic
sectors by transforming monetary flows to physical flows (Menzies et al., 2007; Suh and
Huppes, 2005). The advantage of 10 analysis is data completeness and clear system
boundaries since the entire economic activities of a nation are represented, however, it
suffers from some shortcomings such as aggregation and allocation errors (Crawford, 2008;
Lenzen and Munksgaard, 2002; Menzies et al., 2007; Suh and Huppes, 2005). Hybrid analysis
has been suggested to combine the strengths of PLCA and I0-LCA. Originally introduced by
Bullard et al. (1978) and developed by Treloar (1997), Lenzen and Munksgaard (2002), Suh
(2004) and Suh and Huppes (2005) hybrid life cycle assessment methods have been

increasingly applied and refined in recent years.

This paper develops an integrated hybrid life cycle assessment model with a multi-regional
input-output model component to assess the direct and indirect GHG emissions of key
energy technologies in the UK using offshore wind energy as a case study. In section 2 we
develop an hybrid LCA model for assessing CO, emissions from wind power plant based on
Suh (2004) by integrated process-based life cycle inventory (LCI) with a multi-regional input-
output based LCI. Section 3 describe and discuss the results and associated policy

implications. Section 4 is the conclusion including limitations and next steps.



2. Methodology

2.1 Embodied CO, emissions of different energy technologies: a review

Over the last three decades, many studies have been undertaken on life cycle emissions
from fossil fuel generation technologies (Bates, 1995; Kannan, 2007; Odeh and Cockerill,
2008a; Proops et al., 1996; Scheafer and Hagedorn, 1992), nuclear power (Dones et al.,
2005; Fthenakis and Kim, 2007; Lenzen, 2008; Tokimatsu et al., 2006; Yasukawa et al., 1992),
wind power (Celik et al., 2007; Hondo, 2005; Khan et al., 2005; Lenzen and Munksgaard,
2002; Martinez et al., 2009; Proops et al., 1996; Weinzettel et al., 2009), solar PV (Alsema,
2003; Fthenakis and Kim, 2007; Muneer et al., 2005; Scheafer and Hagedorn, 1992;
Stoppato, 2008), hydro power (Gagnon and van de Vate, 1997; Varun and Prakash, 2008),
biomass (Cherubini et al., 2009; Gnansounou et al., 2009; Ishikawa et al., 2006; Kaltschmitt
et al., 1997; Spath and Mann, 2004) and carbon capture and storage (CCS) (Koornneef et al.,
2008; Korre et al., 2010; Livengood et al., 1993; Odeh and Cockerill, 2008b; Pehnt and
Henkel, 2009; Singh et al., In press; Tzimas et al., 2007; Waku, 1996) using a LCA approach. A
summary of CO, emissions from different fossil and non-fossil generation technologies as
well as CCS is given in Table 1. From Table 1 we can see that the emissions intensity of fossil
generation technologies without CCS is more than five times higher than the renewable and
nuclear generation technologies. In general, for the fossil generation technologies with CCS,
CO, emissions can be reduced by up to 80 percent. The data in Table 1 indicates that wind,
nuclear and CCS can serve as the key potential generation technologies for the UK in terms
of climate change mitigation. In this study we use wind generation technology as a case

study to assess the embodied CO, emissions to build a new wind power system.



Table 1: Summary of studies on life cycle analysis of electricity generation technologies

Electricity generation technologies g-C02/kWh
Coal fired 975.3-990
Pulverized coal (PC) 847-879
PC with CCS 247 - 274
Natural gas combined cycle (NGCC) 488 - 499
NGCC with CCS 200 - 245
Integrated gasification combined cycle (IGCC) 861 - 872
IGCC with CCS 167 - 240
Combined cycle gas turbine (CCGT) 409
Nuclear 10-130
Wind 7.9-123.7
Solar PV 53.4-250
Biomass 35-178
Solar thermal 13.6- 202
Hydro 3.7-237

Note: Data are collected from various studies: Varun (Varun et al., 2009), Lenzen (Lenzen, 2008),
Odeh and Cockerill (Odeh and Cockerill, 2008b), Proops et al. (Proops et al., 1996). CCS is Carbon

Capture and Storage.

In the LCA literature three main methods have emerged to calculate the greenhouse gas
emissions of products or technologies: PLCA, I0-LCA and Hybrid LCA, have all been applied
to different energy technologies including wind, solar, nuclear, NGCC, IGCC and CCS
(Crawford, 2009; Gnansounou et al., 2009; Lenzen, 2008; Lenzen and Munksgaard, 2002;
Odeh and Cockerill, 2008b; Varun et al., 2009). The process analysis method is the oldest
and still most commonly used method, and involves evaluation of direct and indirect energy
inputs to each product process, such as extraction, transportation, manufacturing, use,
recycling and disposal (Menzies et al., 2007). IO-LCA is based on national input-output tables
and uses national average data for each economic sector to assess the environmental
impacts along the whole supply chain, which is considered to be more complete, in terms of
system boundary, by many researchers (Crawford, 2008; Lenzen and Munksgaard, 2002; Suh

and Huppes, 2005; Treloar et al., 2001 ). Hybrid LCA is a relatively new approach but has



become very popular in recent energy studies (Crawford, 2009; Heijungs et al., 2006;
Lenzen, 2008, 2009; Lenzen and Munksgaard, 2002; Suh and Huppes, 2005; Treloar, 1997;

Treloar et al., 2001 ).

2.2 Hybrid LCA for wind power

Many studies have been carried out on wind energy, in terms of the energy requirement,
energy output and CO, emissions, in order to determine the overall environmental benefit
(Crawford, 2009; Lenzen and Munksgaard, 2002). The results from these studies vary
considerably between 9.7 g-CO,/kWh and 123.7 g-CO,/kWh depending on the method of
assessment chosen, the system boundary, and the life cycle stages considered (Varun et al.,
2009). Figure 1 shows that the life cycle of a wind power plant includes production of the

turbine and components, transport, erection, operation and dismantling and disposal.

Input: materials, chemicals and energy (include all upstream inputs)
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Figure 1: stages in the life cycle of wind power plant



2.2.1 System boundary

In the process-based approach a boundary is drawn around the main process inputs.
Integrating this into a top-down economic model incorporates the process into the wider
economy, accounting for interactions between the energy sector(s) and the rest of the
economy. The embodied CO, emissions of a wind power plant include the CO, emissions
emitted from the manufacturing, construction, installation and ongoing maintenances
stages. When considering these wind turbines as part of a wind farm, with a multiple
number of turbines, the embodied emissions may also include the emissions required for
other materials and components, including wiring, grid connection, transformers and access
roads. For this study, we use Ecoinvent database® which includes the processing, transport
needs, energy requirements, the area necessary for the installation itself and the connection

to the grid on the land, as well as waste disposal (incineration).

2.2.2 Process-based LCA

Life Cycle Inventory (LCI) is a phase of LCA involving the compilation and quantification of
inputs and outputs for a given product system throughout its life cycle (ISO 14040, 1998).
Heijungs (1994) first introduced the matrix inversion method to LCI computation (Suh and
Huppes, 2005). In Heijungs’ study, an inventory problem is solved by a system of linear
equations, which can be shown in a mxm matrix notation of commodity by process. We
define A,, = a; as LCA technology matrix, which shows inflows (negative value) or outflows
(positive value) of commodity i of process j for a certain duration of process operation
(Heijungs and Suh, 2002). The assumption is that processes at stake are being operated
under a steady-state condition, which means selection of a specific temporal window for
each process does not change the ratio between elements in a column (Suh and Huppes,
2005). For convenience, here we use a column vector S as scaling factor (Heijungs and Suh,
2002), which indicates the required factor of scaling each process to produce the required

net output of the system. Therefore, commodity net output of the systems f, is given by

! Ecoinvent database: http://www.ecoinvent.org/



Ap*S=f, (1

Which shows that the amount of a commodity delivered to outside of the system is equal to
the amount produced minus the amount used within the system. Therefore, the equation

can be rearranged to calculate the scaling factor (Eq.2)
— -1
S= A} +f, (2)

To calculate the emissions we define a matrix E = e, of which an element e,; shows the
amount of emissions emitted or consumed by process j during the operation that a; is
specified. The total direct and indirect emissions by the system to deliver a certain amount

of commodity output to the outside of the system is calculated by
— -1
Gp—Ep*Acp*fp (3)

Where G, is the total direct and indirect emission matrix, and f, is a vector that is defined as

the functional unit of the system.
2.2.3 10-based LCA

All the processes in an economy are directly or indirectly linked with each other. However,
process-based LCA is always truncated to a certain degree as the system boundary is not
complete where the upstream emissions are not captured. Thus, to deal with this system
boundary problem authors have used input-output methods (IOA) to conduct LCAs, as they
have the advantage of depicting the entire (global) economy including all processes (at an

aggregate level) and therefore avoiding truncation.

Input-output analysis originally developed by Leontief describes how sectors are inter-
related through producing and consuming intermediate economic outputs that are
represented by monetary transaction flows between economic sectors, which can be
transformed to physical flows such as carbon under the assumption that all outputs of a
sector are produced with the physical flow intensity (Miller and Blair, 2009). The input-

output model assumes that each industry consumes outputs of various other industries in



fixed ratios in order to produce its own unique and distinct output (Miller and Blair, 2009;

Suh and Huppes, 2005).

Based on this assumption, we define an nxn matrix A, that each column of A, shows
domestic and import intermediate economic outputs in monetary values required to
produce one unit of monetary output of another. Now, we define x as the total economic
output, where x is equal to the summation of the economic output consumed by
intermediate economic sectors and by final consumers (e.g. household, government, capital
investment and export). For the economy as whole, the input-output model can be shown

by
x=Ai,*x+ [0 (4)

where f,; denotes final demand. Then, the total economic output x required to supply the

final demand is calculated by

x= (- Ass)_lflo (5)

Where | denotes the nxn identity matrix. Note that we are using an multi-regional input-
output model in a supply and use formulation here. The supply and use framework has
particular importance for LCA applications of IOA, since LCA is an analytical tool based on the
functionality of goods and services, and a supply and use framework makes it possible to
distinguish different functions from an industry output (Suh and Huppes, 2005). The total
direct and indirect emissions by domestic and import sectors to deliver a certain amount of
economic output can be calculated by the environmental extended multi-regional input-
output model (MRIO) which assumes that the amount of emissions generated by a sector is
proportional to the amount of output of the sector and the identity of the emissions and the
ratio between them are fixed. We define a kxn matrix E,,, which shows the amount of
emissions incurred to produce one monetary unit output of each economic sector.

Therefore, the total direct and indirect emissions are calculated by

Gro=Ejo*(I—Ag) 1+ fro (6)



Where G, is the total domestic direct and indirect emission matrix, and f,o is a vector that
shows net economic output of the system. Despite the comprehensive framework and
complete system boundaries, 10-LCA is subject to many uncertainties due to the high level of
aggregation of products; many dissimilar commodities or sectors containing many variations
are aggregate into the same category and assumed identical, and assumptions are based on

proportionality between monetary and physical flows.

2.2.4 Hybrid analysis

Four hybrid LCA methods so far have been introduced in the literature including Process-
based hybrid analysis, Input-output based hybrid analysis, Tiered hybrid method and
integrated hybrid analysis. Many studies have discussed the differences among those
methods (Heijungs et al., 2006; Menzies et al., 2007; Suh and Huppes, 2005). In this study,
we mainly focus on the integrated hybrid LCA which offers the possibility of combining IOA’s
strength of being complete with LCA’s strength of being detailed (Heijungs et al., 2006; Udo

de Haes et al., 2004). The general integrated hybrid LCA framework is shown in Table 2.

Processes Economic sectors Final Demand
Commodities A, -C4 Fo
Economic sectors -C, I-A" Fio
CO2 emissions E, Eio

Table 2: General Framework of Integrated Hybrid Life Cycle Assessment

In this study, we construct an integrated hybrid analysis framework with MRIO to calculate
the direct and indirect emissions from wind energy technology based on the hybrid LCA
developed by Suh (2004). In this framework, the 10 table is interconnected with the matrix
representation of the physical production system only at upstream and downstream cut-offs

where process data are not available. The general formula of the integrated hybrid model is




Gy = EgAyifuL = [E” ] ] Aep  —Ca ]_1 [f,,] (7)
HL HLAHLS HL 0 Epll-c, 1-a 0

Where A* is technical coefficients of MRIO in the supply and use formulation (see
Wiedmann et al., 2010 ). Matrix C, denotes upstream cut-off flows to the LCA system, linked
with the relevant economic sector in |0 table, and matrix C4 represents downstream cut-off
flows to the 10 system from the LCA system. Each element of C, has a unit of monetary value
per functional unit while each element of C; is in a unit of physical unit per monetary value.
Under certain assumptions, Cy4 can be set to zero (cf. Peters and Hertwich (2004)). The
integrated hybrid LCA can model the full interactions between individual processes and

industries in a consistent framework.

2.2.5 Data

The basis for our two-region MRIO modelling framework are supply, use and imports tables
of the UK economy in 2004 with a sector resolution of 123, extended with sectoral
greenhouse gas emissions derived from national environmental accounts. The tables were
generated in a previous project; details are provided in (Wiedmann et al., 2008), see also
(Wiedmann et al., 2010). For the rest-of-world region (ROW) we use data from the GTAP 7
database.? The materials and energy input in physical unit of wind power plant and
associated CO, emissions are collected from Ecoinvent database. The detail description of
the method which was used for calculating the matrix C, can also be found in Wiedmann et

al. (2010).
3. Results and discussion

3.1 CO, emissions based on Process LCA and Hybrid LCA

The hybrid LCA is more complete in terms of system boundary and captures the upstream

emissions and the emissions embodied in services such as retail and insurance, which are

https://www.gtap.agecon.purdue.edu.




usually ignored by the process-based LCA. Table 3 shows the CO, emissions from a 2-MW
offshore wind farm by process-based LCA and integrated hybrid LCA. From Table 3 we can
observe that the total CO, emissions increase by 19 percent by applying integrated hybrid
LCA compared to a process-based LCA. The CO, emissions from wind farm operation is more
than doubled when shifting from process-based LCA to integrated hybrid model as there is a
significant input from service sectors such as computer services, technical consultancy, and
other business services which were not captured by the process-based LCA. Emissions from
metal processing also grew by 65.5% when applying hybrid LCA. A detailed comparison of
IO-LCA, 10-based hybrid LCA, and integrated hybrid LCA can be found in Wiedmann et al.
(2010).

Table 3: Whole lifecycle CO, emissions from 2-MW offshore wind farm by Process
LCA and Integrated Hybrid LCA (ton)

Processes Process-based Integrated hybrid Percentage

LCA LCA change
Metal extraction 647.7 695.8 7.4%
Metal process 100.3 166.0 65.5%
Plastics 321.8 334.9 4.1%
Construction 251.7 288.5 14.6%
Operation 112.4 235.3 109.3%
Transport 26.9 26.9 0.0%
Waste disposal 38.3 38.3 0.0%
Others 35.0 40.3 14.9%
Total 1534.2 1825.9 19%

3.2 Life cycle CO, emissions of wind energy

The total embodied CO, emissions calculated by the integrated hybrid LCA model is 16.3 g
CO,-e/kWh, which is within the range found in the literature (9.7 g CO,-e/kWh to 123.7 g
CO,-e/kWh). From Figure 2 we can see that metal extraction is the largest contributor to CO,
emissions accounting for about 40 percent of the total CO, emissions. Plastics, construction
and operation also have large shares of total CO, emissions responsible for 18 percent, 16
percent and 13 percent, respectively. However, transport and disposal together only share 4

percent of the total emissions.
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Figure 2: CO, emissions from wind electricity generation (g CO, emissions/KWh)

4, Conclusion

In this paper, we calculate the full impacts of CO, emissions for consideration of wind energy
for the UK’s transition to a low carbon economy, and this is the first time to apply a hybrid
LCA model to assessing CO, emissions from wind power in the UK. Also, the results will help
to improve 10 model in UK (Wiedmann, T., Scott, K., Lenzen, M., Feng, K. and Barrett, J.,

2010).

4.1Limitations

There are two major limitations in this study. One is the uncertainties in the data sources
e.g. unknown system boundary cut-off in the process data, estimation of upstream inputs
without access to an actual wind farm expenditure accounts. Another is use of Ecoinvent
data for process part does not reflect UK production technology (e.g. steel / cement

production). However, this limitation is somehow alleviated by the fact that there was not



wind turbine manufacturer in the UK in 2004 and all parts were imported, mostly from

mainland Europe.

4.2 Next steps

The next step of this research will be applying the developed hybrid framework to other

energy technologies, such as nuclear power and carbon capture and storage.
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